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1-2 The Five-Year Outlook for Fiber and Deployment

1-3 Global Economic Outlook

1-4 Power Cable Systems – Enabling the Energy Transition

1-5 What can 5G deliver? A Faster Horse?”

Plenary Luncheon 
Keynote Presentation: Technology Drivers for Deployment and 
Full Potential Utilization of 5G; Andrea Caldini, VP of Product 
Engineering & Technology, Verizon, USA

Panel Discussions
Women in Cable & Connectivity

Young Professionals & Early Career

Supplier Spotlight Session

SESSION 2: Materials 
2-1 Thermal Aging Challenges for Power-over-Ethernet Cables 

with PVC Jackets

2-2 HFFR Cable Compounds: Influence of Flame-Retardant Filler 
and Coupling Agent on EVA/LLDPE Blend Systems

2-3 Make High Quality HFFR Wire and Cable Compound on 
Continuous Mixer

2-4 How Surface-Treated ATH Can Improve the Overall 
Performance of HFFR Compounds

2-5: A Sustainable Approach for Polyethylene Cable Jacket 
Compounds

2-6 PEKK – A High Performance Thermoplastic for Wire 
Insulation

2-7 Optical Fiber Coatings with Improved Tear Strength and 
Superior Microbending Resistance while Maintaining 
Robust Draw Processing Capability

2-8 Development of LED Inks for Optical Fiber Application

SESSION 3: Advances in Optical Connectivity  
3-1 Development of Best Practices and Guidelines for the Use of 

Expanded Beam Connectors in Data Center Applications

3-2 A Novel Angled Fiber-Optic Adaptor for APC Connector 
Inspection

3-3 Development of 16F, Low-Loss, IEC-Grade B, MMC High-Density 
Optical Connector and Corresponding Cleaning Tool

3-4 Accelerated Lifetime Study of 12-Channel Compact Free Space 
DWDM Components

3-5 Ferrule Endface Dimension Optimization for Standard Outer 
Diameter 4-Core Fiber Connector

3-6 Modeled Connector Loss in Bend Optimized Multimode Fiber 
Links

3-7 Reducing Costs and Environmental Impact of Data Center 
Interconnects with Novel Pre-Terminated High-Fiber Density 
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SESSION 4: Special Applications - Optical Fiber 
4-1 Fiber Optics in Automotive Applications - Take 2

4-2 Multi-Core Fiber Cable Development

4-3 Control Using Power-over-Fiber for Remote-Operated Optical 
Fiber Switching Nodes

4-4 Impact of Jacket Configuration on Temperature Sensing 
Performance of Optical Fiber Cables

SESSION 5: WOMEN IN CABLE & CONNECTIVITY 
WITH PANEL DISCUSSION
5-1 The Impact of the Electro-Mobility Boom On the Automotive 

Supply Chain

5-2 Laser Printing Materials for Wire & Cable Applications: A 
Technology Overview

5-3  High Speed Linear Interface Multimode Transmission

SESSION 6: Cable Design  
6-1 SDM Submarine Cable with 200µm Diameter Optical Fiber

6-2 Self-Supporting Flexible Ribbon Optical Cables - A Solution for 
the Brazilian Market

6-3 Reduced Size Pre-Terminated Cables for Outside Plant

6-4 Impact of Jacket Material on Performance of Flexible Ribbon 
Microduct Cables for FTTx Applications

6-5 432-Fiber Flexible Ribbon MicroDuct Cable With Enhanced 
Stiffness for Better Blowing Installation
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SESSION 1: EXECUTIVE SESSION

Click on a session or panelist name below to navigate to that section of the Proceedings.

Click here to return to the Table of Contents

1-1 Global Transition in Metals Markets
John Gross, Commodity Analyst & Publisher, Copper Journal
Over the past two years, the price of copper and other metals rose to record highs in response to strong demand, declining 
inventories and the ‘Green Energy’ Initiative. Within the United States, the most significant change of the past 20 years is currently 
underway, as companies are in the process of building secondary smelters to recycle more scrap materials in an environmentally 
safe, responsible, and sustainable manner. The United States, however, remains dependent upon imports of copper for nearly half 
of our requirements, while major mines are prevented from operating due to legal, social and environmental concerns.

1-2 The Five-Year Outlook for Fiber and Deployment
Michael Render, RVA LLC Market Research, Partner with The Fiber Broadband Association
In North America, the upcoming fiber opportunity is truly extraordinary.  The largest key driver is fiber-to-the-home, and it is 
expected that more fiber will be placed to U.S. residences than in all other years combined.  Large telecom providers are racing 
to stake their claim, and private equity funds are assisting mid-size and smaller providers.  In addition, unprecedented federal 
government rural broadband spending passed in the past two years is also a key part of the equation. 

1-3 Global Economic Outlook
Robert Fry, Chief Economist, Robert Fry Economics
Robert Fry will discuss current conditions in the global economy and the outlook for future growth, with emphasis on U.S. 
manufacturing and on markets important to the wire and cable industry.  In particular, he will discuss high inflation and what it 
implies about the likelihood of a recession in 2023.  Among the topics covered will be growth in GDP and industrial production, 
including wire & cable production, housing starts, light vehicle sales, inflation, and interest rates.  

1-5 What can 5G deliver? A Faster Horse?
Rashmi Varma, President, Innovate5G Inc.
5G is the biggest leap in 3GPP Wireless Technology when compared to all its predecessors. The eight specification requirements 
that exceed all previous 3GPP technologies, is not easily comparable to anything we have experienced today.
If we try to use 5G the same way we use 3G & 4G, then we constrain what 5G can truly deliver. This discussion is to invigorate the 
industry’s imagination on how to go beyond today’s pay-as-a-monthly SIM subscriber? Is 5G meant for human subscribers? Is 5G 

meant for the app economy? Let us step into the future and not just ask for a faster horse each time. Ask not how many GBs can the network deliver 
for a monthly charge, but ask how you can envision the future of Experience!

The Executive Session is designed for the general management of the wire and cable producing companies and their suppliers. Important 
issues facing the industry will be addressed by expert speakers in a provocative session that includes the following topics and presenters.

1-4 Power Cable Systems – Enabling the Energy Transition
Luca Ruozi, System Design Engineer, Prysmian Group
The renewable energy market is experiencing unprecedented growth globally, particularly in the US where robust state-level 
procurement targets, national targets and technological advancements have inaugurated the era of offshore wind. This push for clean 
energy has spotlighted demand for improved system performance; the development of sustainable and circular cable materials, new 
installation methods, long-term protection systems, and efficient system design are all part of enabling the energy transition. This 
presentation will focus on current cable transmission system developments which are facilitating the transition to green energy.  

Chairperson: David B. Kiddoo; IWCS, USA
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Executive Session  
“Global Transition in Metals Markets” 

 

 
John E Gross 

The Copper Journal 
Huntington, New York 

+1 631.824.6486; john.gross@jegross.com 
 
 

Abstract 
Over the past two years, the price of copper and other 
metals rose to record highs in response to strong 
demand, declining inventories and the ‘Green Energy’ 
Initiative. 

Within the United States, the most significant change 
of the past 20 years is currently underway, as 
companies are in the process of building secondary 
smelters to recycle more scrap materials in an 
environmentally safe, responsible, and sustainable 
manner. 

The United States, however, remains dependent upon 
imports of copper for nearly half of our requirements, 
while major mines are prevented from operating due to 
legal, social and environmental concerns. 

Keywords: copper, mining, smelting, refining, 
fundamental trends, price trends, macro-economic 
statistics.   

 

 

 

 

 

 

Bio 
John Gross is President of J.E. Gross Consulting Inc. 
a metals management and consultancy firm he 
established in 1987 to assist companies in their 
procurement of metals, scrap recycling, and price risk 
management.  
In addition to his consulting activities, Mr. Gross has 
worked with global leaders in the metals industry over 
the past 45 years.  
John is a graduate of Hofstra University in New York, 
and is a highly decorated Vietnam veteran. He is 
publisher of The Copper Journal, an industry 
newsletter since 1987, and has written extensively 
about copper, commodity markets, and industry 
issues. He was a Director of the American Copper 
Council, and also served as a member of the Comex 
Advisory Committee. 
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Executive Session  
“The Five-Year Outlook for Fiber and Deployment” 

 

 
Michael Render 

RVA LLC Market Research 
Partner With The Fiber Broadband Association 

Tulsa, OK, USA 
MRender@RVAllc.com . +1-918-592-3100 · www.RVALLC.com 

 
Summary 

In North America, the upcoming fiber opportunity is truly 
extraordinary.  The largest key driver is fiber-to-the-home, 
and it is expected that more fiber will be placed to U.S. 
residences than in all other years combined.  Large telecom 
providers are racing to stake their claim, and private equity 
funds are assisting mid-size and smaller providers.  In 
addition, unprecedented federal government rural broadband 
spending passed in the past two years is also a key part of the 
equation.   

Based on extensive original market research from RVA, 
details for the U.S. and Canada such fiber and fiber cable 
forecasts, drivers, key market segments, key players, key 
needs, and constraints such as supply, and workforce will be 
discussed in detail to provide valuable insight to executive 
decision makers.  In addition to fiber-to-the-home, important 
fiber segments such as 5G small cell backhaul, hyper scale 
data centers, and smart city projects will also be reviewed.    

While the fiber outlook for the rest of the world is more 
mixed, especially considering changes in demand for China, 
opportunities still abound.  Data and analysis from Michael 
Finch at CRU will be reviewed to provide a detailed 
understanding of the entire global marketplace for fiber.   

 

 

 

Keywords: Fiber forecasts, Fiber-to-the-home, 5G, wireless, 
Smart City, network acceleration, fiber deployment,. fiber  
supply constraints, telecom workforce, Data center growth.  

Bio 
 

Michael Render is CEO and Principal Analyst at RVA LLC 
Market Research and Consulting. He is generally known as 
North America’s premier market research expert in tracking 
fiber optic broadband deployment and consumer attitudes to 
advanced broadband. 
Since 2002, RVA has provided market research to the Fiber 
Broadband Association, (formerly FTTH Council 
Americas). RVA also produces annual North American 
Fiber Broadband forecast reports and provides custom 
market research to both vendors and service providers. 
Render has received numerous industry awards for his work 
in this arena, and for RVA’s market research influence on 
FCC policy. His firm is currently overseeing market 
research expansion in the growing fields of 5G and Smart 
City technology deployment. 
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Executive Session 
“Global Economic Outlook” 

 

 
Robert Fry 

Robert Fry Economics LLC 
Greenville, DE  USA 

+1-302-743-8553 · robertfryeconomics@gmail.com 

 
Abstract 

Robert Fry will discuss current conditions in the global economy 
and the outlook for future growth, with emphasis on U.S. 
manufacturing and on markets important to the wire and cable 
industry.  In particular, he will discuss high inflation and what it 
implies about the likelihood of a recession in 2023.  Among the 
topics covered will be growth in GDP and industrial production, 
including wire & cable production, housing starts, light vehicle 
sales, inflation, and interest rates.  A brief Question & Answer 
period will follow Robert’s presentation. 

Keywords: Economy, macroeconomics, manufacturing, GDP, 
industrial production, recession, recovery  

Bio 
Robert Fry is Chief Economist of Robert Fry Economics LLC, 
where he analyzes and forecasts the global economy to guide 
business decision-makers.  Robert publishes a monthly newsletter, 
Current Economic Conditions, and speaks on the economic outlook 
to corporate leadership teams, customer events, and trade 
association meetings  
In 2018, Robert was elected a Fellow of the National Association 
for Business Economics, in recognition of his outstanding service 
as a professional business economist and his contributions to the 
field of business economics.  He joins an exclusive group that 
includes four Nobel laureates and the last four Chairs of the Federal 

Reserve.  He is also a member of the Consensus Economics, Wall 
Street Journal and CNBC survey panels and  has taught  Economics 
to MBA students at the University of Delaware. 
Until retiring in June 2015, Robert was Senior Economist at 
DuPont, where he analyzed the global economy and its impact on 
DuPont, published a monthly newsletter sent to thousands of 
DuPont employees and customers, and made more than 800 
speeches on the economic outlook to DuPont senior management, 
business teams, customers, and trade associations. 
While at DuPont, Robert and his colleague Bob Shrouds were 
named among the top economic forecasters by Bloomberg, USA 
Today, and the Wall Street Journal.  In 2005, they won the 
prestigious Lawrence R. Klein Award for Blue Chip Forecasting 
Accuracy, making the DuPont Economist’s Office the first three-
time winner of the award. 
Robert received his Bachelor’s degree in Economics from Ohio 
University and his Master’s degree and PhD in Economics from 
Harvard University. 
Robert has served on the boards of seven non-profit organizations, 
including the National Association for Business Economics, the 
nationally recognized Charter School of Wilmington, and the 
Honors Tutorial College at Ohio University.  He would welcome 
the opportunity to use his board experience and knowledge of the 
global economy by serving on the Board of Directors of a for-profit 
company.  
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Executive Session 
“Power Cable Systems – Enabling the Energy Transition” 

 

 
Luca Ruozi 

System Design Engineer 
Submarine and High Voltage/Energy Business – Prysmian Group North America 

Boston, Massachusetts, USA 
+1.617.939.5319; luca.ruozi@prysmiangroup.com 

 

 
SUMMARY 
The renewable energy market is experiencing unprecedented growth globally, particularly in the US where robust 
state-level procurement targets, national targets and technological advancements have inaugurated the era 
of offshore wind.  This push for clean energy has spotlighted demand for improved system performance; the 
development of sustainable and circular cable materials, new installation methods, long-term protection systems, 
and efficient system design are all part of enabling the energy transition.   

This presentation will focus on current cable transmission system developments which are facilitating the transition 
to green energy.  Prysmian will also present a brief overview of the current market, past projects, and key technical 
challenges in offshore wind farm applications. 

Keywords: power transition, green energy, sustainability, power cables, cable system, challenges. 

 
BIO 
 

Luca Ruozi is the System Design Engineer responsible for HVAC Prysmian projects in North America. He holds a 
B.A. degree in Materials and Nanotechnology Engineering from Politecnico di Milano and a MSc in Mechanical 
Engineering from Politecnico di Milano and KAIST University in South Korea. Luca joined Prysmian Group in 2020 
through the “Prysmian Graduate Program” and he’s currently based in Boston where he’s working as a system 
design engineer for HVAC submarine and high voltage projects located in North America. Prior to working for 
Prysmian, Luca worked for Pirelli, IIT and Eldor Corporation specializing in dynamics and control of mechanical 
structures and processes. 
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Executive Session 
“What can 5G deliver? A Faster Horse??” 

 

 
 

Rashmi Varma 

President 
Innovate5G Inc. 

Richardson, Texas 
+1.469.222.7709; rashmi@innovate5g.com 

 

 
SUMMARY 
5G – The biggest leap in 3GPP Wireless Technology when compared to all its predecessors. The eight 
specification requirements that exceed all previous 3GPP technologies, is not easily comparable to 
anything we have experienced today. 

If we try to use 5G the same way we use 3G & 4G, then we constrain what 5G can truly deliver.   

This discussion is to invigorate the industry’s imagination on how to go beyond today’s pay-as-a-monthly 
SIM subscriber? Is 5G meant for human subscribers? Is 5G meant for the app economy? 

Let us step into the future and not just ask for a faster horse each time. Ask not how many GBs can the 
network deliver for a monthly charge, but ask how you can envision the future of Experience!! 

BIO 
Rashmi has lead the way for Women in Communication Networks & Connectivity since 1997. 

Rashmi has experience in both Optical and Wireless Communications together with Embedded 
Software Design, Research & Development. She envisions bold and cutting-edge, innovative ideas and 
leads multi-disciplinary product teams across the globe, with an unwavering focus to exceed customer 
expectations. 

Selected as one of the Top Women in Technology in North Texas, Rashmi currently spearheads 
innovate5G Inc. achieving several firsts in the industry. 
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PLENARY SESSION AWARDS AND KEYNOTE

Click here to advance to the Keynote description

2021 Awards & Recognition

Keynote Presentation 

Honoring Retiring IWCS Board of Directors, Staff, & Committee Members

Dr. Scott H. Wasserman 
Chairman of the Board 
Dow

David B. Kiddoo 
CEO/Director 
IWCS, Inc.

Charles Glew 
2022 Committee Chair 
Cable Components Group

GREETINGS/ANNOUNCEMENTS

The rate of change for telecommunications is accelerating. We will see more opportunity, disruption, innovation, 
and invention in the next decade than we have seen in the past three. All this will depend on next gen 
connectivity. Telecom networks will give way to 5G enabled, intelligent edge-empowered platforms that resemble 
Computational Solution Utilities more than the networks of today.

We are building this, inventing this at Verizon today. We work to build tomorrow’s best network, 5G, the next 
generation of wireless technology. Verizon is taking a strong leadership role in 5G for our customers, building on 
the foundation of being the first to deploy 3G and 4G LTE Networks nationally.  

This will simply change the way we work, live and play. Many verticals will be disrupted. Interestingly, a primary 
design driver will be 'Submergence', where the technology that is progressively more pervasive is pushed below 
the water line so that the service, the product, the solution, and the experience are what comes into focus, not the 
ingenious underlying technology.

Andrea Caldini 
VP of Product & 

Technology, Verizon

Ad Abel 
Covestro 

Dr. C Bertil Arvidsson 
Arvidsson Fiber Optics

Guy Castonguay 
Corning Optical 

Communications

Dr. Rick Pimpinella 
Panduit 

Rob Wessels 
CommScope

Doug Zirkle 
BZ Sales

Jack Spergel Memorial Award 
for Outstanding 2021 Technical Paper

"Optical Fiber Mechanical Reliability 
Modeling Extended to Small Bend Radii"
G. Scott Glaesemann and Yin Shu,
Corning Incorporated

Kitts-Kingsley Award 
for Best 2021 Presentation (1 of 2)

"Guidelines for Conducting Cable 
Blowing Tests"
Willem Griffioen, Plumettaz SA

Kitts-Kingsley Award 
for Best 2021 Presentation (2 of 2)

"Innovative High Fiber Density Low Fiber 
Count Cables with Two Piece Armor" 
Taylor Towery, Corning Optical 
Communications

"Technology Drivers for Deployment and Full Potential Utilization of 5G"

Click here to return to the Table of Contents
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Plenary Keynote Speaker 
“Technology Drivers for Deployment and Full Potential Utilization of 5G” 

Andrea Caldini 
VP of Product Engineering & Technology 

Verizon 
Charlotte, North Carolina, USA 

Summary
The rate of change for telecommunications is accelerating. We will see more opportunity, disruption, innovation, 
and invention in the next decade than we have seen in the past three. All this will depend on next gen connectivity. 
Telecom networks will give way to 5G enabled, intelligent edge-empowered platforms that resemble Computational 
Solution Utilities more than the networks of today. 
We are building this, inventing this at Verizon today. We work to build tomorrow’s best network, 5G, the next 
generation of wireless technology. Verizon is taking a strong leadership role in 5G for our customers, building on 
the foundation of being the first to deploy 3G and 4G LTE Networks nationally.  
This will simply change the way we work, live and play. Many verticals will be disrupted. Interestingly, a primary 
design driver will be 'Submergence', where the technology that is progressively more pervasive is pushed below 
the water line so that the service, the product, the solution, and the experience are what comes into focus, not the 
ingenious underlying technology. 

Topics in this presentation will include: 
 Infrastructure technology we will need from the Supply Chain to make it happen over the next 5-10 years
 Perspectives on network architecture to support Verizon to achieve the societal and environmental

sustainability benefits of SMART Buildings / Connected Communities, using 5G
 Platforms and mobile networks to the edge / data centers (for everything from schooling to healthcare to

business to social interactions, etc.!)

Bio 
Andrea Caldini is Vice President, Product Engineering and Technology for Verizon, with technical responsibility for 
planning, engineering, performance and life cycle management of Verizon’s Global Business product portfolio. 
Prior to her current role, Caldini served in various field territory roles including Vice President of Field Network GLS, 
East and South for Verizon Wireless; responsible for the network build and performance of Verizon Wireless 
industry-leading voice and data networks, including its growing 4G LTE network, 5G UWB and Nationwide network 
and fiber network. 
She has served as a Director in planning for SDN, NFV and Orchestration for Verizon’s Global transformation to 
virtualization.  She also worked internationally in Switzerland for five years in various technical leadership roles, 
including software startup companies and a large Swiss Multinational Corporation in digital marketing and IT 
business partnering with responsibility for Poland, Czech Republic, Slovakia, Germany, Switzerland, Austria and 
the Baltics. Prior to her international experience she held leadership positions in Network and Product Marketing 
for Verizon.  Caldini began her wireless career at Lucent Technologies and has held a number of positions in 
engineering, operations, project and service management supporting advanced wireless data and IP products.  
Previous to Lucent she worked in IT at a multinational package goods company, Unilever Bestfoods. 
She earned a bachelor's degree in Telecommunications from the University Tampa and an MS in 
Telecommunications from Stevens Institute of Technology. 
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PANEL DISCUSSIONS

Click on a person below to advance to their biography.

Ana Cruz 
Engineering 

Manager, 
Fiber Connectivity 

Belden

Ed Fenton 
Senior Key Account 

Manager, Daikin USA 
Executive Director, 

WCMA

Sharika Chowdhury 
Senior Project 

Engineer 
UL Solutions

Dr. Bianca Hydutsky 
Global Technology 

Manager 
The Chemours 

Company

Charles Glew 
VP of Technology and 
Business Development 

Cable Components 
Group

Rob Schmidt 
Engineering 

Manager 
RSCC Wire & 

Cable LLC

Kikie Kunplin 
Sr. Product Manager, 

Fiber Systems 
Belden

Tom Artinian 
Chief Operating 

Officer 
Hitachi Cable 

America

Sue Welsh 
Retired, Rubadue 

Wire 
President, WCMA

Dr. Corina Neumeister 
Head of Department 

R&D/Technical Service 
Cable & Polymers, 

Nabaltec AG

Cheryl Stewart 
Vice President of 

Operations 
Quabbin Wire & 
Cable Co., Inc.

James Filice 
Application Engineering 

Manager, Marmon 
Aerospace & Defense

WOMEN IN CABLE & CONNECTIVITY

YOUNG PROFESSIONALS & EARLY CAREER
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members of our industry. The panelists will speak about their career accomplishments, 
resources that have aided their success, and discuss what it is like to work in male-
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Panelists will share their perspectives regarding common challenges getting started in the industry, career-building tips, and personal 
experiences attributed to their success. We will discuss emerging skills and technology that are important to our rapidly evolving industry, 
sustainability trends, and strategies to attract and retain talented young professionals. The discussion topics are geared towards those who 
are new to the industry as well as experienced professionals who may be recruiting now or in the future.
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Women in Cable & Connectivity 
Panel Discussion 
Sponsored by Dow, the Women in Cable & Connectivity 
panel discussion will feature influential female members of 
our industry. The panelists will speak about their career 
accomplishments, resources that have aided their success, 
and discuss what it is like to work in male-dominated 
industries. It will include a question-and-answer period that 
allows the audience to engage with the panelists. 

Dr. Bianca Hydutsky, Global Technology Manager for The 
Chemours Company, will be the session chairperson and 
moderator of the panel discussion. “I think it’s exciting to 
bring together some really strong women who have built a 
variety of career paths.” says Bianca. “I am proud to accept 
the invitation from IWCS to be the chairperson for this 
session and I hope it will be motivational for other women 
who are looking to start their career or who are already in 
their career.”  

 

 

 

 

 

 
 
 

Bio 
 

Dr. Bianca Hydutsky received her Bachelor of Science 
degree in Chemistry from Millersville University and 
Doctorate in Chemistry from Penn State University. Her 
career began at DuPont in 2008 and when The Chemours 
Company was formed as a spinoff of DuPont in 2015, she 
elected to go with the Chemours team. After several 
impressive promotions, Dr. Hydutsky is presently the Global 
Technology Manager for The Chemours Company.  
 
Dr. Hydutsky is the 2022 IWCS Symposium Committee 
Vice-Chair and she is involved in the women’s network at 
Chemours.  
 
Read an IWCS interview with Dr. Hydutsky at 
https://iwcs.org/hydutsky-interview.  
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Montreal, QC · Canada  
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Women in Cable & Connectivity 
Panel Discussion 
Sponsored by Dow, the Women in Cable & Connectivity 
panel discussion will feature influential female members of 
our industry. The panelists will speak about their career 
accomplishments, resources that have aided their success, 
and discuss what it is like to work in male-dominated 
industries. It will include a question-and-answer period that 
allows the audience to engage with the panelists. 

Dr. Bianca Hydutsky, Global Technology Manager for The 
Chemours Company, will be the session chairperson and 
moderator of the panel discussion. “I think it’s exciting to 
bring together some really strong women who have built a 
variety of career paths.” says Bianca. “I am proud to accept 
the invitation from IWCS to be the chairperson for this 
session and I hope it will be motivational for other women 
who are looking to start their career or who are already in 
their career.”  

 

 

 

 

 

 
 
 

 

 
Bio 
 

Ana Cruz joined Belden in 2012 and has nearly two decades 
of experience in working with fiber optic cable and 
connector technology in communication, transportation and 
industrial environments. Today, as the manager of product 
development for Belden’s fiber connectivity, she helps 
manage Belden’s optical fiber connectivitiy product families 
for Smart Buildings, pinpoints opportunities for new fiber 
solutions and helps evaluate key product performance 
metrics. She also provides customers with valuable technical 
assistance and expertise to make sure their projects are 
successful. Ana earned her Bachelor of Science in 
Telecommunications Engineering from the Instituto 
Nacional de Telecomunicações – Inatel in Brazil. Prior to 
joining Belden, she spent eight years as a fiber sales engineer 
for an electrical and optical connectivity manufacturer. 
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Senior Product Manager, Fiber Systems 
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Carmel, IN · United States 
kikie.kunplin@belden.com · 765-277-0174 · www.belden.com 

 
 

 
Women in Cable & Connectivity 
Panel Discussion 
Sponsored by Dow, the Women in Cable & Connectivity 
panel discussion will feature influential female members of 
our industry. The panelists will speak about their career 
accomplishments, resources that have aided their success, 
and discuss what it is like to work in male-dominated 
industries. It will include a question-and-answer period that 
allows the audience to engage with the panelists. 

Dr. Bianca Hydutsky, Global Technology Manager for The 
Chemours Company, will be the session chairperson and 
moderator of the panel discussion. “I think it’s exciting to 
bring together some really strong women who have built a 
variety of career paths.” says Bianca. “I am proud to accept 
the invitation from IWCS to be the chairperson for this 
session and I hope it will be motivational for other women 
who are looking to start their career or who are already in 
their career.”  

 

 

 

Bio 
 

Kikie Kunplin has more than 10 years of fiber cable design 
experience, with seven years in engineering and three years 
in product management. She studied at UCLA, where she 
earned her MS in Materials Science and Engineering. Today, 
as Belden’s senior product manager for fiber systems, she 
oversees the design of Belden’s fiber cable and connectivity 
solutions. She is also instrumental in leading fiber strategies 
and roadmaps for the company, ensuring that Belden’s new 
fiber solutions meet the needs of customers and the changing 
industry. Prior to joining Belden, she spent four years as a 
design/lead engineer for a manufacturer of high-technology 
systems for energy and telecommunications. 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum15

https://www.dow.com/en-us


IWCS 2022 Cable & Connectivity Industry Forum 
“Women in Cable & Connectivity” Panellist 

 

 
Dr. Corina Neumeister 

Head of Department R&D/Technical Service Cable & Polymers 
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Schwandorf, Germany 
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Women in Cable & Connectivity 
Panel Discussion 
Sponsored by Dow, the Women in Cable & Connectivity 
panel discussion will feature influential female members of 
our industry. The panelists will speak about their career 
accomplishments, resources that have aided their success, 
and discuss what it is like to work in male-dominated 
industries. It will include a question-and-answer period that 
allows the audience to engage with the panelists. 

Dr. Bianca Hydutsky, Global Technology Manager for The 
Chemours Company, will be the session chairperson and 
moderator of the panel discussion. “I think it’s exciting to 
bring together some really strong women who have built a 
variety of career paths.” says Bianca. “I am proud to accept 
the invitation from IWCS to be the chairperson for this 
session and I hope it will be motivational for other women 
who are looking to start their career or who are already in 
their career.”  

 

 

 

 

 

 

 

Bio 
 

Dr. Corina Neumeister studied Chemistry at the University 
of Regensburg, Germany, where she received her Master in 
2012. During her PhD thesis at University of Regensburg 
and ICIQ in Spain she focused on nanomaterials and 
polymer composites. In 2016, she joined Nabaltec AG as 
Manager R&D/Technical Service in the department Cable & 
Polymers where she is responsible for the development and 
optimization of flame retardant systems as well as 
worldwide technical service for Wire & Cable applications. 
Since 2018 she is Head of Department R&D/Technical 
Service Cable & Polymers and is responsible for all product 
and application development related to thermoplastics and 
elastomers and is heading worldwide technical service. 
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Vice President of Operations 
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Women in Cable & Connectivity 
Panel Discussion 
Sponsored by Dow, the Women in Cable & Connectivity 
panel discussion will feature influential female members of 
our industry. The panelists will speak about their career 
accomplishments, resources that have aided their success, 
and discuss what it is like to work in male-dominated 
industries. It will include a question-and-answer period that 
allows the audience to engage with the panelists. 

Dr. Bianca Hydutsky, Global Technology Manager for The 
Chemours Company, will be the session chairperson and 
moderator of the panel discussion. “I think it’s exciting to 
bring together some really strong women who have built a 
variety of career paths.” says Bianca. “I am proud to accept 
the invitation from IWCS to be the chairperson for this 
session and I hope it will be motivational for other women 
who are looking to start their career or who are already in 
their career.”  

 

 

 

 

Bio 
 

Cheryl Stewart is a Six Sigma Black Belt Lean professional, 
who excels at delivering financial results with year-over-
year improvements in safety, quality, cost, and delivery in 
high stress environments. She is a strong and decisive leader 
with excellent analytical, organizational, team building and 
planning skills. She employs uncompromising focus on 
continuous improvement using Lean as the foundation to 
bring about transformation. In this vein, Cheryl is proud to 
serve as the Vice President of Operations at Quabbin Wire 
& Cable leading the organization in challenging times 
through coaching and empowering others in reaching their 
potential. 
Cheryl’s tenure at Quabbin is a little over 1 year, and in this 
timeframe, Quabbin has seen a 30% increase in production 
through increasing labor and materials in a supply chain 
constrained market.  Quabbin has seen record production 
months while improving overall culture to attract and retain 
talent.  
Cheryl’s education began with a B.A. in Marketing and 
curiosity led her to obtaining many different positions in 
Manufacturing, such as Designer, Process Engineer, Quality 
Engineer, and Quality Manager; proving that a linear path 
isn’t always necessary for achieving success. 
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President - WCMA 

Wilmington, DE 19807 
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Women in Cable & Connectivity 
Panel Discussion 
Sponsored by Dow, the Women in Cable & Connectivity 
panel discussion will feature influential female members of 
our industry. The panelists will speak about their career 
accomplishments, resources that have aided their success, 
and discuss what it is like to work in male-dominated 
industries. It will include a question-and-answer period that 
allows the audience to engage with the panelists. 

Dr. Bianca Hydutsky, Global Technology Manager for The 
Chemours Company, will be the session chairperson and 
moderator of the panel discussion. “I think it’s exciting to 
bring together some really strong women who have built a 
variety of career paths.” says Bianca. “I am proud to accept 
the invitation from IWCS to be the chairperson for this 
session and I hope it will be motivational for other women 
who are looking to start their career or who are already in 
their career.”  

 

 

 

Bio 
 
Sue served as President and CEO of Rubadue Wire for over a 
decade.  Her career began there after college when she assumed a 
General Manager position, thinking she was doing her Dad a favor 
by helping out for a while. 
Sue’s love for problem solving led to inserting herself into product 
development and sales. Her involvement helped Rubadue Wire 
evolve from a company serving only other local wire companies, to 
a global business providing specialized products to a wide array of 
industries. 
She served on various UL and IEC committees, became the 
National Expert for Triple Insulated Wire, won the Plunkett Award 
from DuPont® for North America, and served on various Boards of 
Directors.    
Sue is currently presiding over the Wire & Cable Manufacturers’ 
Alliance, Inc. (WCMA) as its first woman President. Moving 
forward she will focus on diversifying the organization to 
encourage more women and young professionals to join and 
improve the wire and cable industry. 
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IWCS 2022 Cable & Connectivity Industry Forum 
“Young Professionals/Early Career” Moderator 

 
 

 
Charles Glew 

VP of Technology and Business Development  
Cable Components Group 

Pawcatuck, CT, USA 
glewcm@cablecomponents.com · 860-599-5877 · cablecomponents.com 

 
 
Young Professionals / Early Career 
Panel Discussion 
This panel discussion, sponsored by Cable Components 
Group and Gem Gravure; and co-hosted by Wire & Cable 
Manufacturers’ Alliance, Inc. (WCMA), focuses on building 
a successful career in the Cable & Connectivity Industry. 
Panelists will share their perspectives regarding common 
challenges getting started in the industry, career-building 
tips, and personal experiences attributed to their success. We 
will discuss emerging skills and technology that are 
important to our rapidly evolving industry, sustainability 
trends, and strategies to attract and retain talented young 
professionals. The discussion topics are geared towards 
those who are new to the industry as well as experienced 
professionals who may be recruiting now or in the future. 

 

 

 

 

 

 

 

 
Bio 
 
Charles Glew is the VP of Technology and Business 
Development at Cable Components Group (CCG) and 
Gendon Polymer Services, working to develop and 
commercialize polymer compounds and cable components 
for wire and cable applications. Prior to his time at CCG, he 
was with SABIC Innovative Plastics as a member of the 
Commercial Development Program and ThermoAura as an 
Operations Manager. He holds a B.S. in Chemical 
Engineering and M.S. in Technology Commercialization 
from Rensselaer Polytechnic Institute. Charles is active on 
boards and committees supporting IWCS as a committee 
member since 2018, Pine Point School as a Trustee, and 
Westerly Hospital – Yale New Haven Health as a former 
Trustee. 
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“Young Professionals/Early Career” Host 

 
 

 
Ed Fenton 

Executive Director, WCMA 
Senior Key Account Manager, Daikin USA 

Wethersfield, CT, USA 
ed@wcmainc.org · 860-841-7720 · wcmainc.org 

 
Young Professionals / Early Career 
Panel Discussion 
This panel discussion, sponsored by Cable Components 
Group and Gem Gravure; and co-hosted by Wire & Cable 
Manufacturers’ Alliance, Inc. (WCMA), focuses on building 
a successful career in the Cable & Connectivity Industry. 
Panelists will share their perspectives regarding common 
challenges getting started in the industry, career-building 
tips, and personal experiences attributed to their success. We 
will discuss emerging skills and technology that are 
important to our rapidly evolving industry, sustainability 
trends, and strategies to attract and retain talented young 
professionals. The discussion topics are geared towards 
those who are new to the industry as well as experienced 
professionals who may be recruiting now or in the future. 

 
Bio 
 
With 30 years in the wire and cable industry, M Edward (Ed) 
Fenton, has held sales, business development, and marketing 
assignments, but is generally best known for his position as 
Executive Director of the Wire & Cable Manufacturer's 
Alliance (WCMA), a 110 member organization for electrical 
and electronic wire and cable manufacturers and suppliers 
which hosts the Annual Distinguished Career Award, 
Charity Golf Outing, and Year-End Networking 
Meeting.  WCMA focuses on providing educational 
information about important commercial topics and, most  

 
 
 
 
 
recently, is promoting a Young Professionals committee to 
facilitiate the transfer of industry knowledge through 
mentors. 
Before establishing WCMA as a non-profit organization 
governed by a Board of Directors, Fenton ran its predecessor 
organization, Wire & Cable Clubs of America during the 
1990s, as well as co-managed the Wire & Cable Focus trade 
show and conference which he helped establish and co-
owned until its sale to International Wire & Cable 
Symposium in 1999. 
Regarding Industry positions, Fenton has worked as an 
independent business development consultant handling 
projects for Marmon Engineered Wire & Cable, Cable 
Components Group, New England Wire Technologies, and 
Fluoropolymer Resources, bringing to client companies a 
broad depth of industry contacts and market knowledge, 
particularly in high performance, high temperature cable 
products and markets. 
Fenton has also held key full time positions at times, 
including his most current position with Daikin America, as 
Senior Key Account Manager (August 2022 to present). At 
Daikin, Fenton serves as the company's representative for 
CCCA, Plastics Industry, and for the IWCS 
Committee.  Before that, he was employed by Ripley Tools 
as Director of Sales North America (July 2021 - July 2022), 
and from 2004-2006, he served as Vice President, Sales and 
Marketing, for Fluoropolymer Resources, Inc. 
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UL Solutions 
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Young Professionals / Early Career 
Panel Discussion 
This panel discussion, sponsored by Cable Components 
Group and Gem Gravure; and co-hosted by Wire & Cable 
Manufacturers’ Alliance, Inc. (WCMA), focuses on building 
a successful career in the Cable & Connectivity Industry. 
Panelists will share their perspectives regarding common 
challenges getting started in the industry, career-building 
tips, and personal experiences attributed to their success. We 
will discuss emerging skills and technology that are 
important to our rapidly evolving industry, sustainability 
trends, and strategies to attract and retain talented young 
professionals. The discussion topics are geared towards 
those who are new to the industry as well as experienced 
professionals who may be recruiting now or in the future. 

 

 

 

 

 

 

 

 
Bio 
 
Sharika Chowdhury is a Senior Project Engineer in the Wire 
& Cable division at UL Solutions based in Melville, NY. She 
has been at UL Solutions for the past 7 years. Sharika works 
extensively in the Building Wire, Medium Voltage Cable, 
and Appliance Wiring Material categories, partnering with 
cable manufacturers to certify their products. She has been 
actively involved in UL’s launch of the new High Voltage 
Field Testing service offering. Sharika is an active member 
of the Women in Leadership Business Resource Group at 
UL Solutions. She holds a Bachelor of Science degree in 
Electrical Engineering from New York University Tandon 
School of Engineering. 
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Young Professionals / Early Career 
Panel Discussion 
This panel discussion, sponsored by Cable Components 
Group and Gem Gravure; and co-hosted by Wire & Cable 
Manufacturers’ Alliance, Inc. (WCMA), focuses on building 
a successful career in the Cable & Connectivity Industry. 
Panelists will share their perspectives regarding common 
challenges getting started in the industry, career-building 
tips, and personal experiences attributed to their success. We 
will discuss emerging skills and technology that are 
important to our rapidly evolving industry, sustainability 
trends, and strategies to attract and retain talented young 
professionals. The discussion topics are geared towards 
those who are new to the industry as well as experienced 
professionals who may be recruiting now or in the future. 

 

 

 

 

 

 

 

 

 
Bio 
 

I started working for RSCC in 2009 with a BSEE from WNU 
where I later pursued an MBA. During my tenure at RSCC I 
have had the opportunity to work across multiple business 
areas. Some of these include engineering, sales functions as 
well as having positions in production. Working in the wire 
and cable industry has provided me experiences that span a 
spectrum of industries including Nuclear, Petrochemical, 
Commercial Building, and Transit. I participate in Industry 
standards development such as IEEE and NFPA. Currently I 
am the engineering manager for fire rated and transit 
products at RSCC.  
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Investigation of Thermal Aging Challenges for Power-over-
Ethernet Cables with Polyvinyl Chloride Jackets 

Bo Xu, Christopher McNutt, Berne Gebs, Amir Sekhavat 

Superior Essex International LP – Communications 

Atlanta, Georgia 

+1-770-657-6620 ∙ Bo.Xu@spsx.com ∙ superioressex.com 

 

Abstract 

Power-over-Ethernet (PoE), lauded for its low-voltage efficiency and application 
versatility, has quickly become the favored cabling solution to simultaneously supply power and 
data to remotely powered devices that make our environments smarter, more adaptable, and 
more unified than ever before. The increasing levels of power to support these devices are 
desired to enable more intelligence of sustainable buildings. However, as PoE cables are 
powering devices with 90 watts or greater, increased heat generated from the conductors often 
causes great concern about cable safety, performance, and lifetime. The increased heat 
overheats the cables routed in large bundles or installed in areas with ambient conditions above 
30°C, and the resulting temperature rise accelerates the degradation of cable components, 
particularly insulation and jacketing materials. These heat effects often lead to early failure of 
cables during their service applications. In our previous work, we demonstrated the high 
temperature rise during the 4-pair PoE (4PPoE) operation and highlighted a major concern on 
lifetime of polyolefin insulation. In this study, thermal aging and degradation investigations of 
polyvinyl chloride (PVC) jackets in 4PPoE cables were conducted by using thermogravimetric 
analysis (TGA), oven/chamber aging and tensile testing. It was observed that the continuous 
aging degraded these jackets faster than thermocycling aging. Lifetime of these jackets was 
estimated through the Arrhenius-type model, indicating that at the continuous operating 
temperature as rated all jackets failed within the expected life expectancy of 20 years. Electrical 
properties of these cables upon isothermal aging were monitored as a function of time at 100°C, 
121°C, 136°C referred to jacket temperature rating. A close correlation of the worsening of 
crosstalk with the degradation of these jackets was found, and its potential mechanism was 
presumed according to changes in cable dimension and jacket shrinkage. The temperature rating 
on PoE cables was also discussed according to the current findings and UL-444 standard. 

 

 

Keywords: Power-over-Ethernet, Thermal Aging, Temperature Rise, Lifetime, Polyvinyl Chloride, 
Jacket, Crosstalk, Thermogravimetric Analysis, Model Prediction, UL-444 
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1. Introduction 

Power over Ethernet (PoE) is a technique for enabling standard category cables to deliver 
electric power along with the data to remote devices in an Ethernet network, eliminating the cost 
and time associated with installations of separate power supplies and outlets as well as 
enhancing opportunities for innovations and flexibility [1, 2, 3]. Taking advantage of effective PoE 
schemes, the industry has rapidly found diverse applications including lighting, access control, 
security cameras, computers, access points, video display, TVs and more [4].  Furthermore, the 
PoE technology is facilitating us to enable Internet of Things (IoT), making all powered and 
connected devices more intelligent, effective, and cooperative.   

As the ecosystem of PoE devices continues to grow, power levels for PoE category cables have 
been steadily increasing and are expected to continue to do so, e.g., 15.4 watts specified in the 
original PoE standard (IEEE 802.3af) in 2003, 90 watts in IEEE 802.3bt in 2018, to even higher 
watts up to 200 watts and greater in the foreseeable future [5]. With increasing power level up 
to 100 watts or greater, cable heating generated by the current transmission through conductors 
is inevitable [6, 7]. In addition, the heat would be accumulated with limited thermal dissipation 
when these PoE cables are installed in bundles [5, 6, 8, 9]. The resulting temperature rise of cable 
bundles generates both safety and performance issues that are always presented together. 
Consequently, great efforts have been made from standard groups, testing organizations, and 
industry experts to explore effects of this increased heat on the safety and performance of PoE 
cables. 

Investigations have been focusing on industry standards, cable performance, installation 
safety and the lifetime of cable insulation for PoE deployment.  Our previous work on 4-pair PoE 
(4PPoE) evaluated cable performance in terms of associated factors including cable heating, 
power efficiency and operational cost [10]. Temperature rises from cable heating result in low 
power efficiency and high operating cost, and excessive temperatures may lead to melting 
insulations or cables and the immediate failure of infrastructure components. The Oxidative 
Induction Time (OIT) was used to show that elevated temperatures age the insulations at a faster 
rate, leading to their brittleness for an extended period. Also, a higher copper temperature 
causes more insertion loss that, in turn, reduced electrical performance [7]. Thermocycling 
experiments showed that the insertion loss margin of the PoE cables with polyolefin insulations 
declines over time, since polyolefin was subject to severe thermal degradation [7, 10]. Other 
properties of data transmission may be deteriorating due to the aging effects that the heat can 
generate on the insulations and jacket materials.  Heat aging may also result in downgrading fire 
resistance levels and temperature ratings as the insulations and jacketing materials lose some 
ingredients through degradation, sublimation, or even evaporation, thereby significantly 
shortening the expected lifespan of PoE cables. Hence, a better understanding of these aging 
effects would benefit raw material suppliers, cable manufacturers, standards organizations, and 
customers alike.  

In this paper, we investigated these thermal aging effects on degradation of jackets and the 
resulting electrical performance of commercial 4PPoE cables with Polyvinyl Chloride (PVC) jackets. 
PVC compounds, typically functionalized by a large portion of plasticizers and additives, have 
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been widely used as jacket materials. Besides ease of thermal degradation of PVC releasing 
hydrogen chloride (HCl) and forming conjugated polyenes, those functional ingredients could 
degrade, or migrate to the jacket surface and remain as a deposit or volatilize into the 
surrounding environment, when exposed to heat [11]. Aged PVC compounds often lose weight 
and become rigid and fragile at room temperature. Here we closely monitored weight loss of PVC 
jackets of PoE cables upon isothermal heating through different techniques. Using 
thermogravimetric analysis (TGA) to conduct short-term isothermal experiments, we determined 
degradation kinetics parameters for the PVC jackets and then estimated their in-use lifetime at 
possible operating temperatures based on the Arrhenius model. For long-term isothermal aging 
studies, an oven or a chamber was used to monitor weight loss of jackets and electrical 
performance of these PoE cables.  Below we also discussed the correlation of the heat-caused 
weight loss of PVC jackets with electrical performance.    

 

2.  Experiment Details 
2.1 Cable Samples 

Five PoE category cables with four twisted pairs available in the market were selected, 
containing 22 AWG, FEP insulated copper wire. Table 1 lists the characteristics of these cables. 
Four of them are unshielded twisted pair (UTP) cables, while Item 5 contains 4 unshielded twisted 
pairs wrapped in an overall aluminum foil shield (F/UTP). Items 2 and 3 are 105°C rated, while 
the other ones are 90°C rated.  

Table 1. Summary of five commercial POE cables  

Cable 
Cable 

Category 
Jacket 

Wall 
Thickness 

Jacket 
Rating 

UL Burn 
Rating 

Cable 
OD 

Copper 
Wire Insulation Shielding 

mm °C mm AWG 

Item 1 CAT6 PVC1 0.36 90 CMP 5.59 22 FEP UTP 

Item 2 CAT5e PVC2 0.38 105 CMP 5.72 22 FEP UTP 

Item 3 CAT5e PVC3 0.43 105 CMP 6.10 22 FEP UTP 

Item 4 CAT5e PVC4 0.41 90 CMP 5.80 22 FEP UTP 

Item 5 CAT6A PVC5 0.51 90 CMP 7.80 22 FEP F/UTP 

 
2.2  Short-term isothermal Aging by TGA 

Thermogravimetric analysis, TGA, was performed on a TA Instruments Discovery TGA under 
an air atmosphere at a purge rate of 25 ml/min. TGA samples of about 9 mg were cut from jackets 
and were held in 100 µL platinum-HT sample pans. Following is the measurement procedure: 
samples were quickly heated at 30 °C/min up to a chosen isothermal temperature and then were 
maintained at this temperature for a period until the weight loss levels off.      

 

2.3 Long-term Isothermal Aging 
2.3.1 Oven Aging on Tensile Specimens 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum27



4 
 

To investigate the correlation of weight loss, tensile properties and aging time, dumbbell 
specimens were cut from each of jackets by using ASTM D-412-D die cutter, hung in air on a 
stainless-steel hold, and then placed in an air-circulating oven pre-heated at 100 °C, 121 °C or 
136 °C, as shown in Figure 1 (left). These specimens were weighed prior to aging and after aging 
to determine the weight loss as a function of time and temperature. The tensile properties on 
these specimens were measured on a Zwick/Roell Universal Testing Machine equipped with an 
extensometer by following ASTM D-412 type D method with a crosshead speed of 500 mm/min.  

 

           

Figure 1.  Die-cut dumbbell specimens in an air oven heated to aging temperature (left); the 100-
meter cables wrapped around a reel and placed in an environmental chamber for cable aging 
(right). The cables were threaded through the side of the chamber and connected to the DSX-
5000 Fluke Network Analyzer. Five pieces of 1-foot jackets stripped from each cable were 
simultaneously aged on a piece of rockwool insulation mat under the reel.  

 

2.3.2 Chamber Aging on Jackets and PoE Cables 

The jackets were first stripped from the cables in 1 foot increments, and then placed on a 
piece of rockwool insulation within a chamber. The PoE cables of 100 meters were wrapped 
around a steel reel of which the drum surface was covered with 1-inch thick rockwool insulation 
to avoid any influence of steel on electrical performance. The cable wires were well separated 
around the drum when uploaded to avoid their tight contact. The cable aging setup was placed 
in the center of the chamber, as shown in Figure 1 (right). The cables were threaded through the 
side of the chamber and connected to the DSX-5000 Fluke Network Analyzer. The cables 
experienced the thermal cycling as follows: cables were heated from 20 °C up to a chosen 
isothermal temperature, 100 °C, 121 °C or 136 °C for 4 hours, and held at that temperature for a 
specific period, and then cooled down to 20 °C for 4 hours and held at 20 °C for 12 hours before 
electrical testing.  Jacket samples experienced the same thermal history as the cables did inside 
the same chamber and were weighed at the same time intervals when the electrical testing on 
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the cables was performed in accordance with TIA 568C. The aging time was the accumulated 
periods at that specific isothermal temperature. 

 

3. Results and Discussion 
3.1 Lifetime Prediction from Accelerated Isothermal Aging  

Cable jackets made of plastics are often degraded when exposed to external environment 
during cable service, such as air, water, fungi, sunlight, heat, or other attacks, and then their 
lifespan as expected to be decades is largely limited. Estimation of their lifetime typically adopts 
accelerated aging approaches. The most common way is to predict the degradation processes 
from the accelerated aging conditions, e.g., higher temperature. These predictions are 
extrapolated by using the kinetics of chemistries underling the degradation processes, including 
oxidation, hydrolysis, the loss of additives like plasticizers, the release of molecules decomposed, 
etc. Overall, the type of these processes is solid → solid + gas, which is kinetically described using 
the Arrhenius approach as follows [12]:  

 

                                                                
0 0( , , ) exp aEdx AF x L

dt RT


 
= − 

                                              (1) 

 

where x is the degree of conversion, dx/dt is the rate, A is the pre-exponential factor, F (x, ρ0, L0) 
is the function of degree of conversion, initial density and initial thickness of the sample, Ea is the 
activation energy, R is the gas constant and T is the Kelvin temperature. Here the degree of 
conversion, x is defined as x = (1 -Xt)/(1 - Xr), where Xt, Xr are the weight percentage at time (t) 
and the residue defined as the weight percentage that levels off at an isothermal temperature, 
T, respectively. In using isothermal degradation experiments on TGA, the time needed to reach a 
certain degree of conversion is given by a simplified relation that the natural log of the time is 
linearly proportional to the inverse of the isothermal temperature, Tiso in Kelvin [13], i.e.,  

                                                                 ln (t)  1/Tiso                                                                                                            (2) 

A plot of ln(t) versus 1/Tiso gives a straight line with a slope of Ea/R. Note that an intercept of such 
a plot is correlated with sample characteristics such as density, thickness and pre-exponential 
factor related material feature like molecular weight, polymer chain, etc.  

In this model, a series of elevated isothermal temperatures is needed to predict the material 
behavior at a relatively lower temperature. A major concern on such a methodology is the 
possibility that the degradation processes experience multiple chemistries with differing kinetics 
or Ea values in a wide range of aging temperature, i.e., the plot of eq.2 gives multiple slopes [14]. 
Therefore, the range of elevated temperatures is selected to be as close to the predicted 
temperature as possible, and occurrence of a single chemistry might be empirically justified by 
the plot demonstrating a single slope.  
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Figure 2 shows TGA curves of jacket PVC1 under isothermal conditions and the plots based 
on eq.2.  All curves and their derivative traces (not shown here) reveal two stages of weight loss. 
The transition of these two stages at the weight loss, XL (= 1 - Xt), ~ 9% is consistent for all 
isothermal temperatures. The weight loss rate in the first stage is very slow at a relatively low 
isothermal temperature. After the transition, the rate is accelerated and then levels off. At the 
higher isothermal temperature above 171°C this transition is indistinct. The same trends were 
found in all other four PVC jackets with varying transition points, ~ 3% for PVC2, ~ 2% for PVC3 
and PVC4, and ~ 4% for PVC5.  The first stage may be different from the so-called induction period 
[14], during which no noticeable weight loss was observed. Plasticizers or other volatile additives 
in PVC compounds easily migrate out when exposed to heat. This process could be a major factor 
contributing to the nonnegligible weight loss in the first stage. Figure 2b shows a single slope for 
both stages from 2.5% up to 15% at the elevated temperatures from 144 °C to 191 °C, 
demonstrating a single active energy. This result suggests that a single mechanism for the weight 
loss in both stages is dominated at both stages. During oven aging at a temperature like 100 °C, 
we noticed that some oily chemicals leached out and stayed on the surface of jacket specimens. 
The process of weight loss, XL ≤ 15% during TGA isothermal experiments is speculated mainly due 
to the loss of the plasticizers or small molecules in PVC by diffusion and sublimation or 
evaporation.  

 

 

Figure 2.  Isothermal TGA curves for jacket PVC1 at temperature from 145 to 191 °C (a) and plots 
of natural logarithm of isothermal time (minutes) vs reciprocal Kelvin temperature at the weight 
loss, XL from 2.5% to 15% (b).  

 

By using eq.2, the apparent activation energies were calculated for various degrees of 
conversion in Figure 2b.  Figure 3 shows degradation activation energies as a function of weight 
loss for all five PVC jackets. The values of activation energy found here are between 100 and 125 
kJ/mol, which is in good agreement with the results on those plasticized PVC compounds 

a) b) 
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reported in the literature [11, 15].  The degradation process dominated by dehydrochlorination 
and HCl release could occur with a higher energy barrier from 130 to 190 kJ/mol, depending upon 
the models for decomposition kinetics [11]. Spectroscopic experiments conducted by Lee and 
coworkers monitored the polyenes formation kinetics during PVC degradation, giving 147 and 
153 kJ/mol for plasticized PVC and non-plasticized PVC powder, respectively [11]. As such, our 
results indicate that our TGA monitored weight loss at those isothermal temperatures can be 
attributed mostly to the loss of plasticizers or other volatile additives. The contribution of HCl 
release upon the polyene formation to the weight loss, although small, could not be completely 
ignored in this TGA method. HCl emission, polyene formation and color changes during PVC 
degradation at isothermal temperatures from 160 °C to 200 °C was observed [11].  We also 
observed that the blue jackets became black after aged, and FTIR spectra of degraded jackets 
showed loss of CH2 and CH groups and increases of double bonds.  

 

Figure 3.  Activation Energy, Ea as a function of weight loss, XL from 2.5% to 15% for all five PVC 
jackets.   

 

As shown in Figure 3, dependence of the apparent activation energy on the weight loss for 
these PVC jackets were to some extent different. It may be due to the fact that these PVC 
compounds were produced with different formula and ingredients, which often play a vital role 
on the degradation processes. PVC2 shows the highest energy values, suggestive of the best 
thermal stability. At ≤ 5% of weight loss, the sequence of thermal stability was found: PVC2 > 
PV4 > PVC5 ≈ PVC3 > PVC1.       
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Figure 4.  Predicated lifetime in days as a function of aging temperature (A) for the PVC1 jacket 
at weight loss from 2.5% to 10%, and (B) for all five PVC jackets at the weight loss of 5%. The 
insert plot shows the lifetime in years within the same temperature range.   

 

By using the quantitative relation found for a certain degree of weight loss in Figure 2B, the 
lifetime as a function of temperature can be calculated.  Figure 4 shows the predicated lifetime 
for the PVC1 jackets with various weight losses (Figure 4a) and for all five PVC jackets at XL = 5% 
(Figure 4b). The predicted lifetime increases with the increase of weight loss, while it decreases 
with increasing aging temperature. At the operating temperature of 90°C, the PVC1 jacket could 
only stand for ~28 days at XL = 5%. As shown in Figure 4b, PVC1 is least thermally stable, and PVC2 
is the best with ~517 days (~1.4 years) of service life operated at 90 °C at XL = 5%. The increase 
of the thermal stability is more pronounced for PVC2 at a relatively low temperature. At XL = 5% 
PVC2 could provide ~56 years of service life in a PoE cable operated at 60 °C and over 8 years at 
75 °C.  

   For UL rated PoE category cables, the temperature ratings for PVC jackets include 60, 75, 
90 and 105 °C per UL 444 Table 10. The predicted lifetime for PVC1 at these temperatures is 
presented as a function of weight loss in Figure 5a.  At these temperatures, the predicted lifetime 
in days spans different orders of magnitude. For every 10 °C the operating temperature of these 
PVCs is increased, their predicted lifetime is decreased by a factor of around 2. Our predictions 
are in a good agreement with the factor of 2 for a polymer as a rule of thumb.   

As listed in Table 1, the temperature rating of PVC2 and PVC3 is 105 °C, and that of others is 
90 °C. Figure 5b compares the life spans of all jackets at 90 °C, where the service life of PVC2 is 
equivalent to those of PVC4 and PVC5 at XL = 2.5%, and it becomes longer for the higher weight 
loss. Overall, the order of the predicted lifetime at 90 °C is: PVC2 > PV5 ≈ PVC4 > PVC3 > PVC1.  
Figure 5c shows that the lifetime of PVC2 and PVC3 spans different orders of magnitude at the 
temperature from 90 °C to 105 °C. At their rated operating temperature, the order of lifetime of 

a) b) 
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all jackets: PVC5 ≈ PVC4 > PVC2 > PVC1 > PVC3.  These results indicate that the temperature 
rating is crucial to the desired service life of PVC jackets. The overrated operating temperature 
could lead to premature failures in service. In this regard, the PoE cables should deserve special 
attention on their temperature rating. The conservative rating may be preferred, even though 
their jackets meet the minimum requirements of the UL standard for safety for communication 
cables, UL 444 (Table 10).  

 

 

Figure 5. Predicated lifetime in days as a function of weight loss at temperatures of 60 °C, 75 °C, 
90 °C and 105 °C for the PVC1 jacket (a), for all five PVC jackets at temperature 90 °C (b), and for 
PVC2 and PVC3 at 105°C (open markers) as compared to at 90 °C (filled markers) (c).  

 

Significant increase of the predicted lifetime with weight loss was observed for most PVC 
jackets, particularly at the initial weight loss stage. A major question on this isothermal TGA 
approach spontaneously risen is at what critical weight loss, Xc the predicted lifetime could better 
present the service life of PVC jacket. Beyond Xc the lifetime would be overestimated. The value 
of 5% weight loss is commonly used [13, 14], since it usually corresponds to the beginning of the 
degradation process, and this level of degradation can cause a significant decrease of the 
mechanical properties of a material, or failure of a material.  

a) b) 

c) 
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Here we utilize the dependence of the tensile properties of PVC jackets upon aging to identify 
the critical weight loss, Xc for the lifetime estimation. In UL 444 minimum retention of elongation 
and tensile strength requirements are defined for PVC jackets in different aging conditions of 
time and temperature for temperature ratings, 75, 90 and 105 °C, i.e., at least 50% retention of 
the unaged elongation and 85% retention of unaged tensile strength. Smaller retention values 
are considered failure of PVC jackets for the corresponding temperature rating. The loss of 
mechanical properties of PVC upon aging is significantly associated with PVC degradation that 
weight loss indicates. By using these criteria, we can identify the Xc value for each PVC jacket. The 
tensile properties of all PVC jackets upon isothermal aging were tested for aging periods from 3 
days to 80 days (Figure 1a). Meanwhile, the weight loss was recorded.  Figure 6 shows the varying 
dependence of the retentions of the elongation at break and tensile strength on weight loss, XL 
for all five samples. Upon aging, these PVC jackets quickly lose elongation while maintaining a 
certain level of the tensile strength, possibly resulting mainly from the loss of plasticizers 
beforementioned. The critical weight loss, Xc was found 4.8%, 3.0%, 4.2%, 1.9%, 1.9% for PVC1, 
PVC2, PVC3, PVC4, PVC5, respectively.   

 

 

Figure 6. The retentions of elongation at break (a) and Tensile strength (b) as a function of degree 
of conversion for all PVC jackets upon aging at 100°C, 121°C, 136 °C over time. The vertical dotted 
lines are located at XL = 5%, and the horizontal ones are located at 50% for minimum retention 
of unaged elongation at break and at 85% for minimum retention of unaged tensile strength. 

a) b) 
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Figure 7. Predicated lifetime in years as a function of aging temperature for the PVC jackets at 
the critical XL values. The dotted line marks the industry life expectancy of 20 years.   

 

Table 2. Arrhenius modeling results on activation energy and lifetime at the critical weight 
loss for five PVC jackets aged at different aging temperatures  

Jacket 
Critical 

Weight Loss 
Activation 

Energy 

Predicted Lifetime  

Years Days 

Xc, % Ea, kJ/mol at 60°C at 75 °C at 90 °C at 100 °C at 121 °C at 136 °C 

PVC1 4.8 103.4  3.1 0.6 52.5 21.0 3.5 1.1 

PVC2 3.0 121.9  39.0 5.9 375.2 127.2 15.7 4.0 

PVC3 4.2 108.1  9.2 1.7 133.7 51.2 8.0 2.4 

PVC4 1.9 115.3  16.1 2.7 188.1 67.6 9.3 2.6 

PVC5 1.9 110.7 10.4 1.9 139.6 52.3 7.8 2.3 

 

By following the calculations in Figure 4, the lifetime at the critical weight loss for these 
jackets aged at different temperatures is shown in Table 2 and Figure 7. Our lab results indicate 
that PVC1 failed the 90 °C rating in the aging conditions of 121 °C for 7 days, and PVC2 and PVC3 
failed the 105°C rating in the aging conditions of 136 °C for 7 days, whereas PVC4 and PVC5 
passed the 90 °C rating. As show in Table 2, for the critical weight loss, Xc, PVC1 only stands for 
3.5 days at 121 °C, while PVC4 can last for 9.3 days and PVC5 can last for 7.8 days. However, PVC3 
stands for 4 days and PVC3 stands for 2.4 days at 136 °C. Our predications are in good agreement 
with these tensile results, thereby providing a first validation of this isothermal TGA method.  

Figure 7 indicates that all five PVC jackets meet the industry life expectancy (20 years) at the 
typical environmental operating temperature, 40 °C but not at their UL-rated temperature. At 
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the lowest UL temperature rating, 60 °C per UL444 standard, only PVC2 meets 20 years lifetime. 
The lifetime quickly declines with the aging temperature from 40 °C to 70 °C. Our previous work 
showed that the maximum temperature measured in the center of Category cable bundles was 
50 °C up to 127 °C [10]. As such, the temperature rise should raise significant safety concerns for 
PVC jackets of PoE cables.   

On one hand, as compared to the industry life expectancy (20 years) at the UL-rated 
temperatures, the lifetime predicted by this TGA method is a conservative estimate to correlate 
with the aging degradation of PVC jackets. The service lifetime of Category cables was also 
believed to be underestimated by the Oxidative Induction Time (OIT) approach on cable 
insulation materials [10, 16]. These underestimations by thermal analysis might originate from 
the fact that the thermal analysis always applies the continuous heating, while during service 
cables are exposed to the varying operation environment. Moreover, the overall performance of 
cables is associated not only with jackets but also with insulation materials, other components, 
cable design, construction, etc. For instance, the overall aluminum shield in the F/UTP cables 
helps to dissipate heat and limit temperature rise [10]. Therefore, the failure of jackets on the UL 
temperature rating is unnecessary to result in the failure of the cables. On the other hand, this 
TGA method could be used for the aging at the operating temperature. The predictions shed 
some light on the correlation of the degradation of jackets with the overall performance of PoE 
cables. Such an understanding would facilitate the development of PVC jackets and material 
selection of PoE jackets and help to direct installation and operation safety of PoE cables. In next 
section, the electrical properties of these PoE cables will be studied upon the accelerated thermal 
aging. 

 

3.2  Electrical Performance of Cables upon Aging 

All the PoE cables tested here use PVC compounds as jackets and FEP as copper wire 
insulation. In terms of the temperature rating these cables can be separated into two groups, 
90 °C for Items 1, 4 and 5, and 105 °C for Items 2 and 3. Per UL 444, Table 10, the aging 
temperature for PVC jackets is 100 °C for a 75 °C rating, 121 °C for a 90 °C rating and 136 °C for a 
105 °C rating. The UL Limited Power 192-cable bundle tests reported the maximum temperature 
rising to 127 °C [10], even as higher as 200 °C [6].  In this case, we selected those three cables 
with a 90 °C rating to age at 100 °C (Figure 8, Figure 9a), all five cables aged at 121 °C (Figures 9b, 
10) and those two cables with a 105 °C rating plus Item 5 (CAT 6A) aged at 136 °C (Figure 11).  At 
those aging temperatures, it is reasonable to believe that the FEP insulation and other 
components are thermally more stable than the PVC jackets. It is therefore assumed that the 
decline in the electrical properties of these cables upon aging mainly origins from the degradation 
of their PVC jackets.  

Electrical properties of CAT 5e, CAT6 and CAT 6A were tested, including insertion loss, return 
loss, NEXT, propagation delay, delay skew, LCL, alien crosstalk, etc. Figure 8a shows an example 
of measured NEXT loss traces for Item 1, CAT 6 cable aged at 100 °C. Keep in mind that the worst 
cases could occur between different pairs over time. These five NEXT curves are from the blue-
green pair showing the worst-case margin among all pair combinations at ~104 MHz at time zero 
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to 104.5 days. The inserted plot shows the expanded region where the line gets closes to the 
limit. With aging, the worst case gets closer to the limit, and reaches the limit line at 44.5 days, 
even goes down below it.  Since a higher NEXT loss value means a lower crosstalk, this trend 
implies that the crosstalk increases with aging until the cable CAT6 fails for NEXT after 44.5 days 
according to TIA/EIA-568C requirements as illustrated by the limit line.  

  

 

Figure 8. The CAT6 cable (Item 1 at Table 1) aged at 100 °C over different aging periods: (a) the 
NEXT of the worst blue-green pairs at time zero to 104.5 days, and the inset plot in the left zooms 
the region where the worst-case margin is located; (b) the worst-case margin of the NEXT as a 
function of aging time, where the line is the best-fit exponential decay to the data, and the inset 
plot charts the percent change of the NEXT margin values.  

 

Figure 8b plots the worst-case margin of NEXT as a function of time and the inset plot charts 
the percent change of the margin values from the original electrical measurement taken at time 
zero. Within the first 23.5 days, the CAT 6 cable had a ~80% decline in the NEXT margin from 6.7 
dB to 1.5 dB. The relatively slow decline continues down to 105% within the first 50 days, and 
then almost levels off.  An exponential decay equation for a line of best fit was empirically used 
to model the data points, giving the exponential time constant, 23.9 days.   

Figure 9 shows the percent change in the worst-case margin of NEXT upon the aging at 100 °C 
(a) and 121 °C (b) for different cable combinations. The only cable, Item 1 failed in accordance 
with TIA/EIA-568C requirements. The NEXT of Item 1 quickly decays, and fails after 9 days at 
121 °C, i.e., 100% margin loss. At 100 °C, Item 4 stays the same over 124 days, while Item 5 
presents the improved NEXT margin by 50% to 75%.  At 121 °C, Items 4 and 5 show a ~12% decline 
in the NEXT margin over 26 days.  Items 2 and 3 with a 105 °C rating show different responses to 
the aging at 121 °C. Item 2 presents small increases within 20 days and then starts to decline, but 

a) b) 
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levels off after 30 days. On the contrary, Item 3 loses 5% to 10 % of the original margin from day 
1 to day 16, then quickly declines and levels off after 28 days.  

 

 

Figure 9. Percent changes in the worst-case margin of the NEXT as a function of aging time at 
100 °C for Items 1, 4, 5 (a) and 121 °C for all cables (b). 

 

The electrical testing results show that the insertion loss margin of all cables displays no 
change or relatively much smaller changes than the NEXT margin over aging (data not shown 
here). Since the insertion loss is closely related to insulation materials [7], this observation implies 
that the FEP insulation is thermally stable at these aging temperatures. Thus, as already claimed, 
the worsening of crosstalk is mainly caused by the degradation of jackets. To better understand 
effects of jacket degradation on crosstalk, Figure 10 compares the percent change in the worst-
case NEXT margin with the weight of cable jackets aged at 121 °C for Item 2 (a) and Item 3 (b). 
Like TGA curves, there are two stages of weight loss presented. In the initial stage two jackets 
degrade at a similar loss rate, but PVC2 takes longer than PVC3 to reach the second stage with a 
faster loss rate. In a whole, the change in the NEXT margin is closely correlated with weight loss. 
During the first stage, Item 2 barely shows any change in crosstalk, while the margin drops for 
Item 3.  These two jackets lose at least 10% of weight, which is higher than their critical weight 
loss, Xc as listed in Table 2, suggesting that the jackets failed on their temperature rating, while 
these cables still passed standard requirements on electrical properties. Furthermore, with 
similar weight loss of jackets, Item2 shows the smaller decay in the NEXT margin than Item 3.  To 
be specific, at XL = 3% the NEXT margin of Item 3 drops by 10%, while that of Item 2 stays almost 
unchanged; at XL = 10% Item 3 loses 57% of the NEXT margin, while Item 2 only loses 7%.  

 

a) b) 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum38



15 
 

 

 

Figure 10. Comparison of percent changes in the worst-case margin of the NEXT and weight of 
jackets as a function of aging time at 121 °C for Items 2 and 3. Weight of jackets was monitored 
in the chamber where electrical properties of cables were measured.     

 

To better assess effects of aging at a higher temperature, Figure 11 shows the change in 
the worst-case NEXT margin (dB) with the weight loss of cable jackets at 136 °C for Items 2, 3 and 
5. After accumulated 17 days, these three cables still passed standard requirements on electrical 
properties, while the jackets lost the weight over 8% for PVC5, and over 17% for PVC2 and PVC3. 
Items 2 and 3 show < 1 dB declines in the NEXT margin in the first stage of slow weight loss within 
5.5 days, and quick declines in the second stage of fast weight loss. These results indicate that 
the change in the NEXT margin is strongly associated with weight loss upon aging. Hence, weight 
loss of jackets is a good indicator to monitor how the PoE cables will perform upon heat aging, 
whereas their quantitative correlation is unclear. It is worthy to note that for the critical weight 
loss of those jackets at 136°C, the aging time needed for each item shown in Figure 11 is much 
longer than the predicted lifetime as shown in Table 2. This inconsistency may be attributed to 
the different aging processes aforementioned: the former was accumulated through 
thermocycling in the chamber, while the latter is the continuous aging span.  Even so, both results 
show the same trend on the aging time needed for the critical weight loss: Item 2 > Item 5 > Item 
3.  

a) b) 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum39



16 
 

 

Figure 11. Comparison of changes in the worst-case margin of the NEXT (solid markers) with 
weight loss (open markers) as a function of time aged at 136 °C for Items 2, 3 and 5. Weight loss 
of jackets was monitored in the chamber where electrical properties of cables were measured.    

  

Table 3 shows that the weight loss of jackets leads to the change in physical dimensions 
of jackets, thus influencing electrical properties of the whole cables. In our cases, the FEP 
insulation remains intact, while the lay length, core diameter and jacket diameter present 
complex changes. Upon aging at 121 °C, Items 1, 2 and 3 show a significant decrease in the outer 
diameter of the jacket, while Items 4 and 5 show a relatively smaller change. We also monitored 
the longitudinal shrinkage of the jackets aged in the same conditions as the cables in the same 
chamber. Table 3 indicates that all jackets show significant shrinkages. Overall, the shorter twist 
lay length of all four pairs for all aged cables as compared to the unaged ones was also observed, 
indicating that thermal aging contracted these cables in many ways. It is obvious that the 
shrinkage of their diameter and length is closely correlated with the weight loss of jackets, 
although each PVC jacket performed differently. In general, the relatively smaller changes in 
dimensions of PVC4 and PVC5 may contribute to their stability of electrical performance, while 
the bigger changes lead to the quicker decay of electrical performance. As compared with PVC4 
or PVC2, PVC5 is easier to lose weight in the beginning of aging, as indicated in Figs. 7, 11 and 
Table 3.  On the contrary, Item 5 shows the similar stability in the NEXT margin to PVC4, or even 
higher stability than PVC2. These results may be attributed to the constructure of Item 5, the 
F/UTP Cat6A cable, since around the core under the jacket is the aluminum shield limiting effects 
of dimension changes on the PoE cable core.  For all UTP cables, the higher thermal stability the 
jackets have, the higher stability the electrical properties show.  

Typically, the weight loss of a PVC jacket causes its hardening due to loss of plasticizers 
and generation of conjugated doubled bonds. As observed on all jackets, the weight loss 
generates the significant longitudinal shrinkage and the reduction in the outer diameter, 
squeezing the cable cores. Such a squeeze makes four pairs tighter inside jackets, leading to the 
increased crosstalk. Note that PVC jackets perform differently during this process due to their 
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diverse formula. Overall, besides FEP insulation, the thermally stable PVC jacket and the shielding 
would largely benefit PoE cables to combat effects of the temperature rise and thermal aging on 
their electrical performance.    

 

Table 3.  Outer diameter of jackets (FOD) and longitudinal shrinkage of jackets upon heat aging 
at 100 °C, 121 °C and 136 °C 

Jacket 
Aged at 100 °C, % 1 Aged at 121 °C, % 2 Aged at 136 °C, % 3 

Weight 
Loss 

FOD 
Reduction 

Shrinkage 
Weight 

Loss 
FOD 

Reduction 
Shrinkage 

Weight 
Loss 

Shrinkage 

PVC1 8.7 4.2 3.7 10.9 5.4 6.5 na na 

PVC2 na na na 11.0 8.9 8.8 1.8 11.0 

PVC3 na na na 14.5 9.8 10.9 1.5 12.3 

PVC4 0.7 0.6 3.1 0.7 1.5 4.7 na na 

PVC5 0.8 0.5 3.1 1.6 1.0 5.1 2.0 7.3 
1,2 Aging time shown in Figure 9; 3Aging time at 136 °C: 5 days. 

 

3.3  Discussion 

The PoE cables with PVC jackets face the challenge not to meet the expected service lifespan 
due to temperature rise when theses cables carry a high level of power. Studies on PoE cable 
bundles show that cable heating could cause significant temperature rises at 0.5 or higher 
amperes per conduction (approximately 100 or higher watts with a nominal 50 V voltage) [6]. 
These findings are cause for great concern on safety and performance of PoE cables during 
installation and applications since excessive temperatures from heating may lead to melting 
insulation and the immediate failure of infrastructure components. Elevated temperatures also 
age components at a faster rate, and jackets and insulations become brittle. These negative 
effects cause a cable to perform worse than its safety listing. Polyolefin insulations exhibited a 
shorter lifetime than the expected 20 years, when exposed to thermal aging [10]. By using OIT 
methods [10], our previous work estimated the lifetime of less than 5 years for polyolefin 
insulation at 60 °C,  and Yu and her coworkers from Dow Wire and Cable reported that their 
polyethylene insulations exhibited service times of less than 10 years at 90 °C [16].  Through 
temperature cycling covering 100 °C, 105 °C, or 150 °C, Cable Components Group [7] found that 
as compared to polyolefin insulation, higher operating temperature materials, such as 
perfluoropolymer, are more suited to maintain electrical performance, i.e., insertion loss. 
Moreover, we found here that the degradation of PVC jackets upon heat aging has little influence 
on the decay of insertion loss for all five PoE cables. 

 In this study, we predicted the lifetime of PVC jackets by utilizing the kinetics of isothermal 
degradation monitored by a TGA isothermal procedure. Our estimates indicate that the predicted 
service times of those PVC jackets are shorter than 20 years at 60 °C, except PVC2 with a life 
expectancy of 39 years. All of them have lifetimes of less than 10 years at 75 °C, even for 105 °C-
rated PVC2 and PVC3.  Since these PVC jackets are 75 °C or higher rated, they are expected to 
safely operate at 75 °C in service. Obviously, their lifetime estimated is much shorter than 20 
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years as the expected service time in industry. Although PVC jackets meet the criteria of 75 °C, 
90 °C or even 105 °C ratings per UL 444 (Table 10), these cables could only last for at most 6 years 
at 75 °C and even less than half of a year at 100 °C. In this case, the temperature rating should be 
conservative for PVC jackets of PoE cables. Potential temperature overrating would be a real 
concern which needs to be addressed for PoE cable design, selection, installation, and application.     

As observed, weight loss of PVC jackets upon heat aging causes the decay of electrical 
properties of PoE cables, i.e., NEXT.  The thermal degradation of PVC jackets exhibits loss of HCl, 
formation of conjugated double bonds, and evaporation and degradation of plasticizers and 
additives, often leading to their dimensional shrinkage and hardening. We believe that the 
contracting and hardening of jackets tighten the conductor pairs inside, thereby worsening 
crosstalk. On one hand, we found the close correlation of the worsening of crosstalk with weight 
loss of jackets, but their quantitative relation is unclear. On the other hand, the PVC jackets that 
easily degrade, e.g., PVC1 (Item 1), could lead to the facile failure on electrical performance of 
their PoE cables upon heat aging, while thermally stable PVC jackets can limit these impacts. Also, 
the shielding can effectively offset these negative impacts, since it is assumed to largely prevent 
any changes of the cable core from jacket degradation. 

In addition, the weight loss of PVC jackets upon heat aging also generates another concern 
on the fire safety of PoE cables. Due to chemical changes inside graded PVC jackets, their fire 
resistance could be dramatically shifted. These related investigations are ongoing.    

 

4. Conclusions 

In this work, the thermal aging performance of of five PVC jackets from commercial 4 pair 
category PoE cables were monitored in terms of weight loss by using thermogravimetric analysis, 
the kinetics of thermal degradation was then deduced using the Arrhenius equation, and the 
lifetime was subsequently estimated for a wide range of aging temperature. The electrical 
properties of these cables were also monitored as a function of aging time at three temperatures, 
100 °C, 121 °C and 136 °C. As predicted, these PVC jackets exhibit the service time of less than 1 
year that is much shorter service time than 20 years, when exposed to continuous operating heat 
at the UL-rated temperature of 90 °C or higher on these PoE cables. Thus, the temperature 
overrating is quite possible due to the current criteria on temperature rating of PVC jackets, 
which should deserve a highlighted concern. A good association of the decay of electrical 
properties of these cables, i.e., crosstalk, with the weight loss of their jackets was found, 
suggesting that weight loss of jackets is a good indicator to monitor how the PoE cables perform 
upon heat aging. However, their quantitative correlation is unclear. The predicted lifetime of 
jackets was able to serve as a reference for the continuous aging at an operating temperature. It 
was also found that that the jacket degradation leads to jacket shrinkage and smaller outer 
diameter of the cables, contributing to the worsen crosstalk. In general, the higher thermal 
stability of jackets, the more stable the electrical performance are for PoE cables. The shielding 
can effectively prevent these negative impacts from jacket degradation on the cable cores. 
Investigations of other parameters of the electrical properties and fire safety of these PoE cables 
upon aging are still ongoing.  
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Abstract 
Objective of this work was to investigate the influence of a grafted 
coupling agent in typical EVA/LLDPE based blends as cable 
compounds containing mineral filler acting as a flame-retardant. 
Therefore, blends (50:50 phr) containing magnesium-di-hydroxide 
(MDH) were compounded and parts of the LLDPE substituted with 
MAA-g-LLDPE coupling agent. Compatibility of the coupling 
agent was observed in DSC thermal analysis. A strong influence of 
different filler ratios (0 – 60 %) was detected in rheological 
investigations. Morphological studies revealed significant 
differences in blend morphology and filler location caused by phase 
transition which is close to the 50:50 composition. The coupling 
agent improved the compatibility of the blend in that a reduced 
phase size could be observed. The addition of the coupling agent 
relocated the mineral filler from being mainly located in the EVA 
phase into the interphase and created a connection between both 
polymeric phases which resulted in improved thermo-mechanical 
performance.  

Keywords: flame retardant cable, cable compound, halogen 
free, polymer blend, filler, coupling 

1. Introduction 
In the past, fiber optic data cables where mainly used in the network 
backbone, while the last portion close to the access points was 
covered by copper cables. Lately, the continuous increasing demand 
for more bandwidth drives fiber optic cables more into buildings. The 
most critical factor for cables in indoor application is the resistance 
against fire as this is directly related to people’s safety. In 2011, the 
European Union released the construction product regulation (CPR) 
which resulted in mandatory testing and CE marking of all products 
which are permanently installed in buildings beginning in June 2016. 
This new regulation came up with more stringent burn test 
procedures which increases the requirements for flame retardant 
materials to be used in cable sheathing application [1]. 

Polymers are materials with a high variety in application space and 
performance and show easy processability at a relative low cost. This 
fits well to cable application and the high requirements in regard of 
mechanical performance and a continuous production process. 
Unfortunately, most polymers are highly flammable which results in 
increased fire risk. To overcome this disadvantage, it is possible to 
use flame retardant additives which show different effects to protect 
the material during combustion. Flame retardants based on mineral 
fillers represent the largest portion of flame-retardant additives in the 
cable industry. This has a simple reason: a lower cost in comparison 
to organic solutions makes it economical attractive to be combined 
with commodities like polyolefins. Another advantage that should be 
mentioned is that the combustion gases are neither corrosive nor 
acidic, which enables them to be used indoors. The metal hydroxides 
work predominantly in the condensed phase, decompose 
endothermically and release water. This leads to a heat sink in the 
substrate and a dilution effect of the combustion gases [2]. Aluminum 

tri-hydroxide (ATH) and magnesium di-hydroxide (MDH) represent 
the major market share of these additives [3-6]. 

Compound development focusses on the modification and 
combination of existing polymers to overcome their disadvantages 
and combine their strengths. Polymer blends can be categorized 
into miscible and immiscible systems as the majority [8]. While 
miscible blends obey linear mixing rules or show positive 
deviation, the response in immiscible systems is more complex. 
The material performance is strongly related to the multiphase 
morphology and interphase effects. These are affected by the 
polymer properties, like rheological behavior, polarity or elasticity 
ratio. Another important factor influencing the blend morphology 
is processing (shear rate, temperature profile and cooling rate)       
[9-12].  
Typical immiscible polymers used in the wire and cable industry for 
halogen free flame-retardant solutions are Polyethylene and 
Ethylene-vinyl-acetate (EVA) [7]. While Polyethylene shows good 
thermal stability and mechanical strength, its flexibility and ability to 
take up high amount of mineral filler is limited. In this field, EVA 
shows very positive performance but comes with weaker thermo-
mechanical properties [13]. Even in a not compatibilized state, they 
are reported to show improved toughness, environmental stress 
cracking resistance and filler uptake [4, 13]. Nevertheless, signs of 
partial miscibility of the polymeric backbone in the melt state were 
reported [14-18]. M. Faker et. al. [14] performed extensive 
investigations of rheological and mechanical properties of pure 
PE/EVA blends which were then correlated to the morphology. 

The addition of rigid mineral flame-retardant fillers affects the 
material performance significantly in terms of higher modulus and 
improved burning behavior. In general, a homogenous dispersed and 
stable state leads to optimal properties, as every agglomerate is a 
defect and reduces performance [19]. The required quality of 
dispersive and distributive mixing must be provided by a proper 
compounding process [20, 38]. The response of polymer blends to 
filler addition varies based on the polymer matrix type and the filler 
type. It is reported that increasing aspect ratio and matrix stiffness are 
beneficial for the elastic modulus [25]. The compound stiffness 
increases with increasing loading of particulate fillers. This effect is 
used in many mechanical components but can be a disadvantage in 
the application as cable sheath due to reduced flexibility. In addition, 
a clear increase in melt viscosity with increasing filler content is 
reported. This results in processing difficulties and speed limitations 
in a continuous cable manufacturing process via extrusion. [19-25] 

From a threshold of 20 vol%, particle-particle interactions are 
reported to significantly increase because of the decreasing polymer 
ligament thickness [26]. Therefore, organic coupling agents are 
tailored to affect the particle-polymer interphase and to improve the 
mechanical performance. [27, 28] The key performance is a strong 
connection between both materials which can be either achieved by 
chemical bonds, hydrogen bonds, Van der Waals forces or miscibility 
effects [29]. Typical coupling agents are organo-silanes or grafted co-
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polymers. The co-polymer backbone is often chosen from the matrix 
material or a miscible polymer to achieve coupling through 
entanglements. Both types of coupling agents are reported to improve 
the mechanical performance, processability and flame retardancy 
[30-32]. 

In the past, the effects and efficiency of different co-polymeric 
coupling agents in filled polymers were investigated [26-30]. This 
was often quantified by the mechanical performance [28]. Although 
the above-mentioned material combinations found their application 
in the industry, the influence of grafted co-polymeric coupling agents 
on the morphology and properties of unfilled and filled immiscible 
EVA/LLDPE blend systems was not yet extensively studied. 
Therefore, in this work investigations were performed using a blend 
of ethylene-vinyl-acetate (EVA) and linear-low-density polyethylene 
(LLDPE). A ratio of 50:50 % was chosen to investigate the instable 
range in the phase morphology close to the expected phase inversion 
point. Subsequently, different amounts of Magnesium-di-hydroxide 
(MDH) as flame retardant filler were added to investigate the 
system’s response. In some samples, part of the LLDPE was 
substituted with maleic-acid-anhydrite grafted LLDPE as a function 
of a coupling agent. 

2. Materials  
Ethylene-vinyl-acetate (EVA) with VA content of 24 % and linear-
low-density polyethylene (LLDPE) were blended in a ratio of 1:1. 
Parts of the LLDPE (4-5 %) were substituted with maleic-acid-
anhydrite grafted LLDPE (MAA-g-LLDPE) as a coupling agent for 
the mineral filler. For more fundamental investigations on systems 
with a pure EVA polymer matrix, MAA-g-EVA with a VA content 
of 24% was also used as a coupling agent. Properties of the polymeric 
raw materials are listed in Table 1, the values were taken from the 
supplier datasheets. The polymers were chosen as they represent 
typical grades used in wire and cable compounds and were used as 
received.  

Table 1. Polymeric ingredients 

 Tm MFR  
(190 °C/2.16 kg) Density 

EVA (24% VA) 80 °C   3.0 g/10 min 0.94 g/cm³ 
LLDPE 119 °C   1.0 g/10 min 0.92 g/cm³ 
MAA-g-EVA 80 °C   7.5 g/10 min 0.94 g/cm³ 
MAA-g-LLDPE 122 °C   1.6 g/10 min 0.94 g/cm³ 

 

To improve the flame retardancy, Magnesium-di-hydroxide (MDH) 
was added. The chosen grade is uncoated with a specific surface 
(BET) of 4-6 m²/g. The particle size is given with d50: 1.6 – 2.0 µm 
in the technical datasheet. 

The prepared formulations are shown in Table 2. The amount of 
MAA-g-LLDPE coupling agent (CA) was chosen based on supplier 
recommendations and then adjusted for the different filler amounts to 
achieve a ratio of 2 phr coupling agent per 10 wt% of mineral filler.  

Table 2. Compound formulations 

 EVA LLDPE MAA-g-
LLDPE 

MDH 

  0% MDH 50.0 % 50.0 %   
  0% MDH + CA 50.0 % 45.0 % 5.0 %  
30% MDH 35.0 % 35.0 %  30.0 % 
30% MDH + CA 35.0 % 30.8 % 4.2 % 30.0 % 
60% MDH 20.0 % 20.0 %  60.0 % 
60% MDH + CA 20.0 % 15.2 % 4.8 % 60.0 % 

3. Results and Discussion 
3.1 Differential Scanning Calorimetry (DSC) 
Thermal analysis of the systems is shown in Figure 1. The blend 
components are incompatible and show separate melting peaks of 
EVA at 80 °C and LLDPE around 120 °C. The used LLDPE is a 
Ziegler-Natta catalyzed grade with randomly distributed 
comonomer content. This results in a broad melting curve below 
120 °C, followed by the polymer chains containing no co-monomer 
melting at 121 °C. For the samples containing coupling agent (e.g. 
0% MDH + CA), this characteristic shoulder around 121 °C is 
replaced by a single peak. Deeper investigations have proven that 
this is related to superposition with a more intensive and narrower 
melting peak of the MAA-g-LLDPE at 122 °C. Differences in 
crystallinity could be ruled out by WAXS measurements. 
Throughout the addition of flame-retardant filler (MDH), the peak 
positions do not change. If coupling agents are used, an increase in 
the width of the melting peak at 110 °C with increasing MDH 
content is observed. This is also caused by the signal superposition 
of the steeper MAA-g-LLDPE melting peak with the LLDPE 
signal. The first peak height increases with filler loading due to the 
increased coupling agent ratio in the polymer fraction. This can be 
proven by a reduced peak intensity at 121 °C. Comparing the 
LLDPE melting peak positions, a difference of -0.6 °C between the 
unfilled and the 60 % MDH sample was calculated. Except for a 
slightly increased shoulder, no changes in peak position or 
crystallinity were observed. 

 
Figure 1. DSC measurements 

3.2 Rheology 
To understand the mixing dynamic, the blends where characterized 
in parallel plate rheometry. It is expected that the viscosity of the 
blends is affected by the filler location: This can be the even 
distribution in both phases, only in one of each components or in 
the interface. To have a complete view on all components, pure 
EVA and LLDPE were compounded with 0, 30 and 60 % MDH 
filler. To further understand the influence of the coupling agent, the 
samples were additionally produced using 10 % of the co-polymer 
(+ CA). A comparative overview of the rheological analysis in 
frequency sweep is shown in Figure 2. The samples without 
coupling agent are drawn in solid lines, the samples containing 
coupling agent in dotted lines. 
As expected, the viscosity levels of both polymers increase by the 
addition of mineral filler. All samples show shear thinning behavior 
and none of the samples show a clear Newtonian plateau at low 
frequency within the measurement range. EVA does not show 
signigicant differences caused by the addition of the coupling 
agent. The unfilled samples (0 % MDH) show a plateau-like 
tendency which is reduced with increased filler amount. All 
samples containing 60 % MDH show a steeper progression 
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throughout the measurement range. The observed increase in 
viscosity in combination with a reduced newtonian-plateau for 
increased filler content in thermoplastic polymer was described by 
Poslinsky et.al. [34]. An influence of the coupling agent becomes 
visible at the highest filled LLDPE sample. While the 60 % MDH 
shows a significant increase in viscosity at low frequency, this can 
not be observed for the sample using coupling agent. This “yield 
stress effect” was also reported by Laun et. al. [35] after observing 
a viscosity increase to infinite values towards lower shear rates of 
dispersed latex particles in emulsion. It is described to be caused by 
filler particle-interlocking and is a sign of insufficient coupling or 
polymer coverage. 

 

 
Figure 2. Rheology of filled EVA (a) and LLDPE (b), with 

and without coupling agent (CA) 
 
In the following, EVA/LLDPE blends with different filler ratio and 
coupling agent addition were tested (Figure 3). No significant 
influence of the coupling agent can be observerd for all amounts of 
filler loading. Both curves within the respective filler level are lying 
close to each other. Even for the 60 % filled samples, no signs of 
increased filler-filler interaction, like the mentioned “yield stress 
effect” were observed. 

 
Figure 3. Rheology filled EVA/LLDPE blends, with and 

without coupling agent (CA) 
The rheological measurements were used to determine the viscosity 
of the components in the compounder. The theoretical phase 
inversion of the incompatible blends can be calculated based on 
these and the following equation used by Faker et.al. [14] which 
was derived from Steinman et.al. [36]. 

𝜙2 = −0.12𝑙𝑜𝑔 (
𝜂1

𝜂2
) + 0.48   (1) 

In the viscosity curves, it can be observed, that the incorporation of 
filler affects the viscosity significantly. It was not yet clear where 
the filler will be located, different scenarios needed to be 
considered in calculating the phase inversion points. In the 
following table 3, the equation was applied to different 
combinations of rheological curves. This allowed to calculate every 
potential phase inversion point of the EVA/LLDPE morphology 
based on the filler location. The results for the unfilled samples 
(0 % MDH) fit to the outcome reported by Faker et. al. [14] and 
Takidis et.al. [15]. The phase inversion is mainly affected by the 
filler location. For the 60 % filled sample, the coupling agent in 
LLDPE causes additional influence which results from the 
observed differences in the viscosity curves. If the filler is located 
in both polymers, the phase inversion and so the expected phase 
size stays relatively stable. For the other two scenarios, the phase 
inversion ratio moves towards the polymer fraction that does not 
contain the filler.  

Table 2. Calculated values of phase inversion ratio of 
EVA/LLDPE blends and compounds  

Scenario 
EVA/LLDPE phase inversion (calculated) 
0 % MDH 30 % MDH 60 % MDH 

Filler evenly 
distributed 

- 47.9 / 52.1 48.6 / 51.4 48.5 / 51.5 
+ CA 48.0 / 52.0 48.0 / 52.0 49.8 / 51.2 

Filler only in 
EVA 

- 47.9 / 52.1 51.4 / 48.6 58.4 / 41.6 
+ CA 48.0 / 52.0 51.2 / 48.8 58.6 / 41.4 

Filler only in 
LLDPE 

- 47.9 / 52.1 45.1 / 54.9 38.0 / 62.0 
+ CA 48.0 / 52.0 44.5 / 55.5 39.7 / 60.3 

 

3.3 Dynamic mechanical analysis (DMA) 
To assess the mechanical performance of the materials over a wide 
temperature range, DMA tests were carried out. The samples made 
of pure EVA (a), pure LLDPE (b) and the 50/50 blend (c) filled 
with 0 %, 30 % and 60 % MDH with and without coupling agent 
are shown in Figure 4. The storage modulus of all tested 
compositions increases with increasing filler content. The EVA 
sample (a) shows a clear drop in the modulus around the glass 
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transition temperature (-28 °C), followed by a steep drop in the 
modulus near the melting temperature (80 °C). It was observed that 
a higher filler content slightly increases the heat resistance of the 
samples. When comparing the 0 % and 60 % samples, a shift in the 
thermomechanical parameters by 5 – 10 °C (modulus drop at Tg 
and Tm) is observed. With all pure EVA samples (a), no influence 
from the added MAA-g-EVA as a coupling agent is visible. 
Compared to EVA, pure LLDPE (b) shows better thermal stability 
with slow softening over the entire temperature range without 
noticeable drops. At temperatures below 0 °C, no significant 
influence of the coupling agent can be seen. At higher temperatures 
(e.g. over 50 °C) the 60 % filled samples with coupling agent shows 
an improvement in the modulus. The unfilled and the 30 % MDH 
sample show no significant difference caused by the adhesion 
promoter. Looking at the 50/50 mixtures (c), the modulus shows a 
decrease near the Tg of EVA (28 °C). From this temperature on, 
the storage modulus curves of the samples with and without 
adhesion promoter begin to differ. The compounds with coupling 
agent show improved thermomechanical properties, the greatest 
effect being observed in the 60 % filled sample at higher 
temperatures. Even the melting range of EVA above 70 °C is 
compensated. This is surprising because the coupling agent used is 
based on LLDPE and an interaction with EVA was not to be 
expected. 

 

 

 

Figure 4. DMA of filled EVA (a), LLDPE (b) and 50/50 
EVA/LLDPE (c) with and without coupling agent (CA) 

The quantitative improvement by adding the MAA-g-LLDPE 
coupling agent to the 50/50 blend system was unexpected. It was 
not clear why the LLDPE-based coupling agent is able to improve 
the low heat resistance of the EVA in the 50/50 blend. Especially 
as the coupling agent had only shown minor improvements in the 
case of pure LLDPE. The blends are therefore expected to have two 
separate polymer phases of EVA and LLDPE + MAA-g-LLDPE. 
Further studies were carried out to describe the observations. 

3.4 Scanning electron microscopy (SEM) 
The compound morphology was investigated using cryo-fractured 
surface analysis by SEM microscopy. To identify the polymer 
phases and to enhance the contrast, staining was used for sample 
preparation. Both polymeric phases of the unfilled polymer blend 
can be seen in figure 5 with a magnification of 1,000x. It is visible, 
that the phase sizes of the sample without (a) and with coupling 
agent (b) differ. It is not yet clear which of the two polymers is 
reduced in phase size. Based on the ductile cryo-fracture behavior 
at the phase limits, it is likely the LLDPE. It is also not clear if the 
phase size is reduced or the morphology changes from co-
continuous to droplet.  

 

 
Figure 5. SEM of cryo-fractured EVA/LLDPE blends 

without (a) and with coupling agent (b) 
To investigate the morphology more in detail, cryo-fractured 
samples were etched to remove the EVA portion. The residual 
structures can be seen in Figure 6 with a magnification of 1,000x to 
judge the morphology. Deeper investigations about the filler 
location using a higher magnification are following in the next 
section. 
Comparing the unfilled samples, it is visible that the addition of a 
coupling agent reduces the phase size of the LLDPE while 
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maintaining a co-continuous morphology. This is a sign for 
increased compatibility of the immiscible blend. It is assumed that 
this effect is caused by an increase in polarity of the LLDPE + CA 
fraction as no significant change in melt viscosity and DSC was 
observed. The addition of 30 % filler decreases the LLDPE phase 
size of both sample variants, the effect of the coupling agent 
resulting in further reduced LLDPE phase size is maintained. 
Comparing the LLDPE residue, the sample without coupling agent 
shows a smooth surface of the interface and no inclusions of flame-

retardant filler in the LLDPE. In comparison to this, the residue of 
the sample with coupling agent shows very rough structures which 
seem to consist of flame retardant. The morphology is getting even 
finer when looking at the 60 % filled samples. The effect of smaller 
phases due to the coupling agent can be clearly seen for all samples, 
with and without filler, which supports the theory of increased 
polarity. Co-continuity of the LLDPE fraction is maintained 
throughout all samples.  

 

 
Figure 6. SEM images of cry-fractured and etched surfaces of pure 50/50 EVA/LLDPE blends (a), filled with 30 % MDH 
(b), 60 % MDH (c) without coupling agents and the same filler dosage with coupling agent (d-f) – magnification 1,000x 

 
For a more detailed determination of the filler location, the etched 
samples were investigated with higher magnification (see 

Figure 7). Significant differences based on coupling agent usage 
can be observed. Looking at the samples without coupling agent, 
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the filler was completely removed with the EVA phase. Only a few 
stray particles remained on the sample surface after etching. A 
check for inclusions was performed by optical investigation of the 
cryo-fracture plane and EDX analysis - no filler was detectable in 
the LLDPE phase. 
Analyzing the samples containing coupling agent, it can be 
observed that the flame-retardant filler remains after etching. The 
filler is located at the LLDPE surface which represents the blend 

interface between LLDPE and EVA. In some cases, filler was 
partially stuck in the LLDPE but a check for filler inclusions in the 
LLDPE using EDX on the larger fracture surfaces was negative. 
All particles seen at the surface show free space where the EVA 
was located. It can also be seen that the polymeric phases become 
smaller with increased filler content (60 % MDH) resulting in a 
phase diameter close to the filler particle size. Here a determination 
of the filler location was not possible anymore 

 

 
Figure 7. SEM images of cry-fractured and etched surfaces of 50/50 EVA/LLDPE blends filled with 30 % MDH (a), 60 % 

MDH (b) without coupling agents and the same filler dosage with coupling agent (c, d) - magnification 10,000x 
 

4. Conclusions 
The investigations of the described systems have shown that neither 
the use of adhesion promoters nor the filler content change the 
crystallinity of the EVA/LLDPE-based compounds. Nevertheless, 
an influence of nucleation on the crystallization cannot be 
completely ruled out. 
The viscosity curve of pure LLDPE samples with a high filler 
content (60 %) showed particle-particle interactions that could be 
reduced by using a coupling agent. This effect does not occur when 
EVA is present in a blend which is to be regarded as an indicator 
for an interaction between MDH and EVA. The blend phase 
inversion points are influenced by the filler distribution. The 
calculated phase inversion points of each scenario based on the 
viscosity measurements were later confirmed by morphological 
studies. 

The use of mineral fillers and coupling agents has led to 
considerable improvements in the thermomechanical behavior of 
the compounds. This was most pronounced at elevated 
temperatures. The earlier softening of the EVA phase is 
compensated by the more stable LLDPE phase in the presence of 
MAA-g-LLDPE and filler, although both polymer phases remain 
immiscible. 
The LLDPE structures are dispersed more finely by adding the 
coupling agent. This is a sign of an increase in compatibility caused 
by increased polarity of the LLDPE phase. It must be considered 
that this leads to an increase in the size of the interface in the mixed 
phase and possibly supports the observed effect of filler 
displacement into the interface. 
In the filled samples, the LLDPE phase becomes finer with 
increasing filler content. This is caused by the flame retardant filler 
as the third component in the blend. In samples without an adhesion 
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promoter, no filler was found in the LLDPE phase. This 
observation can be described with a publication by Tham et al. [37] 
in 2016, which describes the interactions of EVA with silicon 
dioxide filler. The observed morphology confirms a clear shift of 
the phase inversion point to the LLDPE with increasing filler load. 
Upon closer examination of the samples containing the coupling 
agent, it was found that the flame retardant is located in the 
intermediate phase between LLDPE and EVA. 
This leads to the theory that the filler, in combination with the 
adhesion promoter, creates a bond between the components of the 

polymer mixture. For further clarification, a graphic model is 
shown in Figure 8. EVA interacts with the flame retardant filler via 
hydrogen bonds. In systems without an adhesion promoter, the 
LLDPE has no chance of interacting with the filler. By adding the 
coupling agent based on LLDPE, the LLDPE phase interacts with 
the filler chemically through covalent and physically through 
hydrogen bonds. This presumably causes the filler to reach the 
interface, which creates a strong interaction with the polymers and 
thus creates a finer morphology.

 

 
Figure 8. Graphical model of the polymer-filler interactions with and without coupling agent 
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Abstract 
The flame retardancy is an important topic in the wire and cable 
industry. Since people realized the environmental and health 
concerns associated with brominated flame retardant, Halogen Free 
Flame Retardant (HFFR) have been developed to replace it. Among 
them, the metal hydroxides, mainly aluminum hydroxide (ATH) 
and magnesium hydroxide (MDH), have become the dominate 
HFFR for wire and cable applications. There are several challengers 
to make ATH and MDH compounds on a twin-screw extruder. A 
continuous mixer however, has different mechanical features and 
operation conditions. This work shows that it can lend itself readily 
to the ATH/MDH based HFFR compounding for wire and cable. In 
this study, a Continuous Mixer from Farrel was used to compound 
EVA/ATH and EVA/MDH at 65% and 70% ATH or MDH loading 
level respectively. The compounds were tested for MFI, specific 
gravity, actual filler loading level and UL-94 rating. V-0 UL94 
rating are achieved for both samples.  
 

Keywords: Wire; cable; FCM; Continuous Mixer; ATH; MDH. 

1. Introduction 
 

Halogenated flame retardants have been in use since the 
1930’s. However, they have come under increased scrutiny by 
regulatory bodies over their potential impact on the environment 
and health. Brominated and other halogenated chemicals used as 
flame retardant have either been banned by regulations or in the 
process of being voluntarily removed by their manufacturers and 
end users. As a result, global demand for halogenated flame 
retardants has remained stagnant with a CAGR (compound annual 
growth rate) of about 0.5% from 2014 to 2020. On the other hand, 
the HFFR, halogen free flame retardants, which includes 
phosphorus and nitrogen based as well as metal hydroxides have 
enjoyed a healthy growth rate of 7.2% in the same period. These 
non-halogenated flame retardants have been proven to work as well 
as brominated products at the typical 10% to 25% halogen loading 
levels. 

The world’s most widely used HFFR is Alumina Trihydrate 
(ATH). Alumina trihydrate, also known as aluminum 
trihydrate/aluminum hydroxide, is crystalline and a non-abrasive 
powder, and is obtained from bauxite using the Bayer process. 
There are two kinds of ATH determined by their processing, ground 

ATH and precipitated ATH. The reaction equation and TGA curve 
below show the decomposition reaction of ATH. 

2Al(OH)3 → Al2O3 + 3H2O ↑ ΔH = - 280 cal/g (220 °C) 

 

 
Figure 1. TGA curves of ground ATH and precipitated 

ATH 
 

At temperatures above 220 °C, ATH will undergo a 
decomposition reaction into alumina and water. It is an endothermal 
reaction which removes heat from the flame. The water vapors will 
dilute the polymer decomposition products (fuel). The formed 
protective metal oxide layer on the polymer surface will separate the 
polymer from oxygen which further helps suppress combustion. As 
an effective HFFR, ATH has been used in various applications such 
as wires & cables, building & construction, transportation and 
others. 

HFFR requires much higher loading levels to match the flame 
retardant performance of halogenated flame retardant. Most HFFR 
is supplied in powder form which presents a challenge in processing 
high loading level powder in polymers. The FCM™, Farrel 
Continuous Mixer is well suited for the processing. 

Magnesium Hydroxide (MDH) is also metal hydroxide based and 
provides flame retardance similar to ATH, however MDH has an 
activation temperature above 330 °C. It is free of halogens or heavy 
metals. 
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2. The FCM™, Farrel Continuous Mixer 
Farrel first introduced continuous mixing technology and the 

FCM™ in 1963 as a processing alternative technology to Banbury® 
batch mixing for productivity improvements. While the technology 
initially had limited success in the rubber industry, it found its niche 
in the thermoplastics industry processing highly filled 
masterbatches as well as temperature and shear sensitive materials. 
The technology is ideally suited to many traditional polymer 
processing applications such as: color masterbatches, mineral filled 
masterbatches and final compounds, flame retardants, PVC, and 
other specialty compounds. It is also capable of processing a variety 
of applications where melt temperature, mechanical shear, and 
mineral fill levels are less sensitive to the finished product. 

The FCM™ utilizes a two rotor design that compounds 
materials in a single step, efficient manner rather than a more 
aggressive melt, add, mix, convey, repeat technology associated 
with twinscrew extruder (TSE) technology. The ability to add high 
amounts of filler is primarily due to the large free volume of the 
mixer. The melting of the polymer system while incorporating filler, 
rather than pre-melting the polymer and then adding filler, also 
contributes to successful filler incorporation. This combination of 
features creates a unique technology solution that typically operates 
at a lower melt temperature than TSE technology. 

 

Because of the efficiency of the Farrel Continuous Mixing 
process, lower energy usage can be additional cost benefit when 
compared to TSE. 

Similar to twinscrew extruders, the FCM™, Farrel Continuous 
Mixer is starve fed and runs at high rotor speeds. Typical rotor 
speeds range from 300 - 600 RPM, although much higher rotor 
speeds are available depending on specific applications. The overall 
functional rotor length is 6 L/D, thus reducing residence time while 
still providing a high-quality mixture at the exit of the machine. 
Mixing in the FCM™ is achieved by the repeated passage of the 
compound through the controlled shear region that is formed by the 
rotor tip and the inner housing walls as well as the continuous 
splitting and recombination of the compound between the two 
rotors. This process occurs continuously as the material moves 
axially from feed to the discharge end of the mixer, ensuring that all 
polymer particles are repeatedly exposed to these controlled levels 
of shear. In addition to rotor speed and flow rate, the passage 
distribution function can be further controlled by the mixer’s “exit 
orifice position” restricting the material flow path within the mixing 
chamber. The net effect is efficient use of the mechanically 
dissipated energy creating a thermally consistent compound that is 
homogenous in composition at a reduced energy cost. 

 
Photo of FCM chamber in open position showing rotor set. 

 

The FCM™, Farrel Continuous Mixer is a low-pressure 
process, permitting the use of a clam shell design for easy rotor 
changes and clean outs. The non-intermeshing rotors are supported 
at both ends by bearings so there is no metal-to-metal contact 
typically associated with other extrusion processes, minimizing 
component wear and allowing a consistent shear rate even through 
the high shear zones. Because the FCM™ is low pressure, a hot 
feed extruder is used to shape the extrudate for feeding pelletizing 
heads or other downstream shaping requirements. Typical extruder 
lengths are 11:1 L/D for non-vented and 19:1 L/D for vented 
applications requiring additional devolatilization. The extruder 
typically functions as a pump and has a low specific energy (SEI) 
requirement and minimal impact on melt temperature. The mixing 
and extrusion processes are independently controlled and allow the 
two processes to be individually optimized. The FCM™ coupled 
with a hot fed extruder on a unitized frame is called a Compact 
Processor (CP Series II™). 

The FCM™, Farrel Continuous Mixer excels at processing 
temperature sensitive and highly filled compounds while its ability 
to use the same rotor design for multiple applications expedites 
changeovers. When rotor changes are required, it is a 
straightforward process to open the chamber and change one or two 
rotors depending on the application. With only two rotor designs, 
there is a maximum of four possible rotor combinations ranging 
from low to high mixing intensity. The  rotor cooling feature 
provides an additional process variable often used to further reduce 
melt temperature and is not available with the twinscrew extruder’s 
segmented screw design. 

 

 
 

Figure 2. Side view of a CP Series II™ using an FCM™ 
and a single screw extruder on a unitized frame. 
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3. Technology Comparison: FCM™, Farrel 
Continuous Mixer vs. other Continuous 
Technologies 
 

A properly configured FCM™ can efficiently and 
competitively produce excellent quality HFFR compounds. While 
alternative technologies can mix HFFR compounds, the FCM™, 
Farrel Continuous Mixer provides many advantages. 

In comparison with a co-kneader, an FCM™ provides 
significant maintenance and energy efficiencies as well as higher 
production rates. A few items to note regarding maintenance: a co-
kneader gear box is very complicated and expensive compared with 
the more straightforward and durable gearbox supplied with FCM™ 
technology. Also, if a mixing pin on a co-kneader fails, there is 
potential for damage to other components and the downtime can be 
significant. 

Compared with twinscrew technology, the Farrel Continuous 
Mixer delivers higher throughput rates due to efficient mechanical 
shear. A twinscrew extruder must run at lower than nominal 
throughput rates to reduce the amount of shear imparted into the 
material to maintain process temperatures. The FCM™ can produce 
HFFR compounds without throughput rate penalties because the 
shear rate can be controlled easily and maintain low melt 
temperatures. 

Lastly, because of the FCM™’s resilience, including the 
ability to meet demanding productivity requirements and long 
machine lifecycle, it is more efficient and cost effective than other 
technologies. 

4. FCM™ Features that Aid Processability of 
Flame Retardant Compounds 
 
Mixing Chamber Liner 

The standard mixing chamber liner is made of tool steel. This 
construction material is durable and cost effective. However, 
FARREL does offer an alternative hard surface liner which has 
different characteristics than the standard liner material. The hard 
surface liner has a stickier surface which promotes better drag flow 
of material through the mixer. For most applications, it has been 
observed that the better flow decreases residence time allowing 
lower rotor speed for a similar production rate , thus reducing shear 
and the final melt temperature of the material.  If melt temperature 
is not a concern, the better material flow allows for an increase in 
production rate. 

Rotor Timing 

The standard rotor timing is referred to as “fed-to-unfed” and 
can be visually confirmed in an FCM™ by orienting the rotor feed 
flights of the left and right rotor 180 degrees out of phase. 
Traditionally, this timing was the standard because it reduced 
deflection and rotor wear. However, stronger rotors have been 
developed allowing the FCM™ to run using adjusted rotor timing 
alleviating the concern for rotor wear and potential damage. 

Research & Development as well as field testing have 
confirmed that alternate rotor timing can significantly improve 
throughput rate. Depending on the application, “fed-to-fed” timing 

on an FCM™ has seen increases to maximum throughput rate of 
5% or greater. This timing is called “fed-to-fed” because the feed 
flights of the rotors are in phase. The FCM™ size and rotor type 
will determine the exact rotor setup of the “fed-to-fed” timing 
configuration. 

 
Figure 3. Rotor timing illustration 

 

Rotor Cooling 

Rotor cooling is available on all FCM™ models and the 
additional cooling is highly beneficial for HFFR applications. There 
are two benefits of applying rotor cooling. First, the rotor surface is 
cooler allowing the polymer to skin over and release more readily. 
This improves conveying of material through the mixer reducing 
residence time. Secondly, the cooler rotors remove heat from the 
process. Together, these two benefits decrease melt temperature for 
many applications including, HFFR. 

 

Orifice Material of Construction 

The standard heated orifice is constructed of cast aluminum. 
Some materials stick to the aluminum surface, creating a flow 
restriction which increases the residence time. Generally, this does 
not present an issue because the orifice opening is adjustable and 
the FCM™ operator can change the residence time accordingly. 
However, once the orifice opening is past 85-90%, opening the 
orifice more is usually ineffective or may cause the process to 
become unstable. 

An option to remedy this issue is a Teflon™ lined orifice. 
Teflon™ has a lower coefficient of friction than aluminum which 
allows some materials to flow more easily from the mixer. Utilizing 
the same 85-90% orifice open position, a Teflon™ lined orifice 
helps reduce the residence time in the mixer to decrease melt 
temperature and maintain a stable process. 

 

Rotor Style 

Many high dispersion applications on an FCM™ require #15 
rotors. A left and right style #15 rotor (#15/15) fitted to an FCM™ 
provides high shear for better filler dispersion. As a side effect, the 
mixer melt temperature runs higher which can present an issue for 
heat sensitive applications. For these applications, a lower shear 
rotor combination of a left #15 and right #7 rotors (#15/7) is 
available. This configuration has proven to be the superior rotor 
selection for achieving lower melt temperatures and higher 
throughput rates. Some applications have also seen better 
homogeneity using the #15/7 rotors. 

In the graphic below, you will see that the #15/15 rotor apex 
region is higher upstream in the mixer chamber, thus forcing the 
polymer to melt more quickly and impart additional shear into the 
material. The #15/7 apex region is wider and further downstream, 
promoting a slower melting of the polymer and a less aggressive 
shear profile. The wider apex region allows more left to right 
mixing of the material creating a more homogeneous mixture. 
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Figure 4. Rotor comparison 
 

5. Results 
In this study, a Continuous Mixer from Farrel was used to 

compound EVA/ATH and EVA/MDH at 65% and 70% ATH or 
MDH loading level respectively. The Continuous Mixer was 
configurated with #15/7 rotor combination for better mixing 
performance and lower processing temperature. A Teflon orifice 
was used for a more stable process and lower processing 
temperature as well. Rotor cooling, which is a unique feature on 
continuous mixer, was fully turned on to further reduce melt 
temperature. All of these features led to a satisfactory compound 
with low temperature and excellent dispersion of ATH or MDH in 
EVA and a high output rate. The compounds were tested for MFI, 
specific gravity, actual filler loading level and UL-94 rating.  

 

Figure 5 shows the running conditions of EVA/ATH 70% at 
300 kg/hr on Continuous Mixer. The rotor speed was 375 rpm. The 
orifice was positioned at 85% and the true melt temperature 
measured by a hand-held pyrometer was around 180 ⁰C, well below 
the desired process temperature of 190 ⁰C. There was no issue to 
feed all 70% ATH powder with resin pellets through one feed port. 
The whole process was stable. The compounds were tested for 
physical properties and flame retardant properties. The results are 
shown in table 1. The properties were within the desired range and 
UL-94 V-0 rating was achieved.  

 

 

 
Table 1. Test results of EVA/ATH 70% and EVA/MDH 70% 

compounds. 

Compounds MFR @ 190 
⁰C/21.6 kg 
(g/10min) 

Specific Gravity  UL-94 
Rating 

EVA/ATH 
70% 

12.8 1.65 V-0 (1.1 sec 
avg) 

EVA/MDH 
70% 

14.2 1.59 V-0 (0.0 sec 
avg) 

 

 
 

 
Figure 5. Running conditions for EVA/ATH 70% on 

Continuous Mixer 
 

6. Conclusions 
 

In summary, the counter-rotating, non-intermeshing 
continuous mixer provides an ideal solution to ATH and MDH 
based HFFR wire and cable compounding. The big feed port 
enables the incorporation of high loading level of ATH or MDH, 
thus eliminating the need of side feeders. The Continuous Mixer 
applies a uniform shear to compound without high local peak shear 
which may cause compound degradation. Other features like a 
Teflon orifice and rotor cooling will help guarantee a low 
processing temperature necessary for these HFFR compounds. A 
high quality HFFR wire and cable compound can be made on the 
Continuous Mixer.       
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Abstract 
This conference paper will focus on halogen-free crosslinked 
cable compounds. The fire retardant and mechanical performance 
of untreated ATH in these cable compounds will be shown, but 
also its limitations with regards to aging properties will be 
revealed. Based on such references, the positive effect of newly 
developed surface treated ATH will be highlighted. It will be 
demonstrated how the right choice of surface treatment and ATH 
type can help to overcome specific limitations like mechanical 
properties or aging performance to meet also highly demanding 
requirements. Besides flame retardancy, a special focus will be 
given on wet electrical properties as well as the retention of 
mechanical properties after water and oil aging. As polymer 
matrix both non-crosslinked PE/EVA and peroxide crosslinked 
EVA will be studied.  

Keywords: Flame retardancy; cable; cable compound; 
crosslinking; ATH; aluminum hydroxide; surface treatment; surface 
treated ATH; halogen-free; HFFR. 

1. Introduction 
Sheathing and insulation compounds of low and medium voltage 
as well as communication cables need to fulfill demanding 
standards with regards to flame retardancy. Mineral flame 
retardants, like fine precipitated aluminum hydroxide (ATH), are 
widely used as flame retardant in cable applications in various 
polymers like LLDPE, EVA, TPO, EPDM or PVC. Polyolefin 
based formulation highly filled with ATH or magnesium 
hydroxide (MDH) are known as halogen-free flame retardant 
(HFFR) compounds. ATH is a non-toxic and environmentally 
friendly flame retardant. However, the high addition level in the 
range of 55-65 wt.-% can influence compound properties quite 
significantly. Nevertheless, developments in compounding and 
extrusion technology and last but not least raw material 
performance allow for the successful application of ATH in a very 
broad range of compounds.  
Due to the growing awareness of potential longterm 
environmental effects of halogenated flame retardants cable 
manufacturers strive to reformulate polymer insulations and 
sheathings to halogen-free solutions. In some cases, such 
developments are even forced by new regulations and standards. 
However, no compromises on overall performance are accepted 
and therefore mineral flame retardants like ATH are expected to 
not only show the same flame retardancy performance but also a 
comparable good processability as well as equally good 
mechanical properties and aging behavior. Therefore, more and 
more surface treated ATH types are being used, as these allow to 
balance various properties. The right surface treatment on the 
right ATH type can positively influence the overall performance 
of the compound.  

2. Non-crosslinked PE/EVA  
2.1 Unaged Compound Properties  
A simple non-crosslinked LLDPE/EVA cable compound 
formulation filled with 60 wt.-% ATH (see table 1) was applied in 
order to evaluate the influence of different types of coating. As an 
ATH basis ATH 40 was used which is a fine-precipitated ATH with 
a typical BET surface area of 3.5 m2/g. An overview of the applied 
ATH grades is given in table 2. 
 

Table 1. PE/EVA cable compound formulation 

Material Wt.-% 

LLDPE 15.0 

EVA 20.6 

PEgMA 4.0 

Stabilizer 0.4 

ATH 60.0 

  

Table 2. Overview of applied ATH grades 

ATH grade Surface modification 

ATH 40 None 

ATH 40 CDO None 

ATH 40 VS1 Vinyl 

ATH 40VS Vinyl  

ATH 40 HS1 Hydrophobic 

ATH 40H1 Hydrophobic 

ATH 40T1 Hydrophobic 

ATH 40 Coating 1 Polar 

ATH 40 Coating 2 Vinyl 

ATH 40 Coating 3 Hydrophobic 

ATH 40 Coating 4 Hydrophobic 

ATH 40 Coating 5 Polar 

ATH 40 Coating 6 Polar 

ATH 40 Coating 7 Polar + Hydrophobic 

ATH 40 Coating 8 Polar + Vinyl 
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In a first step, the influence of the different ATH grades on the 
processability was evaluated by comparing the melt volume rates of 
the compounds. Figure 1 clearly shows that, compared to the 
untreated ATH 40, only the coating 1 leads a to lower melt volume 
rate (MVR), so a higher melt viscosity and worse processability. All 
other types of coating lead to an improved compound viscosity.  

 

 
 

 

As a measure for the flame retardancy the Limiting Oxygen Index 
(LOI) and the UL 94 V test were used. The flame retardancy 
performance of all compounds is shown in figure 2. Most of the 
ATH grades show a comparable LOI, only coating 1, 2 and 3 lead 
to a slightly lower LOI. However, three surface treated ATH grades 
lead to an improved classification in the UL 94 V test. At a 
thickness of 3.2 mm, the untreated ATH 40 fails the test but ATH 
40VS and ATH 40 Coating 1 reach a V0 classification. 
Furthermore, ATH 40 VS1 fulfills a V1 classification. Higher flame 
retardancy can be obtained by simply increasing the ATH loading.  

 
 

 

 

The addition of 60 wt.-% of ATH to a polymer alters not only its 
processability or flame retardancy, also the mechanical properties 
like tensile strength and elongation at break are significantly 

influenced. Therefore, coated ATH grades are often applied to 
reduce the effect of the ATH addition on the mechanical properties. 
Table 3 summarizes the values for the tensile strength and 
elongation at break for the above-mentioned compounds. It 
becomes obvious that several coating types have a positive 
influence on the tensile strength (e.g. coating 1 or 2) while others 
have little to no effect (like ATH 40VS or H1). Additionally, 
coating 1 and 2 lead also to an improved elongation at break 
compared to the untreated ATH 40.  

Table 3. Mechanical properties of PE/EVA cable compound 
formulation before aging. 

Material Tensile Strength 
(unaged) [MPa] 

Elongation at Break 
(unaged) [%] 

ATH 40 10.5 156 

ATH 40 VS1 10.1 156 

ATH 40VS 10.6 156 

ATH 40 HS1 9.6 136 

ATH 40H1 10.0 161 

ATH 40 
Coating 1 12.6 178 

ATH 40 
Coating 2 11.1 171 

ATH 40 
Coating 3 10.9 158 

ATH 40 
Coating 4 10.0 136 

 

2.2 Water Aging in Distilled Water  

2.2.1 Influence on Tensile Strength 
In many cable standards the wet electrical properties of a cable or 
cable compound are defined. Thus, the effect of ATH addition on 
the water aging performance of compounds needs to be 
investigated. Therefore, samples for mechanical tests were stored in 
distilled water at elevated temperature (70 °C and 90 °C) for a 
period of 12 weeks. Samples were tested after 1 week and then 
every couple of weeks to determine the course of the change of 
mechanical properties. Figures 3 and 4 show the course of the 
tensile strength during water aging at 70 °C (figure 3) and 90 °C 
(figure 4), respectively.  

 
 

 

Figure 1. Melt volume rate of an LLDPE/EVA formulation 
filled with 60 wt.-% of different ATH types.  

Figure 2. Limiting oxygen index (LOI) and UL 94 V test 
results of an LLDPE/EVA formulation filled with 60 wt.-% of 

different ATH types.  
 

Figure 3. Trend of tensile strength during water aging at 70 °C 
for PE/EVA compounds with 60 wt.-% filling level. 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum60



It can be seen that the tensile strength clearly decreases for all 
compounds, no matter what coating type or aging temperature. 
However, at 70 °C the biggest decrease of tensile strength happens 
during the first week. There is almost no further change in the 
following 11 weeks. In contrast, an aging temperature of 90 °C 
leads to a continuous decrease in tensile strength for all compounds. 
ATH 40 HS1 leads to the lowest tensile values during all 12 weeks. 
In contrast, ATH 40 Coating 1 shows the highest values over the 
full aging period despite its strong decrease.  

 

 
 

 

An overview of the retained mechanical properties is given in figure 
5. It is obvious that at 70 °C aging temperature a higher portion of 
tensile strength can be retained compared to an aging at 90 °C. 
Nevertheless, even at higher temperature, more than 60% of the 
original tensile strength can be retained for all compounds.  

 

 
 

 

2.2.2 Influence on Elongation at Break 
The influence of the water aging is bigger on the elongation at break 
values. Figures 6 and 7 show the decrease of the elongation at break 
at 70 °C (figure 6) and 90 °C (figure 7), respectively. Again, the 
first 7 days are decisive as the biggest change happens during this 
period. With regards to elongation at break, this is valid for both 

temperatures. ATH 40 and ATH 40 HS1 lead to the lowest 
elongation at break values after the aging while ATH 40 Coating 1 
clearly shows the highest values throughout the whole aging period.  

 

 
 

 

 

 
 

 

All these values are summarized in figure 8 which shows the 
retention of the elongation at break values for all compounds. Many 
standards request 50% retention of the mechanical values after 
aging. Though this was no problem for any compound with regards 
to tensile strength, it is difficult to reach for elongation at break. The 
untreated ATH 40 clearly fails to fulfil this requirement which 
definitely shows the positive effect of surface treatment. ATH 40 
VS1, ATH 40VS, ATH 40H1, ATH 40 Coating 1 and ATH 40 
Coating 4 retain at least 50% of their original elongation at break 
values. So, all 5 materials would be suitable to pass the before-
mentioned standards. If both the absolute mechanical values before 
aging and the retention of the mechanical properties after aging are 
taken into account, clearly, ATH 40 Coating 1 shows the best 
results.  

 

Figure 4. Trend of tensile strength during water aging at 
90 °C for PE/EVA compounds with 60 wt.-% filling level. 

Figure 5. Retention of tensile strength after water aging at 
70 °C and 90 °C for PE/EVA compounds (60 wt.-% ATH).  

Figure 6. Trend of elongation at break during water aging at 
70 °C for PE/EVA compounds with 60 wt.-% filling level. 

Figure 7. Trend of elongation at break during water aging at 
90 °C for PE/EVA compounds with 60 wt.-% filling level. 
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2.2.3 Influence on Electrical Conductivity 
To further understand what happens during water aging, the 
electrical conductivity of the water in which the samples were 
stored in was measured over the course of 16 weeks. Herein any 
leaching of ions from the ATH will increase the electrical 
conductivity of the water which needs to be avoided. Regardless of 
the aging temperature (70 °C or 90 °C), three materials lead to a 
significant increase of electrical conductivity: ATH 40, ATH 40 
Coating 1 and ATH 40 Coating 2. The performance of ATH 40 
Coating 3 is in the medium range while all other ATH grades 
perform comparable good. This leads to the assumption that those 
grades (ATH 40 VS1, ATH 40VS, ATH 40 HS1, ATH 40H1 and 
ATH 40 Coating 4) bear the most complete and protective coating.  

 

 
 

 

To sum this part up, ATH 40 Coating 1 showed very good results 
with regards to flame retardancy and mechanical properties as well 
as their retention after aging. However, the material showed some 
disadvantages in compound viscosity and electrical conductivity 
measurement. However, the latter is no test required by a standard 
but only a model test to learn more about the compound 
performance in water. ATH 40 VS1, ATH 40VS and ATH 40H1 
showed the best overall performance with regards to compound 
viscosity, flame retardancy, mechanical and wet electrical 
properties.  

 
 

 

2.3 Water Aging in Tap Water (90 °C) 
In a next step a specific standard which describes aging 
performance, UL 44, was used as reference for any testing 
protocols. This standard defines the application of tap water instead 
of distilled water. So, the effect of tap water on the wet electrical 
properties of the compounds needed to be evaluated. As a starting 
point, the tap water which was used in this study was analyzed. In 
contrast to the distilled water the tap water has a slightly basic pH of 
almost 8 and a hardness of 5.1 degree German hardness which is 
equivalent to 91 ppm CaCO3 (table 4). 

 

Table 4. Analysis of tap water 

pH  7.97  
Electrical 

conductivity 201  µS/cm 

Hardness 5.1 °dH 

Hardness 91 ppm 

 

2.3.1 Influence on Mechanical Properties 
In all further tests the aging was done only at 90 °C as it has been 
shown that this is the more demanding aging condition. The test has 
not been repeated with all ATH grades from the first test series as 
the effect of the tap had to be studied in general. All further 
materials will be tested in the aftermath which will be reported 
separately at a later time. As before, the effect of the water aging on 
the mechanical properties during 12 weeks was investigated. Next 
to the three best performing materials from the previous tests and 
ATH 40 as reference, two new ATH grades have been tested: a 
process optimized version of ATH 40, namely ATH 40 CDO and 
the new surface modified grade ATH 40T1. 

The original mechanical properties of all the materials as well as 
those after aging in tap water at 90 °C can be seen in figure 11 
(tensile strength) and 12 (elongation at break). Again ATH 40 HS1 
leads to the lowest tensile strength but ATH 40 shows the biggest 
change in mechanical values over the aging period. It is noticeable 
that the application of ATH 40 CDO results in the highest tensile 
strength and the water aging has no negative influence at all. 

Figure 8. Retention of elongation at break after water aging at 
70 °C and 90 °C for PE/EVA compounds (60 wt.-% ATH). 

Figure 9. Electrical conductivity during water aging at 70 °C 
for PE/EVA compounds with 60 wt.-% ATH. 

Figure 10. Electrical conductivity during water aging at 90 °C 
for PE/EVA compounds with 60 wt.-% ATH. 
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Figure 13 shows the retention of the mechanical properties after 
aging in tap water at 90 °C for 12 weeks. The untreated ATH 40 lost 
more than 50% of its original elongation at break value while all 
other ATH grades could fulfil the required 50% retention of 
mechanical properties.  

 

 

2.3.2 Influence on Electrical Conductivity 
The application of tap water instead of distilled water has a big 
influence on the electrical conductivity of the water in which the 
samples were stored in. Looking at figure 14 it becomes obvious 
that the course of the graphs is quite different compared to figure 9 
and 10. Already at the start, the tap water itself shows a certain level 
of electrical conductivity due to the presence of certain ions. During 
the first week, the conductivity of the water even decreases which 
might be due to an adsorption of the ions to the ATH. During the 
aging at elevated temperatures the ions, especially sodium ions, 
seem to leach again from the ATH into the water, further increasing 
the electrical conductivity. ATH 40 leads to the highest electrical 
conductivity. By adding the right coating, the electrical conductivity 
can be significantly reduced, as can be seen in figure 14. 

 

 
 

 

2.3.3 Influence on Volume Resistivity 
Next to the electrical conductivity of the water, the volume 
resistivity of the compounds has been measured. Again PE/EVA 
compounds filled with 60 wt.-% ATH have been aged in tap water 
at 90 °C for 18 weeks. At the beginning the volume resistivity of the 
compounds has been measured every day, then every week and in 
the end every second week. The volume resistivity in GΩm is 
shown in figure 15. All graphs are quite stable at the beginning but 
the volume resistivity with ATH 40 starts its downside trend from 
week 10 on. All coated grades seem to stay at a constant level up to 
week 18.  

 

 
 

 Figure 13. Retention of mechanical properties after aging in 
tap water at 90 °C for 12 weeks. PE/EVA compound filled 

with 60 wt.-% ATH. 

Figure 11. Trend of tensile strength during aging in tap water 
at 90 °C for PE/EVA compounds with 60 wt.-% filling level. 

Figure 12. Trend of elongation at break during aging in tap 
water at 90 °C for PE/EVA compounds with 60 wt.-% filling 

level. 

Figure 14. Electrical conductivity during water aging at 90 °C 
for PE/EVA compounds with 60 wt.-% ATH. 

Figure 15. Volume resistivity of the PE/EVA compounds 
with 60 wt.-% ATH during aging in tap water at 90 °C. 
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2.4 Oil Aging 
Having investigated all aspects of the water aging, the next step has 
been to test the performance of the compounds in oil aging as it is 
also included in the standard UL 44. For this purpose, test specimen 
for mechanical tests have been stored in the reference oil IRM 902 
at 100 °C for 96 h (4 days). Again, the retention of the tensile 
strength after the aging has been studied. However, as it can be seen 
from figure 16, the non-crosslinked PE/EVA test specimen were 
extremely swollen after oil aging which made mechanical testing 
quite difficult. It can be concluded that a crosslinked compound is 
necessary to fulfil any requirements for retention of mechanical 
properties after oil aging.  

 

 
Figure 16. Picture of non-crosslinked test specimen before 

(top) and after (bottom) aging in reference oil IRM 902 
(100 °C, 96 h). 

 

3. Peroxide crosslinked EVA  
Therefore, for all further experiments in this study a crosslinked 
model compound has been used for the aging tests. For this purpose, 
an EVA formulation with 60 wt.-% ATH was used (table 5) which 
was crosslinked in a second step by the addition of 0.8% dicumyl 
peroxide followed by heating. Again, the oil aging study has been 
started with a limited number of ATH grades, the most promising 
ones from the previous series will follow later which will be 
reported separately.  

 

Table 5. EVA cable compound formulation which was 
crosslinked by the addition of 0.8% dicumyl peroxide. 

Material Wt.-% 

EVA26 39.6 

Aminosilane 0.4 

ATH 60.0 

 

3.1 Water Aging in Tap Water  
As expected, the tensile strength and the elongation at break 
significantly increased thanks to the crosslinking (table 5). 
However, crosslinking does not prevent loss of mechanical 
properties after aging. Table 6 summarizes all values before and 
after aging in tap water at 90 °C for 8 weeks. For all four 
crosslinked EVA (X-EVA) compounds both tensile strength and 
elongation at break decrease due to the water aging. The retention of 
the mechanical properties is graphically shown in figure 17. In all 
four cases the retention of the tensile strength is easily passing the 
50% limit. With regards to elongation at break, only the 

performance of ATH 40H1 is borderline with a 51% retention of its 
original elongation at break value. The rest of the compounds 
exceeds the 50% retention by far. 

 

Table 6. Mechanical properties of peroxide crosslinked EVA26 
cable compound formulation before and after aging in 

tap water at 90 °C for 8 weeks. 

Material 

Tensile 
Strength 
(unaged) 

[MPa] 

Tensile 
Strength 

(Water Aging 
90 °C) [MPa] 

Elongation 
at Break 
(unaged) 

[%] 

Elongation at 
Break (Water 
Aging 90 °C) 

[%] 
 ATH 40 16.0 12.5 281 266 
ATH 40 

VS1 19.9 14.7 255 225 

ATH 
40VS 20.0 16.1 245 245 

ATH 
40H1 12.0 10.5 558 286 

 

 
 

 

 

3.2 Oil Aging 
3.2.1 Influence of coating type 
In a next step, the peroxide crosslinked EVA compounds were 
evaluated with regards to oil aging performance. The test specimens 
were stored in IRM 902 reference oil at 100 °C for 96 h. The 
mechanical properties were tested before the aging and afterwards 
to determine the effect of the oil aging. Figure 18 shows the 
retention of the mechanical properties thereof. It is obvious that for 
all four samples the tensile strength decreases significantly while the 
elongation at break values drop not at all or only slightly. Only 
ATH 40H1 can retain 50% of its mechanical properties after oil 
aging. 

To sum up shortly, it seems more demanding to retain the 
mechanical properties after oil aging compared to water aging. And 
more exactly, the retention of the tensile strength at a certain level is 
the biggest challenge. Within the four tested ATH types, only ATH 
40H1 could fulfil the desired 50% retention of mechanical 
properties after water and oil aging. Additionally, this ATH grade 

Figure 17. Retention of mechanical properties after aging in 
tap water at 90 °C for 8 weeks for X-EVA compound filled 

with 60 wt.-% ATH. 
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also provides good unaged mechanical properties and good 
compound viscosity which can be translated into good 
processability. So with ATH 40H1 an improved overall 
performance compared to untreated ATH 40 can be obtained.  

 

 
 

 

 

Nevertheless, even more surface modification variants shall be 
evaluated in order to find the optimal solution. Due to the more 
demanding aging conditions the focus was laid on oil aging. Figure 
19 shows the results obtained after oil aging for ATH 40, ATH 40 
CDO and four other experimental coated ATH grades (coating 5-8). 
ATH 40 CDO was performing well in the previous water aging 
study, however, after oil aging the tensile strength decreased 
strongly to roughly 40% of its original value. Coating 5 and 6 led to 
high elongation at break values after the aging but the tensile values 
could not come close to the 50% retention threshold. As ATH 40H1 
was performing well with regards to retention of tensile strength and 
coating 6 led to good retention of elongation at break a combination 
of both was tested (coating 7). Unfortunately, ATH 40 Coating 7 
failed to obtain good results in the oil aging test.  

 

 

After the oil aging not only the retention of the mechanical 
properties can be evaluated but also the weight or volume increase 
of the test specimen. Weight or volume should change as little as 
possible in order to maintain the compound properties. Figure 20 
shows the weight and volume increase for the six ATH filled 
peroxide crosslinked EVA compounds. It is obvious that weight and 
volume increase show the same trends and tendencies even if the 
change in weight gives little lower values, as expected. Due to 
easier handling determining the weight increase should be the 
preferred method. Figure 20 shows that ATH 40 CDO leads to the 
lowest increase in weight while coating 6 leads to the highest 
change in weight. However, this does not directly correlate with 
higher or lower retention of mechanical properties.  

 
 

 
 

3.2.2 Influence of filling level and EVA grade  
In the end, the influence of the filling level and the EVA grade on 
the oil aging performance should be investigated. For this reason, a 
EVA26 compound (peroxide crosslinked) was filled with 60 and 
65 wt.-% ATH 40 CDO. Table 7 shows the effect thereof. Thanks 
to the higher filling level, the compound with 65 wt.-% ATH can 
retain more of its original mechanical values. So, a higher filling 
level can be helpful in keeping the mechanical properties stable 
after oil aging.  

Having known from previous studies that a higher vinyl acetate 
content EVA can improve the oil aging, two different EVA grades 
(EVA 26 and 28) were tested. Comparing ATH 40 CDO at the same 
filling level, slightly better results can be obtained in EVA 28, even 
if this VA-content difference is only minor. Using an even higher 
VA-content EVA might improve the results further.  

 

Table 7. Retention of mechanical properties of peroxide 
crosslinked EVA26 and EVA28 cable compound 

formulation after aging in IRM 902 reference oil at 
100 °C for 96 h. 

 EVA26 EVA28 

Material 
60 wt.-% 
ATH 40 

CDO 

65 wt.-% 
ATH 40 

CDO 

60 wt.-% 
ATH 40 

CDO 

65 wt.-% 
ATH 40 

CDO 
Retention of 

Tensile Strength 
[%] 

37 40 39 41 

Retention of 
Elongation at 

Break [%] 
118 121 106 126 

Figure 18. Retention of mechanical properties after oil aging 
(IRM 902) at 100 °C for 4 days for X-EVA compound filled 

with 60 wt.-% ATH. 

Figure 19. Retention of mechanical properties after oil aging 
(IRM 902) at 100 °C for 4 days for X-EVA compound filled 

with 60 wt.-% ATH. 

Figure 20. Weight and volume increase after oil aging at 
100 °C for 96 h (X-EVA with 60 wt.-% ATH). 
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4. Conclusions 
 
This paper highlighted the positive effect of a surface modification 
of ATH with regards to processability, flame retardancy, 
mechanical properties and aging performance. More exactly, it was 
demonstrated that the type of coating is decisive to be able to obtain 
the best results for all properties. Especially ATH 40H1 showed an 
overall improved performance as this ATH grade could successfully 
pass water as well as oil aging standards.  
With regards to aging performance, it was shown that the type of 
water plays an important role. The results obtained in distilled water 
are not equivalent to those in tap water. Furthermore, it was 
demonstrated that crosslinking is necessary to fulfil any oil aging 
requirements. Additionally, it can be concluded that oil aging is 
more demanding than water aging. Moreover, it is more critical to 
retain enough tensile strength compared to elongation at break.  
To obtain the best results, also the filling level needs to be 
optimized, or more precisely, a higher filling level can be helpful in 
retaining good mechanical properties. In addition, a higher VA-
content in EVA will lead to in improved oil aging performance.  
Taking all this into account, ATH 40H1 showed the best overall 
performance. Compared to the untreated ATH 40 it showed a higher 
melt volume rate, so a better compound processability. Furthermore, 
this special type of coating led to the best results with regards to wet 
electrical properties and oil aging.  
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Abstract 
There is an ever-increasing trend in the wire & cable industry to 
become more sustainable. There are many different aspects of 
sustainability. For example, one approach has been incorporation of 
post-consumer recycled (PCR) plastic as a partial or complete 
replacement of the virgin polyethylene resins for fiber optic cable 
jackets. Previous work has shown that jacketing compounds based 
entirely on PCR feedstock are known to have wide variability in 
quality and can be deficient on some key properties such as long-term 
aging performance. The focus of this work was to evaluate 
performance and determine feasibility of jacket compounds based on 
PCR and blends with high quality virgin polyethylene resins.  

Blends with virgin polyethylene resin enhanced the mechanical 
properties and environmental stress crack resistance (ESCR) of the 
PCR compound for jacket applications.  The results from this study 
found that up to 50 weight percent PCR could be incorporated into 
virgin polyethylene as in the case with the enhanced resins, and the 
resulting compound meets most critical telecommunication jacket 
application requirements. Alternatively, low levels of high 
performance and quality polyethylene resin could be utilized in a 
compound of majority PCR to boost the mechanical, ESCR, and 
thermal aging resistance for certain applications allowing a balance 
of sustainability by maximizing recycled content and maintaining 
performance.   

Keywords: Fiber optic, cable, jacket, sustainability, polyethylene, 
post-consumer recycled plastic. 

1. Introduction 
Market trends for power and telecommunication networks are 
accelerating demand for cable solutions. Significant infrastructure 
investments are one of the drivers fueling increased demand for the 
wire and cable industry. While the global demand for energy and 
enhanced connectivity continue to rise with population growth, so 
does the need for worldwide carbon reduction targets and more 
sustainable solutions. From renewable feedstock options to 
mechanical recycling – such as use of post-consumer recycled 
(PCR) plastic – to advanced recycling, sustainability conversations 
are on the rise and the cable and connectivity industry has a 
tremendous opportunity while also an analogous challenge. One 
past example was a feasibility study on recycling polyethylene used 
as a cable jacket and reusing it for the same purpose [1, 2]. 

In previous years, there had been a trend toward utilizing recycled 
polyethylene (PE) as a partial or complete replacement of the virgin 
PE resins as one means to reduce costs, though the origin and 
performance of the recycled product is often unknown [3]. 
However, the cost of recycled materials has steadily increased due 

to the increased trend toward sustainable solutions as well as some 
country bans on imported recycled plastic, this in turn is changing 
the market dynamics.  In addition, performance tradeoffs exist with 
recycled resins including but not limited to poor mechanical 
properties, aging performance, environmental stress crack 
resistance (ESCR), poor processability and inconsistency from 
batch to batch depending on the source [4-6]. 

One of the opportunities for the industry is to identify a balance of 
performance with PCR, which can include incorporation of PCR 
resins into fully compounded jacket solutions. Another approach 
includes incorporation of high-performance virgin resin as property 
enhancers in PCR compounds.  The focus of this paper was to 
evaluate performance and determine feasibility of jacket 
compounds based on PCR and blends with high quality virgin 
polyethylene resins.  

2. Experimental  
2.1 Materials and Compounds  
In this paper, two separate studies were conducted to evaluate the 
performance of PCR resins and blends with virgin PE resins in a 
black jacket compound formulation used in fiber optic cable 
applications. The basic properties of the medium density 
polyethylene (MDPE) and high density polyethylene (HDPE) 
polymer materials used in the studies are given in Table 1. Pelleted 
natural PCR resins were obtained from Envision Plastics, 
ECOPRIME product. Colored PCR resin flakes were obtained from 
Talco Plastics. Mixed color PCR was considered since the 
compounds would be black.  As a point of reference, pictures of the 
PCR materials as received are shown in Figure 1.  

Table 1. Basic characteristics of the polymer materials 
used in this evaluation. 

Material 
Density 
(g/cm3) 

Melt Index,  
(g/10min) 

MDPE 0.935 0.8 

HDPE 0.943 0.8 

Natural HDPE  
PCR Resin Pellets 0.962 0.6 

Colored HDPE  
PCR Flakes 0.958 0.7 
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Figure 1. Picture of (a) natural PCR resin pellets and (b) 
colored PCR flakes as received.  
 

2.2 Compound and Sample Preparation 
The compositions were prepared by mixing the polymer resins and 
additives in a D62 3/4 inch twin screw extruder with a temperature 
profile of 180/190/190 °C at 60 rpm and 60 mesh screen pack.   

The compounds were then compression molded into plaques of 
varying thickness for testing. The plaques were compression 
molded in an electrically heated hydraulic press.  The samples were 
pressed under low pressure (500 psi) at 180 °C for 5 min, and then 
high pressure (2500 psi) for 5 minutes. After a first pass press, the 
samples were removed cut into sections and a second press was 
repeated. 

2.3 Property Testing 
Melt index was tested according to ASTM D1238 using the 
conditions for I2 (2.16 kg at 190 °C) on a Tinius Olsen melt indexer.   

Density was tested according to ASTM D792 on compression 
molded specimens of 0.050 inch thickness in distilled water (120 
cm3) containing Alconox detergent (0.84 grams) where the specific 
gravity of the solution was 0.9975. The average value of three 
measurements was reported.  

Tensile strength and elongation (T&E) was tested according ASTM 
D638 Standard Test Method for Tensile Properties of Plastics on an 
Instru-met model 4201 tensile testing machine. The T&E was tested 
at 20 inches per minute crosshead speed, 2.5 inch jaw span with a 100 
pound load cell.  Each specimen was cut per ASTM D638 Standard 
to a Type IV dogbone with nominal 0.075 inch thickness.   

Environmental stress crack resistance was tested according to ASTM 
D1693 condition B in 10% Igepal solution at 50 °C on compression 
molded specimens of nominal 0.075 inch thickness. 

Dynamic oscillatory shear frequency sweep measurements were 
conducted on an ARES Dynamic Mechanical Spectrometer with 25 
mm diameter parallel plates.  Tests were measured at 0.25% strain 
at a frequency of 0.1 to 100 radians per second at 190 °C. 

Small cables were prepared for smoothness tests on a Brabender ¾” 
extruder with variable speed drive, a 24:1 metering screw having 3:1 
compression ratio, a Brabender cross-head wire die, lab water cooling 
trough with air wipe, a laser micrometer and a variable speed wire 
puller.   The wire construction consisted of 14 AWG solid copper 
with an aggressively thin nominal 10 mil jacket wall thickness.  It is 
known that wire smoothness tends to be worse at thinner wall 
thickness as minor defects are more easily detected (e.g. undispersed 
carbon black) as opposed to being masked in a thicker jacket layer.  
The samples were extruded at 30 feet per minute take-up speed with 
a temperature profile of 190°C/200°C/210°C/210°C (across zone 1, 

zone 2, zone 3 and head/die), melt temperature approximately 215°C 
and 20/40/60 mesh screen pack.   

Wire smoothness was tested using a Mitutoyo SJ-400 Surface 
Roughness Tester that conforms to JIS’82, JIS’94, JIS’01, ISO, 
ANSI (American National Standards Institute), and VDA standards. 
A profilometer was used to assess wire smoothness. A total of 5 
points on the circumference of the wire were assessed and the 
average values reported. 

3. Results and Discussion 
The performance of PCR materials and blends with virgin PE resins 
in a black jacket compound was evaluated.  Two separate studies 
were conducted. The main objective of the first study was to 
determine how much PCR could be incorporated into virgin MDPE 
resin to maintain and meet selected requirements for an MDPE or 
HDPE jacket compound (compared against selected target 
properties given in Table 2). The second study had two main 
objectives: 1) to determine the level of PCR that could be added to 
enhanced performance MDPE and HDPE resins to maintain jacket 
performance but also 2) what minimum level of enhanced 
performance virgin resin would be needed to enhance the 
mechanical and ESCR performance of the PCR.   

Table 2. Selected target properties for typical MDPE and 
HDPE black jacket compounds. 

Properties Unit Typical Value Test 
Method 

MDPE    

Density g/cm3 0.940 - 0.949 ASTM 
D792 

Melt Index, 
190 °C/2.16kg dg/min 0.6 - 0.9 ASTM 

D1238 
Tensile Strength at 
Break, 2in/min MPa 19 minimum ASTM 

D638 
Elongation at Break, 
2in/min % 600 minimum ASTM 

D638 
HDPE    

Density g/cm3 0.950 - 0.958 ASTM 
D792 

Melt Index, 
@190degC/2.16kg dg/min 0.6 - 0.9 ASTM 

D1238 
Tensile Strength at 
Break, 2in/min MPa 19 minimum ASTM 

D638 
Elongation at Break, 
2in/min % 400 minimum ASTM 

D638 
 

3.1 MDPE Blends with Natural and Mixed Color 
PCR Resins  
The results presented in this section include compounds comprised 
of both natural and colored PCR resins only as well as blends of 
PCR with virgin MDPE resin compared to a black MDPE jacket 
control. The first objective was to benchmark properties of an 100% 
all-PCR compound.  However, anticipating poor properties with an 
all-PCR compound as mentioned earlier, an objective was to 
determine a maximum level of PCR that could be incorporated to a 
blend with virgin MDPE resin to maintain critical jacket properties. 

The melt index and density for the compounds are given in Table 
3. The melt index was within the typical MDPE black jacket range 
for all compounds.  In this particular case, the PCR source was an 

(a) (b) 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum68



 

 

 

HDPE with worst case higher than desirable density resulting in the 
100% all-PCR compounds had a density higher than 0.97 g/cm3 (as 
measured), which is higher than desired even for an HDPE jacket. 
The density of the blend compounds with up to 50% PCR ranged 
between 0.949 and 0.959 g/cm3, which generally falls between the 
MDPE and HDPE jackets. Density is a property that could be 
optimized to achieve a desired compound density based on the 
blend or alternative PCR resins.   

Table 3. Melt index and density for the jacket compounds 
with natural and mixed color PCR. 

PCR  
(wt %) 

Melt Index  
I2.16 kg at 190 
°C (g/10min) 

Density 
(g/cm3) 

Control MDPE 
Jacket 0% 0.76 0.945 

Natural PCR 

10% 0.74 0.95 
25% 0.73 0.952 
50% 0.67 0.959 

100% 0.59 0.972 

Colored PCR 

10% 0.77 0.949 
25% 0.75 0.953 
50% 0.75 0.959 

100% 0.73 0.971 
 

The dynamic viscosity as a function of shear rate is shown in Figure 
2a and Figure 2b for the natural and mixed color PCR blends, 
respectively. The curves show marginal differences between 
compounds with the 100% all-PCR compounds being most shear 
thinning like the control as a possible result of the broad mix of 
polymers in the recycled material. The viscosity difference in the 
low shear region at 0.1 1/sec ranged from 15k to 22.4 kPa-s, thus 
would be expected to extrude similarly in the extrusion process 
assuming consistency in the PCR raw material. 

Typical MDPE black jackets have at least 19 MPa tensile strength 
and 600% elongation. The mechanical properties of the compounds 
containing natural and mixed color PCR and blends with MDPE 
resin are given in Figure 3. The tensile strength of the 100% all-
PCR compounds were significantly lower than the control and 
would not meet the typical performance expectations. Given that 
the 100% all-PCR compound density were greater than 0.97 g/cm3, 
the elongation at break for the natural PCR would not typically 
meet the MDPE expectation of > 600% but more typical of HDPE 
> 400%. The 100% all-colored PCR only had an elongation at break 
of 66% which is significantly lower due to the mixture of materials 
and quality and as such would not be fit for use in jacket 
applications unless blended with virgin resin. The mechanical 
property requirements were met with blends of virgin MPDE resin 
containing up to 50 wt% natural and 25% colored PCR resin.  

The ESCR is one of the critical performance criteria for telecom 
jacket compounds. There are regional differences in ESCR 
requirements with the most stringent being IEC standard of F0 (i.e. 
time to first failure) > 1000 hours. In some applications, an ESCR 
F0 of > 48 hrs is acceptable. The ESCR results for the compounds 
are shown in Figure 4. Testing was suspended at 4000 hrs for those 
samples that did not fail and is designated as >4000 hrs. As 
expected, the ESCR F0 for the 100% all-PCR compounds was less 
than 24 hrs and the blends of PCR into virgin MDPE resin showed 
improved ESCR performance.  The compounds with up to 10% 
natural and mixed color PCR achieved F0 > 4000 hours.  The 
compound with 25% natural PCR had an early failure but only 40% 

failed at 4000 hrs. First failure with 25% colored PCR occurred 
around 2600 days with only 20% failures at 4000 hrs. All samples 
failed for the 50% and 100% PCR compounds. It would be 
expected that optimizing PCR source and compounding conditions 
for the blends may further improve the ESCR performance and that 
up to 25-30% PCR could be incorporated for many applications.   

 

 
Figure 2. Dynamic viscosity as a function of shear rate at 
190 °C for the (a) natural and (b) mixed color PCR blends.  

 
Figure 3. Mechanical properties of compounds with 
natural and mixed color PCR and blends with MDPE resin. 
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It is evident the 100% all-PCR compounds had significantly 
inferior mechanical properties and ESCR compared to the control 
jacket.  Therefore, a jacket compound based solely on PCR resin 
would not be preferred and not perform to the same standard as the 
current commercial products. The inferior performance is attributed 
to the reprocessing and broad mix of polymers making up the PCR 
material, particularly in the case of the mixed colored flakes which 
could also contain various types of polymers besides PE. 

 
Figure 4. ESCR of compounds with natural and mixed 
color PCR and blends with MDPE resin. 
 

 
Figure 5. Wire smoothness of small-scale cable with 
natural and mixed color PCR and blends with MDPE resin.  
 

Cable jacket smoothness results are presented in Figure 5.  In 
general, jacket compounds with a wire smoothness less than 20 μ-
in would be considered acceptable surface quality.  All the samples 
had relatively good wire smoothness.  Only the 50% and 100% 
mixed color PCR compounds had a statistically significant 
difference compared to the control, with the worst being the 100% 
mixed color PCR compound due to a large standard deviation.  
However, even the worst compounds had an average smoothness 
less than 20 μ-in. It should also be noted that for the present 
experiments, no effort was made to improve compound quality. As 
mentioned earlier, a relatively coarse mesh screen (#60) was used 
during compounding and wire extrusion.  

Overall, the preliminary results from this study suggest that up to 
25 wt% PCR (natural or mixed color) could potentially be utilized 
to achieve reasonable performance when blended with the virgin 
MDPE for some telecom jacket applications.   

3.2 MDPE and HDPE Blends with Mixed Color PCR 
Resin 
The results presented in this section considered both the level of 
PCR that could be added to virgin MDPE and HDPE resin to 
maintain performance as well as the minimum level of enhanced 
performance virgin PE resin needed to enhance the mechanical and 
ESCR performance of the PCR.  Based on the results from the 
previous section, the colored PCR was chosen as a worst-case 
representation given the range of mixed color plastic and quality in 
combination with the virgin high-performance resins.    

The melt index and density for the MDPE and HDPE compounds 
are shown in Table 4. Like the previous results, the melt index for 
the PCR-based compounds were within the typical range for MDPE 
and HDPE black jackets. The density of the compounds without 
PCR were within the standard range for MDPE and HDPE jackets.  
However as previously discussed, the high density of the PCR 
increased the range of compound density between 0.953 to 0.967 
g/cm3, which fall at the upper end of the HDPE jacket specification 
range and beyond.  It should be noted that this can impact the 
overall compound properties and would likely be considered a 
worst-case scenario.  The compound may be optimized to achieve 
a lower compound density based on the blend or alternative PCR 
resins to meet PE density requirements specified in ASTM D1248.   

Table 4. Melt index and density for the MDPE and HDPE 
jacket compounds with mixed color PCR. 

Jacket Compound with 
Mixed Color PCR (wt %) 

Melt Index  
I2.16 kg at 190°C 

(g/10min) 

Density 
(g/cm3) 

MDPE 

0% 0.90 0.948 
25% 0.80 0.953 
50% 0.74 0.958 
75% 0.71 0.963 
90% 0.72 0.967 

100% 0.73 0.971 

HDPE 

0% 0.79 0.956 
25% 0.73 0.958 
50% 0.69 0.961 
75% 0.71 0.963 
90% 0.69 0.967 

100% 0.73 0.971 
 

The dynamic viscosity curves as a function of shear rate for the 
blends in MDPE and HDPE are shown in Figure 6a and Figure 6b, 
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respectively. The MDPE-based PCR blends had slightly increased 
shear thinning behavior with increasing PCR content potentially 
due to the broad distribution of polymers in the PCR source. There 
was less difference with no clear trend in the HDPE-based blends. 

 

 

 
Figure 6. Dynamic viscosity as a function of shear rate at 
190 °C for the (a) MDPE and (b) HDPE compounds.  
 
The mechanical properties of the MDPE and HDPE compounds 
containing mixed color PCR are given in Figure 7. The tensile 
strength of the 100% virgin MDPE and HDPE compounds were 
comparable to the black jacket control.  However, in this study it 
was observed that only 25% colored PCR could be added to the 
MDPE and still meet the 19 MPa requirement whereas 25% PCR 
in the enhanced performance HDPE was lower.  The elongation at 
break of the 100% virgin compounds was above 600% but only 
25% mixed color PCR added to the MDPE met the 600% 
requirement. Typical requirements aside, up to 90% mixed color 
PCR in the MDPE exhibited elongation greater than 400% and up 
to 50% colored PCR in the HPDE showed greater than 400% (again 
keeping in mind that the density of the compounds was >0.953 
g/cm3). It is possible that the PCR content could be increased 
further with a higher purity, natural PCR.     

As described earlier, it is expected that enhanced performance PE 
would enhance the ESCR performance. It is also known that ESCR 
in PE decreases with increasing density [7]. That said, the ESCR 
results for this set of compounds are shown in Figure 8. As before, 
testing was suspended at 4000 hrs for those samples that did not fail 
and is designated as >4000 hrs. Again, considering this as a worst-

case, the MDPE compounds achieved F0 > 4000 hrs with up to 25% 
and over 2000 hrs with up to 50% mixed color PCR.  For the HDPE, 
F0 > 1000 hrs was achieved with up to 25% mixed color PCR. 
Additionally, with the MDPE resin ESCR goes from <24 hrs with 
90% PCR to nearly 72 hrs at 75% PCR which may be valuable for 
certain jacket applications in various regions looking to maximize 
the amount of PCR content in the cable. 

 

 
Figure 7. Mechanical properties of the MDPE and HDPE 
compounds mixed color PCR. 
Wire smoothness results are presented in Figure 9.  Again, all 
samples had good wire smoothness that would provide acceptable 
surface quality in full scale cable extrusion.   Though some scatter 
in the data there were no clear trends observed and the overall 
average smoothness of all compounds was less than 20 μ-in. 

 
Figure 8. ESCR of the MDPE and HDPE compound blends 
with mixed color PCR. 
Overall, the results in this study suggested that up to 50 and 25 wt% 
mixed quality and color PCR could be blended with virgin high 
performance MDPE and HDPE, respectively to achieve reasonable 
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performance in telecom jacket applications.  Alternatively, low 
levels of the PE resin could be introduced in a majority PCR 
compound to boost the mechanical, ESCR, and thermal aging 
resistance for certain regions and jacket applications allowing a 
balance of minimized cost while maximizing recycled content and 
performance. 

 

 
Figure 9. Wire smoothness of small-scale cable with 
natural and mixed color PCR and blends with MDPE resin. 

4. Conclusions 
Sustainability is a significant market driver globally with strong 
environmental pressures on industry to recycle waste plastics. In 
recent years, there has been a trend toward utilizing recycled PE as 
a partial or complete replacement of the virgin PE resins for cable 
jackets. This work evaluated the performance and determined 
feasibility of fiber optic black jacket compounds containing post-
consumer recycled plastics and blends with virgin PE resins. 

The results suggest that up to 25 wt% PCR (natural or mixed color) 
could potentially be utilized to achieve reasonable performance and 
meet critical telecom jacket application requirements when blended 
with virgin MDPE. When blends with enhanced performance 
resins, up to 25 and 50 wt% PCR could be blended with virgin 
HDPE and MDPE, respectively to achieve reasonable performance 
and meet most critical telecom jacket application requirements.  
Alternatively, low levels of enhanced performance resin could be 
introduced in a majority PCR compound to boost the mechanical, 
ESCR, and thermal aging resistance in certain regions and jacket 
applications allowing a balance of minimized cost while 
maximizing recycled content and performance.   
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Abstr act  
Poly-ether-ketone-ketone (PEKK) has been found to exhibit a very 
low dielectric constant and high breakdown voltages - even at 
elevated temperatures - with significant advantages vs other 
polyaryletherketones (PAEKs).  PEKK and related alloys were 
easily processed onto copper wires with the polarity of PEKK 
allowing for strong adhesion to the metallic wire without the use of 
a primer.  By using PEKK grades with varying co-monomer ratios, a 
self-bonding technology has been developed - allowing for potential 
elimination of potting compounds in wire bundles.  

Based on its performance in extreme environments, its excellent 
electrical properties, ease of processing and high levels of adhesion, 
PEKK is well positioned to be an important player in future needs 
for electrical insulation – with potential not only in wire coating (for 
demanding environments such as EV) but extending to important 
areas such as electrical connectors and busbar coatings.   

Keywords:  magnet wire; insulation; dielectric constant; electrical 
vehicles; polymers 

1. Introduction 
 

PAEKs are semi-crystalline thermoplastics marked by excellent 
chemical resistance and high temperature performance. In this 
family of polymers, the “backbone” of the monomers are 
repeating ether groups and ketone groups that provide the high 
mechanical strength of the polymers (Figure 1). 

 

Figure 1. Structure of PAEKs. 

 

Poly-ether-ketone-ketone (PEKK) is a melt processable, high 
performance thermoplastic known for its outstanding temperature 
performance, chemical resistance and flame, smoke and toxicity 
(FST) profile. Ketones are stronger than ether groups, so polymers 
with higher ketone/ether ratios will typically exhibit higher strength. 
The most common polymer used in the PAEK family has 
historically been PEEK, which is used across a range of industries in 
demanding applications requiring strength, chemical resistance and 
temperature resilience.  

PEKK offers many advantages over other PAEK polymers.  PEKK 
exhibits higher strength and modulus compared to PEEK due to its 
ketone/ether ratio of 2:1 (compared to 1:2 for PEEK).   This higher 

ketone/ether ratio also increases thermal properties of the material, 
enabling PEKK to be used in applications with higher continuous 
use temperature requirements. These advantages allow PEKK to 
compete on a property basis with other high temperature PAEK 
materials such as PEK and PEKEKK while remaining lower cost 
and providing more processing options and wider processing 
windows (Table 1 and 2.) 

Table 1.  Thermal Properties of PAEKs. 

 

Table 2.  Mechanical Properties of PEKK. 

 

In this paper, we will focus on the electrical performance 
characteristics of PEKK and its potential use in applications such as 
insulation for magnet wire for rapidly growing applications such as 
electric vehicles.  As electronics become more prevalent in vehicles, 
the need to reduce / eliminate “cross talk” of wires due to 
electromagnetic interference (EMI) becomes increasingly important.  
The superior electrical properties of PEKK further allow for higher 
operating voltages and/or a reduction in coating thickness, 
generating savings in raw materials.  Further improvements in 
electrical performance can be realized by utilizing the ability of 
PEKK to easily alloy with many other thermoplastics polymers.  
These polymer blends show the ability to lower dielectric constants 
along with increasing mechanical flexibility and keeping thermal 
performance.  

PEKK also offers the opportunity for improved processing in the 
wire coating.  The switch from a thermoset resin which needs to be 
applied via solvent coating to a melt-processable material can 
greatly reduce production costs and removes HES issues associated 
with certain solvents. The use of a pseudo-amorphous grade of 
PEKK (containing a larger amount of isophthalic moiety) can be 
processed at much lower temperatures than its PAEK counterparts. 
Again differentiating from other high performance thermoplastics, 
PEKK shows very strong adhesion to copper wire (without the need 
for binders or primers) allowing for reductions in process steps and 
time.  These properties along with its aforementioned chemical 
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resistance and excellent FST performance will enable PEKK to 
succeed in power cable applications in extreme environments such 
as aerospace & defense or down-hole electric submersible pumps 
for oil & gas.  

2. Electrical Performance of PEKK 
To perform dielectric testing experiments, 43mm diameter & 0.5 
mm thick discs have been machined out of the crystalline sheets 
of PEKK and PEEK.  The dielectric  measurement is based on the 
IEC 62631-2-1:2018. The apparatus used for the relative 
permittivity measurement is a dielectric spectrometer from 
Novocontrol, with an applied alternative tension of 1V. 
Electrodes used are in Titanium with a 40mm diameter. 
Frequency was tested at 40 Hz on a temperature range from 20°C 
to 300 ºC.  Dielectric strength measurements were performed in 
accordance with the CEI60243-1 (2013) standard in air from 0 to 
260°C using a voltage increase of 900 V/s, measured in AC at 
50Hz.   

Dielectric constant shows the ability of a material to concentrate 
electrostatic flow lines and store electrical energy vs that of a 
vacuum, whose dielectric constant is defined as 1.  A low 
dielectric constant leads to improved insulation and a higher 
dielectric strength.   As is shown in Figure 2, the dielectric 
constant of both PEKK and PEEK is measured at 2.9 at room 
temperature – already a significant advantages vs thermoset resins 
such as Polyamide-imide (PAI) where value of 3.5- 4.5 are 
common. At temperatures above the glass transition temperature 
of PEEK (~143°C), the dielectric constant of PEEK begins to rise, 
where the dielectric constant of PEKK remains lower giving 
PEKK a potential differentiation in this regime.  Furthermore, at 
temperatures above 200ºC, while both materials increase in 
dielectric constant, PEKK increases at a much slower rate- 
allowing for a significant advantage for insulation for any wire 
coating applications where high temperature performance is 
required.  

Figure 3 shows measurement of dielectric strength performed on 
film samples of both PEKK and PEEK.  Closely mimicking the 
dielectric constant data, PEKK shows a significantly higher 
dielectric strength vs PEEK at temperatures > 160°C.  
 

 

Figu re 2. Dielectric constant of PEKK vs PEEK.  

 

 

Figure 3. Dielectric strength of PEKK vs PEEK. 

2.1 PEKK Polymer Alloys 
Due to the aforementioned higher ketone content in PEKK vs 
other PAEK’s, PEKK maintains a more polar nature than its 
PAEK cousins, as ketone groups are more polar than ether groups. 
This polarity is particularly useful when formulating PEKK with 
other polymeric materials – allowing for creation of both miscible 
polymer blends or stable polymer dispersions with a PEKK 
matrix.  The addition of alloying material can have a substantial 
impact on PEKK’s electrical performance along with improved 
mechanical performance. 

Figure 4 demonstrates the potential improvement of a PEKK 
miscible polymer blend – dubbed “PEKK Formulation 1.”  By 
improving the glass transition of the blend vs neat PEKK, the 
onset of rise in dielectric constant is delayed to higher 
temperatures, in this case ~190 to 200ºC – critical for applications 
where temperatures of 160-200°C are encountered. Figure 5 
shows the potential with stable polymer dispersions.  At room 
temperature, the dielectric constant of the dispersion (– dubbed 
“PEKK Formulation 2”) is reduced, while even larger 
improvements are realized at temperatures > 200ºC.   Further, this 
stable dispersion can significantly improve the flexibility of the 
rigid PEKK material as demonstrated in Table 3, important when 
tight wire winding radii are required.  

 

 

Figure 4. Dielectric constant of a miscible PEKK blend. 

Figure 5. Dielectric constant of a stable dispersion. 
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Table 3.  Mechanical Properties of a stable dispersion 
with a PEKK matrix. 

 
 

3. PEKK Processing and Adhesion 
 

An additional advantage is that PEKK can be a copolymer, 
composed of straight (Terepthalic) and kinked (Isophtalic) units. By 
changing this T:I ratio, it is possible to change the way chains pack 
together, resulting in a range of crystallization speeds and melting 
points. PEKK copolymers span a range of behaviors from pseudo-
amorphous (super slow to crystalize) to semi-crystalline.  The 
tunable crystallization speed of PEKK allows it to be easily 
processed with both traditional extrusion and injection molding 
processing or via more novel processes such as additive 
manufacturing (both filament based and laser sintering), powder 
coating, rotomolding, thermoforming or automated tape placement 
(for composite fabrication). Furthermore, the low melting points of a 
60:40 or 70:30 T:I PEKK copolymer (see Table 4) allow for 
significantly reduced processing temperatures for melt extrusion. 
Extrusion coating of wire has been performed, demonstrating that 
PEKK and PEKK alloys can readily be melt processed with a wide 
range of coating thickness achievable.  (Figure 6 and 7) 

Table 4.  Thermal Properties and Crystallization Kinetics 
of PEKK with varying T:I ratios 

 

                              
Figure 6. PEKK coated wires courtesy of Axon 

Cable

 
Figure 7. PEKK alloy coated wire with cross section.  

3.1 PEKK Adhesion  
PAEK adhesion to metal was tested by injection molding several 
materials onto aluminum with a mold temperature of 235°C to 
simulate the wire coating process. Lap shear testing was carried out 
according to ISO19095 with results in Table 5. Here we again see 
the effect of the higher polarity of PEKK amongst the PAEK 
materials- with significantly higher adhesion to metal.  PEKK 
formulation 1 also exhibits very good adhesion (potentially 
improved vs neat PEKK) due to the polar nature of the polymer 
additive.  In extrusion over actual wires, it has been shown that 
PEKK exhibits excellent adhesion to bare copper wire without the 
added step of a primer or adhesion layer.  This adhesion can be 
tailored via processing or formulation design to meet the required 
levels for specific applications.  

 

Table 5.  PEKK vs PEEK adhesion to metal 
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3.2 PEKK Self-bonding 
 
As mentioned above, the ability to tailor the T:I ratio allows the 
crystallization speed of PEKK to be tailored – as shown in figure 8. 
The slow crystallization speed of the 60:40 PEKK allows for self-
bonding to be achieved in PEKK insulated wires, potentially 
eliminating the need for potting compounding.  A multilayer 
technology can likely be utilized where the bare copper wire is first 
coated with 80:20 or 70:30 PEKK.  A second layer of 60:40 PEKK 
would be applied, achieving good adhesion to the inner PEKK layer 
due to its very similar chemical make-up.  The 60:40 grade 
crystallizes very slowly- resulting in an amorphous outer wire 
coating when the wire comes out of the die.   A series of amorphous 
wires could then be assembled together (“potted”) under pressure.  
At a temperature above Tg, (~170-200 °C) chain entanglement 
would occur with the amorphous 60:40 PEKK outer coating, 
allowing for excellent adhesion. Further temperature holds at 
elevated temperature (240-260 °C) would anneal the outer 
insulation resulting in permanent semi-crystalline polymer segments 
between the wires- ensuring a chemically resistant, high temperature 
bond.  

 

 

Figure 8. PEKK crystallization kinetics as a function of 
temperature and T:I ratio.  

4. PEKK for Extreme Environments 
 

PEKK is known for its high temperature performance, including 
continuous use temperatures of up to 250 °C (482 °F).  Along with 
its strong mechanical properties, PEKK also exhibits phenomenal 
chemical resistance with greater than 90% retention of mechanical 
properties even after a week of soaking in aggressive agents such as 
toluene or MEK (Figure 9).  PEKK has also performed 
exceptionally in the NORSOK (M710) chemical resistance testing, 
with exposure to sour gas at temperatures of 220°C.  PEKK has a 
higher modulus and strength compared to PEEK and maintains that 
advantage over 60 days of exposure to sour gas at elevated 
temperatures.  Other high temperatures PAEKS (PEK or PEKEKK) 
loose properties rapidly after 10- 20 days.  

 

 

 

 

 

 

Figure 9. PEKK crystallization kinetics as a function of 
temperature and T:I ratio.  

 

PEKK is also a halogen-free thermoplastic with excellent FST 
properties, including a V0 UL94 flame resistance, displaying 
excellent wear & friction properties and strong barrier properties 
to gases such as O2, H2, CO2 or H2S.   Based on these properties 
PEKK is suitable for use in the world’s most extreme 
environments.   

5. Conclusions 
 

PEKK is a novel thermoplastic material for wire insulation and more 
general electronic applications.  Its excellent insulative properties 
coupled with ease of processing and outstanding adhesion to metal 
make it an excellent candidate for electric vehicle magnet wire 
insulation. In addition due to its chemical resistance, and high 
temperature performance, PEKK materials can have a significant 
positive impact in electrical applications in extreme environments in 
markets such as transportation, chemical processing, defense, oil & 
gas, and electrical & semiconductor. The ability to blend PEKK 
with other polymeric systems can lead to further optimization in 
performance. 
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Abstract 
Next generation optical fiber primary coatings have been developed 
to have greatly improved tear strength to maintain mechanical 
property integrity, while giving rise to superior microbending 
resistance. Such coating system is also fit-for-use for modern fiber 
draw processes, including super fast draw speed, optimized Helium 
consumption rate, as well as UVLED curing.  

Keywords: Improved tear strength, superior microbending 
resistance, robust draw process operation window, super fast draw 
speed, Helium consumption rate reduction, UVLED curable 

1. Introduction 
It’s well known [1] that reduced microbending loss is beneficial to 
overall performance of optical network. With the ongoing 5G 
network deployment, such requirement is becoming more crucial for 
modern high speed, and high bandwidth network. 

It’s been reported in past IWCS about the development of microbend 
resistant coatings [2]. Particularly, such coatings demonstrated 
superior microbend resistance, when tested with IEC 62221 TR 
Method D, at temperature of -60 °C and at wavelength of 1625 nm. 

In this paper, microbending resistance performance is reported for 
next generation coatings, on reduced diameter 200 µm fibers, tested 
by Method D as well. 

To achieve the superior microbending resistance, primary coating’s 
modulus has been reduced to a level of lower than 1.0 MPa. The 
concern with such soft primary coatings has been its resistance to tear 
or rupture, as reported in a previous IWCS paper [3]. 

 

Figure 1. Microscope Picture of Coating Tear/Rupture [3] 

Another concern with such soft primary coating is its robustness 
toward handling and post-processing [4], such as the standard proof-
test, and the subsequent cabling process. 

In this paper, next generation primary coating is designed to have 
enhanced tear strength, to specifically address these concerns. 

At the same time, next generation primary coating maintains its fit-
for-use under modern fiber drawing processing conditions, such as 
fast draw speed, optimized Helium consumption rate, as well as 
UVLED curing, as reported in recent IWCS papers [5][6]. 

2. Experiments 
2.1 in-situ Modulus (ISM) 
A detailed description of the test method and data processing 
methodology of primary coating in-situ modulus on glass fiber has 
been introduced in a previous paper [7]. 

2.2 Tear Strength 
Tear Strength is tested with TA Instruments RSA G2 Solids 
Analyzer. Cured film dimensions were according to ISO 34-2 
(formerly ISO 816), and samples were subject to conditioning at 
23°C, 50% R.H. for at least 16 h, prior to testing. 

2.3 Microbending Test 
Microbending is measured according to IEC 62221 TR Method D 
[2] for 3 cycles, spanning a range of +25°C to -40°C, with each 
cycle having a duration of 5 h. Precise measurement is performed 
at 1310, 1550 and 1625 nm for every 5 minutes, with PK8000 
OTDR. 

2.4 Draw Town Simulator (DTS) 
DTS, as described in recent IWCS papers [8][9], uses wet-on-wet 
(WOW) configurations in this study, and the tower is equipped with 
up to 3 UVLED lamps. 

2.4.1. in-situ Modulus (ISM) 
A detailed description of the test method and data processing 
methodology of primary coating in-situ modulus on glass fiber has 
been introduced in previous paper [7], such test method was adapted 
for use to test cured coatings on DTS metal wire. 

3. Results and Discussion 
3.1. in-situ Modulus (ISM) 

In 1975, it was reported [10] that microbending loss could be 
reduced by combining a lower modulus primary coating of roughly 
100 MPa with a harder secondary coating of roughly 1000 MPa. 
Since this 1975 report, dual-layer coating systems have proven to 
be the key technology breakthrough in reducing microbending-
induced attenuation. 

Over the following years, primary coating modulus has been 
reduced by more than 100 times, to 1.0 MPa level or lower [2]. 

In this paper, next-generation primary coatings have been designed 
such that their in-situ modulus is further reduced to a level of less 
than 0.2 MPa. 

Figure 2 compares cured primary coating’s in-situ modulus (ISM) 
on fiber of three 200 µm fibers, one of them being the Current 
Coating, with ISM of 0.49 MPa, and the other two fibers of Next 
Generation Coating, with ISM of 0.16 MPa and 0.15 MPa, 
respectively. 
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To summarize, next-generation coatings are designed to have super 
low in-situ modulus of around 0.15 MPa, about 3 times reduction 
from Current Coating ISM level. 

 

 
Figure 2. On-fiber in-situ Modulus 

3.2. Tear Strength 
Tear Strength was tested according to ISO 34-2, where a well-
defined slit was made in the middle of the cured coating strip. 
Subsequently, the coating strip was pulled apart, and the force was 
measured when the coating strip broke. 

 

Figure 3. Illustration of Tear Strength Test Set-up 

In this paper, Tear Strength data was analyzed as follows [11]. G0, 
is based on the concept of “energy release rate” in Linear Elastic 
Fracture Mechanics (LEFM), with Equation (1). 

G0 = KI
2 / E   (1) 

Where KI is “Mode-I Stress Intensity Factor”, and E is Young’s 
Modulus. 

 

Figure 4. Tear Strength, G0 

Tear Strength of Next Generation Coating (Figure 4), was 
measured to be 21 J/m2, while tear strength of Current Coating was 
tested to be 13 J/m2. Therefore, with formulation optimization, 
Next Generation Coating realized 60% improvement in Tear 
Strength over the Current Coating. 

It’s believed that, such substantial increase in Tear Strength, will 
benefit the overall cured coating’s robustness, in both resistance to 
tear/rupture, as well as withstanding the subsequent processing and 
handling after fiber is manufactured. 

3.3. Microbending Resistance 
IEC/TR 62221, initially published in October 2001, is a widely 
followed Standards for measuring microbending sensitivity. There 
are four test methods (Method A to Method D) included in IEC/TR 
62221 [2]. 

Of these four methods, only Method D (a.k.a. basketweave) 
measures microbending sensitivity of fibers as a function of 
temperature and provides the attenuation loss increase over a wide 
range of temperature. 

Another advantage of Method D, according to a previous IWCS 
paper [2], is that Method D requires substantially more fiber than 
the other three methods, therefore, it provides a much better 
statistical sampling of winding induced microbending loss. 

Reported in this paper, are microbending resistance test data, using 
Method D. Specifically, attenuation loss increases at three 
wavelength of 1310 nm, 1550 nm and 1625 nm, have been tested, 
and results are included in Figure 5, Figure 6 and Figure 7, 
respectively. 

 

 

Figure 5. Change in Attenuation, measured @ 1310 nm 

 

 

Figure 6. Change in Attenuation, measured @ 1550 nm 
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Figure 7. Change in Attenuation, measured @ 1625 nm 

The test was carried out in a Temperature Cycling Test (TCT) 
fashion, 3 cycles from +25 ° to -40 °C. 

It is apparent, that, under such TCT temperature cycling, 
microbending loss was minuscule at +25 °C, however, it became 
much more noticeable at -40 °C. Such phenomenon is well 
understood, since primary coating was undergoing “glass 
transition” from its rubbery state at +25 °C, to its glassy state at    
-40 °C, when the modulus increased dramatically (as measured in 
standard DMA temperature sweep test). 

It’s well known that microbending loss is greater at longer 
wavelength, such as 1625 nm, which is indeed the case in this 
current study. Using Current Coating as an example, maximum 
Change in Attenuation went from 0.03 dB/km at 1310 nm, to 0.09 
dB/km at 1550 nm, and to 0.15 dB/km at 1625 nm. 

Figure 8. -40 °C Average Change in Attenuation at 1310 nm, 
1550 nm and 1625 nm 

More significantly, the superior microbending resistance of Next 
Generation Coatings highlights the benefit vs. Current Coating, 
and such benefits become greater at longer wavelength (Figure 8). 
Average change in attenuation, shown in Figure 8, was the 
average of -40°C change in attenuation, in cycle #2 and cycle #3, 
since cycle #1always had higher values, therefore, cycle #1 data 
were not used to calculate the average change in attenuation. The  
-40°C Average Change in Attenuation, for Next Generation 
Coating, was less than 0.005 dB/km, for all three wavelengths 
(1310 nm, 1550 nm and 1625 nm); while in the case of Current 
Coating, such Average Change in Attenuation increased 
substantially at longer wavelength (as mentioned above), from 

0.02 dB/km at 1310 nm, to 0.07 dB/km at 1550 nm, and to 0.11 
dB/km at 1625 nm. As a result, the benefit of Next Generation 
Coating becomes more noticeable at higher wavelength.  

3.4. Robust Processing Capability – UVLED 
Cure Speed  

Recently, developments of a series of next-generation coatings 
have been reported [5][6], with the focus on robust processing 
capability, particularly, mechanical property buildup under super 
high draw speed (up to 3000 m/min). 

Draw Tower Simulator (DTS) [8][9] has proven to be instrumental 
in predicting next-generation coating’s cure speed under such super 
high draw speed. 

Table 1 and Table 2 compiles in-situ Modulus (ISM) data when 
both Current Coating and Next Generation Coating were trialed on 
Draw Tower Simulator, under wet-on-wet condition, equipped with 
UVLED lamps. 

Table 1. DTS Data, ISM vs Draw Speed/Exposure Time 

 

Table 2. DTS Data, Relative ISM vs Draw Speed/Exposure 
Time 

 

Table 1 compiles the actual/absolute DTS ISM data, while Table 2 
compiles Relative ISM (normalized to ISM Maximum when the ISM 
data points were fitted with first-order kinetics, mentioned below) of 
the discrete DTS draw speeds when the coated DTS wire samples 
were taken, and coating property (ISM) measured. 
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Exposure 
Time (ms) 

ISM, 
Current 
Coating 

ISM, 
 Next Generation 

Coating 
2100 1 5.4 0.01 0.03 

2100 2 10.9 0.07 0.05 

2100 3 16.3 0.18 0.10 

1800 3 19.0 0.20 0.10 

1500 3 22.8 0.24 0.10 

1200 3 28.5 0.29 0.12 

750 3 45.6 0.38 0.13 

500 3 68.4 0.38 0.14 

300 3 114.0 0.45 0.13 

Kinetic Fit, Rate Constant, k 0.047 0.071 

Draw 
Speed 

(m/min) 

# of 
UVLED 
Lamps 

Exposure 
Time 
(ms) 

Relative ISM, 
Current 
Coating  

Relative ISM, 
 Next Generation 

Coating 

2100 1 5.4 0.008 0.213 

2100 2 10.9 0.157 0.342 

2100 3 16.3 0.409 0.702 

1800 3 19.0 0.467 0.713 

1500 3 22.8 0.554 0.699 

1200 3 28.5 0.673 0.868 

750 3 45.6 0.871 0.949 

500 3 68.4 0.877 1.020 

300 3 114.0 1.031 0.967 

Kinetic Fit, Rate Constant, k 0.047 0.071 
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What immediately stands out is the excellent consistency in ISM of 
Next Generation Coating, across a wide range of draw speed, in this 
case, for draw speed from 1200 m/min to 2100 m/min, with 3 
UVLED lamps, ISM of Next Generation Coating was 0.10 to 0.12 
MPa, while Current Coating ISM ranged from 0.18 to 0.29 MPa. 

Such feature is truly remarkable, comparing to Current Coating 
Material, of having a typical, gradual development of ISM, over the 
same draw speed range. Such data suggests, for Next Generation 
Coating, mechanical property/ISM has fully developed, under short 
Exposure Time/fast Draw Speed (such as 2100 m/min, corresponding 
to 16.3 ms), rendering such Coating capability of running at super 
fast draw speed, while keeping mechanical property nearly constant.  

To better visualize the mechanical property (ISM) buildup, a data 
analysis methodology of “cure curve” was introduced [8][9], where 
the discrete ISM data points (as in Table 1) were processed, utilizing 
first-order kinetic fit, resulting ISM cure curve (Figure 9 and Figure 
10), as well as kinetic fit rate constant, k (listed at the bottom of Table 
1 and Table 2). 

 

Figure 9. ISM Cure Curve (kinetic model fit) 

 

Figure 10. Relative ISM Cure Curve (kinetic model fit) 

With such “cure curve”, it’s visually apparent that ISM buildup of 
Next Generation Coating is faster than Current Coating, reaching 
“plateau” in about 30 ms, while it takes the Current Coating Material 
70 ms to reach plateau, with “plateau” defined as 90% of the ISM 
maximum. 

The kinetic fit rate constant, k (included at the bottom of Table 1 and 
Table 2), confirms the observation. Next Generation Coating’s rate 

constant of 0.071, is about 1.5 times as much as Current Coating 
Material’s rate constant of 0.047. 

4. Conclusions 
In this paper, Next Generation Coating’s improved resistance to 
tear/rupture was characterized by Tear Strength, G0. 

Specifically, Next Generation Coating’s Tear Strength increases by 
60% versus Current Coating. 

Thanks to the super low in-situ Modulus, Next Generation Coating 
exhibits superior microbending resistance, comparing to Current 
Coating, as tested by Method D (basketweave, temperature 
cycling). 

At the same time, Next Generation Coating maintains robust 
processing capability, particularly, its fit-for-use under super high 
draw speed (up to around 3000 m/min), as verified by in-house 
Draw Tower Simulator trials. 

In addition, Next Generation Coating maintains reduced viscosity 
sensitivity to temperature, as reported in previous IWCS papers 
[5][6], making it more robust for demanding draw process, in terms 
of maintaining proper geometry, as well as reducing Helium flow 
rate/consumption. 
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Abstract 
The use of UV curable inks is essential to the fiber identification 
process. Microwave curing technologies have been the convention 
for application during past decades.  However, with increasing 
demand for a coatings application process that is more energy 
efficient and requires less maintenance, the need for LED 
technologies has become apparent. This paper provides a review 
of the developmental testing data, comparing LED and microwave 
curable fiber optic inks for both ribbon and loose tube applications 
and availability of a viable solution. It also provides insights into 
the challenges of moving toward a more sustainable, LED-curing 
technology, while maintaining key performance attributes such as 
high-speed cure and ribbon breakout. 

Keywords: Ink; LED; Ribbon; Color.   

1. Introduction 
Microwave powered, mercury-based UV lamps have historically 
been the primary resource when curing inks used for optical 
fiber[1]. They offer a broadband spectrum of UV light allowing 
formulators to take advantage of multiple wavelengths to initiate 
free radical polymerization. This facilitates surface and through 
cure, making use of both shorter and longer wavelengths.  
However, these benefits do not come without certain drawbacks.  
Only a percentage of the light emitted by microwave lamps is 
available in the UV range and only a fraction of that is available at 
wavelengths absorbed by photoinitiators.  When also taking into 
consideration other limitations such as high electrical power 
consumption and shorter lifetimes compared to LED [1], the need 
for an alternative source for UV radiation becomes apparent.  
With advancements in LED curing technology occurring annually 
[2] the use of LED lamps is becoming a viable option for curing 
pigmented materials at high speeds.  Compared with conventional 
microwave technologies they require significantly lower energy, 
offer more efficient cooling and have longer lifetimes [3].  LED 
lamps have gradually been adopted by the fiber industry in recent 
years, but this has been primarily limited to clear materials.  Due to 
the monochromatic output of LED lights, pigments absorbing light 
at a targeted wavelength can hinder free radical initiation.      
In this paper we focus on the development of our new line of 
Cablelite® 781, LED curable inks, hereafter referred to as the 781 
series.  They have been designed to meet or exceed the properties 
of our current Cablelite® 751 microwave inks, hereafter referred to 
as the 751 series.  This new line of 12 colors has been designed to 
meet the EIA-395-A color standards and is proven to cure at speeds 
of 3000 m/min.  They can be used in loose tube or ribbon 
applications and provide excellent ribbon breakout when needed. 
The 12 standard colors currently offered include: blue, orange, 
green, brown, slate, white, red, black, yellow, violet, rose and aqua. 

2. Experimental 
2.1 Cured Film via LED UV Conveyor 
Films were made by using a 1 mil draw down bar to apply liquid 
samples to glass plates.  The samples were then placed on an LED 
conveyor unit made by Dart Controls.  A 395 nm LED lamp made 
by Phoseon was used to cure the films and a nitrogen purge was 
applied at a flowrate of 10 SCFM.  Two sets of films were created 
using doses of 0.5 and 1.0 Joules/cm2, at an irradiance of 
approximately 3.5 W/cm2.        

2.2 Cured Film via Microwave UV Conveyor 
Films were made using a 1 mil draw down bar to apply liquid 
samples to glass plates.  The samples were then placed on a 
conveyor made by Heraeus Noblelight.  Microwave light was 
applied to the samples using an 11 mm “D” bulb and Nitrogen was 
applied at a flowrate of 15 SCFM.  Two sets of films were created 
using doses of 0.5 and 1 Joules/cm2.  For doses of 0.5J the 
irradiance was approximately 2 W/cm2 and for 1.0J the irradiance 
was approximately 8.0 W/cm2. 

2.3 Film % RAU Measurement 
Percent RAU (Reacted Acrylate Unsaturation) was calculated 
using data obtained from Attenuated Total Reflectance (ATR). A 
Thermo Scientific IS-50 FTIR unit was used to collect the data and 
the bottom film values were measured using a diamond crystal, that 
utilizes 3 reflections.  Percent RAU was obtained by taking the 
percent decrease in peak area between the liquid and cured samples 
for a given wavelength.  The calculation for percent RAU is 
summarized in Equation 1. 

%𝑅𝐴𝑈 =  
𝑅𝐿−𝑅𝑆

𝑅𝐿
                                                   (1)   

 In Equation 1, 𝑅𝐿 represents the area under the curve for the liquid 
and 𝑅𝑆 represents the area of the sample after cure.  The acrylate 
peak was measured at 1407 nm.  

2.4 In-house Inking Process 
Inks formulated and tested in the lab were furthered developed 
using our industrial inking machine.  Inks were applied to 
previously drawn fiber containing Covestro primary and secondary 
coatings. Application occurred using the OFC 52 coloring machine 
by Rosendahl Nextrom (see Figure 1), at a speed of 1500 m/min.  
Pressure during application was 3.4 bar and 40 l/min of nitrogen 
was used.  An ink thickness of approximately 6.5 µm was applied 
and cured using a Cool UV 390 +/- 5 nm, LED curing unit.  The 
LED lamp was run at 85% power and approximately 21 W/cm2 
irradiance.   

2.5 In-house Ribboning Process 
The inked fibers were processed into ribbons using our OFC 21 
industrial ribboning machine by Rosendahl Nextrom (see Figure 2).  
Covestro’s matrix material Cablelite® 950-706, was applied at a 
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temperature of 35oC and a speed of 400 m/min.  Two microwave 
lamps were used to cure the material.  The first contained an 11mm, 
6” D bulb and the second utilized a 13mm, 10”H bulb.  The flowrate 
at the time of application was 40 lpm.   
 

 
Figure 1. Image of industrial inking machine at 

Covestro’s Elgin site. 
 

 
Figure 2. Image of industrial ribboning machine at 

Covestro’s Elgin site.   

3. Results and Discussion 
3.1 Modeling Light Screening Effects 
When formulating for LED cure, depending on the color of an ink, 
the pigment within the ink can absorb light at 395 nm to varying 
degrees, potentially hindering free radical polymerization.  This 
screening effect can result in an ink that lacks through cure or can 
potentially contain underdeveloped properties.  With microwave 
lamps this is less of an issue because the use of broadband spectral 
output that allows formulators to take advantage of multiple 
wavelengths to begin radical initiation.  To anticipate potential cure 
speed limitations associated with pigment absorption, we modeled 
the screening effects caused by pigments within our inks.      
The attenuation of light as it passes through a liquid media can be 
determined using the Beer-Lambert law (see Equation 2).  

𝐴 = 𝑙𝑜𝑔10
𝐼𝑜

𝐼
=  𝜖𝑙𝑐                                           (2)   

Equation 2 provides a relationship between 𝐴 (absorbance), 𝐼𝑜 
(incident light), 𝐼 (transmitted light), 𝜖 (absorptivity or molar 
coefficient), 𝑙 (path length) and 𝑐 (concentration).  Using the 
relationships given in Equation 2, a model was generated for our 
inks that compares the relative amount of light that remains after 
passing through a film of 6.5 microns.  Understanding the relative 
light screening effects caused by pigments within inks is important 
to understanding the best way to achieve both through cure and 
fully developed properties.  The model in Figure 3 (Top) shows a 
comparison of the remaining light for each of the 12 colors and 
clear.  The dotted black line represents the surface, where the 
irradiance is 100%.  Any line falling below the surface line 
indicates some relative degree of screening.  Figure 3 (Bottom) 
orders the colors from highest to lowest screening effect.  Red, 
yellow and brown are among the colors that absorb the most light 
and for this reason most of the results in subsequent sections 
highlight these three colors.  Green falls somewhere in the middle 
in terms of relative screening effect and is also highlighted in future 
results.        

 
Figure 3. Top Image: Model demonstrating light 

screening effect for 781 LED inks. Bottom Image: Rank 
of inks in order from most screening to least (left to 

right).   

3.2 Film %RAU Measurements 
The 781 inks were designed to cure with both microwave and LED 
lamps. Several cured film studies were conducted comparing the 
performance of the 781 to the 751 inks.  Tests were performed using 
both monochromatic (LED) and broadband spectra (microwave).         
Films were cured using dosages of 0.5 and 1.0 J/cm2 and %RAU 
calculations for the bottom of the films were determined.  Bottom 
measurements are often preferred over top ones because they more 
accurately capture the through cure potential of pigmented material 
and are also less effected by oxygen inhibition that can plague 
surface cure.  The 781 inks were formulated to be highly responsive 
to monochromatic light in the region of 395 nm and this was 
affirmed by the degree of cure shown in the film studies (Figure 4).  
On the other hand, even though the 751 inks also absorb light at 
395 nm, there targeted absorption regions are spread over the 
broader UV spectrum and are as a result less responsive to LED 
irradiance.   
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3.2.1 %RAU Measurements for 781 and 751 Series 
under Microwave Cure When examining how red, yellow, 
brown and green for the 781 and 751 series compare to one 
another using microwave lamps, Figure 4 shows that the 781 
series of inks possess higher %RAU values for all colors at 
dosages of both 0.5 and 1.0 J/cm2.  This serves as corroborating 
support for the backwards compatibility of the 781 inks and 
suggests a level of parity with the 751 inks when microwave 
lamps are used.  Values for the 781 inks fell within the range of 
77 to 82 %RAU at a dosage of 0.5 J/cm2 and 77 to 85 %RAU for 
1.0 J/cm2.  Values for the 751 inks were within the range of 54 to 
77 %RAU for 0.5 J/cm2 and 61 to 80 %RAU for 1.0 J/cm2.  When 
considering both series of inks for microwave cure, on average the 
12 colors for the 781 had a higher %RAU of 14%, compared to 
the 751 (measured dose of 1.0 J/cm2). 

3.2.2 %RAU Measurements for 781 and 751 Series 
under LED Cure Figure 4 also contains a comparison between 
both series of inks cured using LED conditions and illustrates that 
the 781 inks are considerably faster when dosed with 
monochromatic light.  The 781 inks had values in the range of 79 
to 82 %RAU when cured with a dose of 0.5 J/cm2 and 80 to 83 
%RAU when cured with 1.0 J/cm2.  Values for the 751 inks were 
considerably lower, with the highest RAU value only reaching 
64% for the four colors being compared. However, this is not 
surprising given that they were not designed for LED cure.  Under 
LED conditions the entire series of 781 inks had on average, 
%RAU values that were 34% higher than the 751 series.  
Figure 5 shows the %RAU values for all LED colors cured with 
monochromatic light at a dose of 1.0 J/cm2.  All colors achieved 
RAU values of 80% or higher.    
 

 
Figure 4. 781 series and 751 series cured under 

microwave (Top Image) and LED (Bottom Image) 
conditions. 

 

 
Figure 5. LED lamp cure for all 12 colors and clear 

(Dose = 1.0J/cm2). 

3.3 Inking Machine %RAU Measurements 
The ability to test in-situ %RAU is an important part of the 
development process.  Using film, it can be difficult to approximate 
conditions only found in production environments such as those 
related to fiber geometry, lamp intensity, cure speed, oxygen 
exposure, etc.  After achieving acceptable %RAU values on film, the 
inks for both the 781 series and 751 series were tested on our 
industrial inking machine using LED light exposure.  Results for 
brown, red and yellow can be found in Figure 6.  Percent RAU values 
for the 781 series were between 80 and 85 percent, while those for 
751 between 65 and 69.  On average the cure for the 781 series was 
24% higher than the 751 series.  These results were obtained with a 
line speed of 1500 m/min; however, the 781 series of inks have been 
run in customer  trials at speeds of up to 3000 m/min with comparable 
results. 

 
Figure 6. 781 and 751 Series Cured on Inking Line 

3.4 Ribbon Breakout Performance 
Matrix material was applied to inked fiber and tested for ribbon 
breakout as an essential part of the 781 series development.  It is 
important for inks to have the necessary surface properties following 
cure to facilitate ease of separation between the ink-matrix interface.  
An adhesion that is too great has the potential to pull ink or coating 
layers away from the fiber and cause damage.   
After applying the ink, a four-fiber ribbon was created – a separate 
ribbon for each color.  Colors were initially segregated during ribbon 
breakout testing to account for any performance variance that could 
be associated with an individual color (see Figure 7).  This allowed 
us to better target any color specific formulation adjustments that 
might have been needed.  The matrix was manually removed from 
the fiber by using the fingertip to pull down on a cross-section where 
the fiber had been cut.  After separation, each color was given a 
pass/fail rating depending on whether ink was still visible on the 
matrix where it had been removed.  
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Figure 7. Ribbon breakout shown for red LED cured 

sample 

4. Conclusions 
We demonstrated that using near monochromatic light delivered via 
LED lamps can be an effective method for curing inks.  Using the 
Beer-Lambert Law, we developed a model identifying the screening 
effect for 12 ink colors and from there the most challenging colors to 
achieve through cure (red, yellow, brown) were identified.  The 
recently developed Cablelite® 781 inks, intended for LED cure, were 
compared to the microwave curable Cablelite® 751 inks using 
monochromatic and broadband light.  Under both lamp conditions, 
the 781 inks provided considerably higher %RAU values.  Values 
obtained using LED conditions were consistent with the screening 
effect model – with red, yellow and brown being the most difficult to 
cure.  The 781 and 751 inks were also tested alongside each other 
after being applied to fiber on our inking machine.  Like with the film 
studies, the 781 inks outperformed the 751 inks when exposed to 
LED cure.  As a final test, each ink color was made into a four-fiber 
ribbon and tested for ribbon breakout.    
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Abstract 
This paper describes the methodology and results of the 
International Electronics Manufacturing Initiative (iNEMI) 
project on expanded beam connectors. This project is 
focused on the development of best practices and guidelines 
for the use of expanded beam connectors in data center (DC) 
applications. The impact of dust and oil contamination on 
insertion loss and return loss of expanded beam connectors, 
air-gap connectors, and physical contact connectors is 
investigated. The apparatus for application of airborne dust 
particles and wet contamination and the experimental 
procedure are outlined, along with highlights of the results. 
The cost and time savings due to the installation and 
implementation of expanded beam connectors are discussed. 

Keywords: Optical connectivity; expanded beam 
connector; air-gap connector; physical contact connector; 
fiber optics; visual inspection; contamination; connector 
cleaning; cost modeling; data center. 

1. Introduction 
Expanded beam (EB) connectors are widely expected to be 
less sensitive to contamination than physical contact (PC) 
connectors and offer potential cost savings due to reduced 
cleaning requirements. 

To date, no standard defines the cleaning method for 
expanded beam connectors, and guidelines for the process of 
cleaning expanded beam connectors have not yet been 
developed. Since 2015 iNEMI has been studying the impact 
of contamination on expanded beam connectors [1, 2]. This 
paper summarizes the results of the project, “Development 
of best practices and guidelines for the use of expanded beam 
connectors in data center applications.” The project is 
organized to: 

1. Investigate the impact of contamination on the optical 
performance of expanded beam connectors: insertion 
loss (IL) and return loss (RL). 

2. Develop recommendations on cleaning methods for 

single-mode (SM) and multimode (MM) expanded 
beam connectors with different technologies based on 
experimental data. 

3. Clarify the prospects for cost and time savings due to 
the installation and implementation of expanded beam 
connectors in data centers. 

Five styles of connectors were chosen for evaluation 
including SM and MM expanded beam (SM EB, MM EB), 
SM angled physical contact and MM physical contact (SM 
APC, MM PC), and a SM air-gap connector (SM Airgap). 
The MM EB connector (Figure 1 (a)) uses the MXC 
connector platform; the remaining styles use the MPO 
platform. New techniques were developed for investigating 
contamination by dust and oil. 

 
Figure 1. Connector styles: (a) MM EB; 
(b) SM Airgap; (c) SM APC; (d) SM EB. 

2. Apparatus for Applying Dust 
The dust contamination experiment is designed to provide 
useful data from a relatively small number of samples, by 
means of heavy contamination that matches or exceeds the 
typical exposure to airborne dust of connectors that are left 
unmated without dust caps for an extended time. The 
contaminant is ANSI/ASHRAE 52.2P Test Dust, commonly 

(a) (b) 

(c) (d) 
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referred to as “ASHRAE Test Dust #2.” It contains minerals 
such as silica, alumina, and others, as well as fibrous 
materials such as cotton and cellulose. 

A few requirements guided the design of the apparatus to 
apply dust to the connectors: the apparatus should be simple 
and inexpensive to build; the connectors should be exposed 
to airborne dust but not be in the direct flow of the air stream; 
the resulting contamination of the connectors should not be 
strongly dependent on connector position in the apparatus; 
finally, the apparatus must include an exhaust port to safely 
remove the dust-carrying air and prevent contamination of 
the work area. 

To meet the design goals an apparatus was designed, 
comprising an enclosure in which a metered amount of dust 
is inserted and then made airborne by a burst of compressed 
air or other gas. The enclosure is an off-the-shelf plastic 
container with a 3 liter internal volume and a latching and 
sealable lid (Figure 2). Four ports for devices under test 
(DUTs) are realized in the side walls of the container, two 
ports on each of the two longer sides. Each DUT port is a 
2.5 cm diameter hole sealed by a rubber grommet; a small 
cut-out in the grommet allows insertion of a DUT while 
maintaining an air seal: in this way the end-face and a small 
portion of the body of the DUT are exposed inside the 
container (Figure 3).  

 
Figure 2. Dust contamination apparatus: 

(a) enclosure; (b) air inlet port; (c) air exhaust 
port; (d) DUT port with grommet; (e) DUT; and  

(f) dust. 

 
Figure 3. DUT (MPO connector) inserted into the 
dust contamination apparatus. Note how part of 

the body of the DUT protrudes inside the 
container 

The exhaust port is realized by a hole in the center of the top 
surface (lid) of the container in which a PVC elbow pipe is 
installed to serve as the exhaust conduit. A 2 mm hole drilled 
in the elbow pipe allows the insertion of a smaller pipe 
(1 mm inner diameter) which serves as the air inlet port 
through which compressed air is injected into the container. 

In this way the air inlet port and air exhaust port are coaxial 
and located in the center of the container, resulting in the 
symmetric arrangement of the DUT ports around the coaxial 
inlet and exhaust ports (Figure 4). 

 
Figure 4. Schematic of the apparatus to apply 

airborne dust. 

To allow injection of a burst of air into the container, the air 
inlet port is connected to a supply of compressed air with an 
on/off valve. Two sources of air or gas are evaluated in this 
work: a simple “air duster can” such as is commonly used to 
clean electronic devices, and a regulated dispensing system 
connected to a source of compressed air. The dispensing 
system contains a pressure regulator and a microprocessor-
controlled valve, thus allowing a more accurate control of 
both the duration and the pressure of the air burst. 

To verify that the two air supplies are approximately 
equivalent, measurements are made of the force that the 
compressed air, channeled through a tube with 1 mm inner 
diameter, exerts on a target 5 to 10 cm from the tube end. A 
full “air duster can” exerts a 0.26 N force, while the 
dispensing system with an output pressure of 345 kPa 
(50 PSI) exerts a 0.29 N force. Both air supplies are 
considered acceptable. 

In the experiment, the container is loaded with 500±50 mg 
of dust. A 1 s burst of compressed air is sufficient to make 
most of the dust airborne. After several bursts, the amount of 
dust available to become airborne inside the container 
decreases, because part of the dust adheres to the inner 
surfaces of the container and part is expelled with the air 
through the exhaust port. In order to maintain an 
approximately constant amount of airborne dust in 
subsequent uses of the apparatus, the following sequence of 
steps is followed: 

1. With no DUTs inserted in the enclosure, loose dust is 
purged using an air burst of 10 s duration or ten 1 s 
bursts in rapid succession. 

2. A new load of 500 ± 50 mg of the test dust is placed in 
the container. 

3. A 1 s air burst is injected to distribute the dust within 
the container 

4. At this point, the apparatus is ready for use. A DUT is 
inserted into one of the DUT ports, and a 1 s air burst is 
injected to contaminate the DUT. 
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Step #4 above may be repeated up to five times, after which 
the apparatus must be reset by following steps 1 – 3. 

The body of the connector is contaminated with dust, as 
shown in Figure 5. The endface of a DUT is shown in 
Figure 6, where debris ranging from small particles to larger 
flakes and cotton threads is visible. The debris extends 
across the full ferrule endface, as seen in Figure 7 (left). 
When this connector is mated to a clean reference debris may 
be transferred to the reference: cross-contamination of the 
reference is clearly visible in Figure 7 (right). Cross-
contamination is commonly observed for PC and air-gap 
connectors, but not EB connectors. 

 
Figure 5. MPO connector after contamination. 

 
Figure 6. Example MM PC connector after dust 

contamination, before mating with a clean 
reference. 

  
Figure 7. Left: same connector as in Figure 6 after 

dust contamination. Right: reference connector 
after mating to the contaminated DUT. 

3. Application of Wet Contamination 
For wet contamination, artificial sebum (ASTM D4265-14) 
is used to simulate connector endface contamination with 
fingerprints. To transfer sebum to the ferrule of the 
connector a stamping fixture, shown in Figure 8, was 
designed. 

 
Figure 8. Stamping fixture for wet contamination 
application: (a) fixture base; (b) DUT guide; (c) 

rubber pad. 

This fixture consists of a base, rubber pad, and guide. The 
base holds the rubber pad in place so that the pad contacts 
the ferrule. The guide is designed specifically for each DUT 
to align the connector with respect to the pad before the fiber 
or lensed surface makes contact with the sebum. The 
3 x 0.8 mm rubber pad is sized such that the rubber pad 
contacts only the fiber region of the DUT. This allows the 
same fixture and guide to be used with both pinned and 
unpinned DUTs. The rubber pad can be compressed by as 
much as 1 mm in the z-direction when the DUT is fully 
engaged in the guide. 

 
Figure 9. (a) The artificial sebum is applied to a 

lint free cotton swab; (b) sebum is transferred to 
the rubber pad of the fixture. 

To add the artificial sebum to the rubber pad a lint-free 
cotton swab or applicator is dabbed into the artificial sebum 
and then dabbed onto the rubber pad (Figure 9). After the 
sebum is applied to the pad, the DUT is pressed into the 
stamping fixture to transfer the artificial sebum to the DUT: 
see Figure 10 (a). A typical image of a PC connector after 
the sebum application is shown in Figure 10 (b). 

(a) (b) 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum90



 

 

   
Figure 10. (a) Artificial sebum is transferred to the 

connector endface; (b) a typical connector 
endface image after sebum application. 

4. Experimental Methodology 
A flow chart of the procedure used to evaluate the effects of 
contamination and the effectiveness of cleaning is shown in 
Figure 11. The procedure terminates after the fifth optical 
measurement, after the connector has been cleaned three 
times. 

 
Figure 11. Flow chart of the test procedure for the 

Nth device under test (DUT N). 

The test procedure is further enumerated in discrete steps 0 
through 19 in Table 1. This procedure is split into 5 iterations 
comprising a referencing measurement followed by 
contamination (iteration 0) then several iterations of the 
cleaning and measuring cycle (iterations 1 – 4). Images and 
measurements are referred to by their step number or 
iteration number. 

To isolate the effect of contamination from the intrinsic 
connector performance, only the change in insertion loss 
from the initial reference measurement IL is reported; the 
absolute return loss is reported because small changes in RL 
are less impactful when the RL is very high. 

Inspections performed before and after each optical 
measurement give qualitative information on the level of 
contamination of both the contaminated DUT and reference 
connector (REF). The resulting images also illustrate how 
contamination can move on a connector, how contamination 
can move from the DUT to the REF, and the effectiveness of 
cleaning. 

Table 1. Enumeration of the test procedure, split 
into discrete steps. 

 
Each connector pair is cleaned with the push-actuated dry 
cleaning tool designed for that style of connector. This 
ensures that all connectors are cleaned with substantially the 
same method. Two “clicks” of the tool are used for each 
connector; four clicks for each REF/DUT pair. The 
connectors are cleaned after removing from the adapter (if 
present) to take pre- and post-cleaning images. The adapter 
is not cleaned. A dry cleaning tool designed for the SM EB 
connector was not available at the time of this experiment, 
therefore this one connector style was cleaned using 
compressed air after dust contamination. 

The following figures show representative images of a few 
connectors after contamination and after cleaning. Figure 12 
is of a MM EB, where (a) and (b) are after dust 
contamination and after the first cleaning respectively, and 
(c) and (d) are after sebum contamination and the first 
cleaning respectively. Figure 13 is of a MM PC connector, 
where (a) and (b) are after dust contamination and after the 
first cleaning, and (c) and (d) are after sebum contamination 
and the first cleaning.

Image
Measure 

IL/RL
Image

Contaminate

DUT
N

Image
Measure 

IL/RL
Image

Cleaned 3x?
YesNo

Clean
DUT
N+1

Step Iteration Operation Name

0 0
Obtain clean REF and DUT and 

Adapter; Reference IL/RL system
Reference

1 0 Image (REF and DUT) Image

2 0 Measure & Save IL and RL Measure

3 0 Image (REF and DUT) Image

4 0 Contaminate DUT Contaminate

5 1 Image (REF and DUT) Image

6 1 Measure & Save IL and RL Measure

7 1 Image (REF and DUT) Image

8 1 Clean (REF and DUT) Cleaning #1

9 2 Image (REF and DUT) Image

10 2 Measure & Save IL and RL Measure

11 2 Image (REF and DUT) Image

12 2 Clean (REF and DUT) Cleaning #2

13 3 Image (REF and DUT) Image

14 3 Measure & Save IL and RL Measure

15 3 Image (REF and DUT) Image

16 3 Clean (REF and DUT) Cleaning #3

17 4 Image (REF and DUT) Image

18 4 Measure & Save IL and RL Measure

19 4 Image (REF and DUT) Image

(a) (b) 
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Figure 12. Images of MM EB plugs with dust (a, b) 

or sebum (c, d) contamination. 

 
Figure 13. Images of MM PC connectors with dust 

(a, b) or sebum (c, d) contamination. 

The push-actuated dry cleaning tool removes contaminants 
in the region near the fibers or lenses, but not the outer 
regions of the ferrule endface. In all cases, the surfaces of the 
fibers or lenses are substantially free of contaminants after 
cleaning. However, residual dirt and debris on the ferrule 
surface or on the pins and pin-bores can lead to a loss of 
physical contact or connector misalignment resulting in 
changes in insertion loss and return loss. 

5. Results and Data Analysis 
The data shown in this paper were collected at three 
measurement sites, representing five of the participants in 
this study. The participants are identified by the randomly 
assigned characters: H, K, P, R, T. The data is categorized 
by the five connector styles: MM PC, SM APC, MM EB, 
SM EB, and SM Airgap. 

For each style of connector, different groups of samples are 
exposed to dust and sebum contamination. Control samples 
follow the same process steps, including cleaning, but are 
not exposed to a contaminant. Insertion loss and return loss 
are measured at short and long wavelengths: 850 nm and 
1300 nm for multimode samples; 1310 nm and 1550 nm for 
single-mode samples. Each of the samples has twelve fibers 
that are measured five times. The measurement iterations are 
numbered as follows: 

0. Initial measurement 
1. Contaminated sample, not cleaned 
2. After first cleaning 
3. After second cleaning 
4. After third cleaning 

A total of 195 mated connectors (DUTs) were tested: 10 or 
15 connectors per contaminant group and 3 or 5 samples per 
control group as shown in Table 2. A total of 11,700 
measurements were made: 195 DUT*5 iterations*12 fibers. 
Each measurement consists of a ΔIL and RL measurement 
at two wavelengths. 

Table 2. Number of devices tested per grouping of 
style, contaminant, and participant that provided 
samples. Note that samples from participants H 

and T were tested by P and K, respectively. 

 
After the data was collected and compiled, several problems 
were identified that required that some data be excluded 
from the reported results. In measurements of the MM PC 
return loss, many samples were observed with an initial 
(uncontaminated) RL < 25 dB. Such a signature was 
regarded as indicating an unacceptable sample or a 
measurement system issue: one participant identified one 
source of low measured return loss as a discontinuity in the 
test system that was accidentally identified as the DUT. 
Therefore, for MM PC, RL and ΔIL data for all iterations are 
excluded if the initial return loss is less than 25 dB at either 
850 nm or 1300 nm. This accounts for 10% of all MM PC 
measurements. For the MM EB connector, the measured 
return loss values average 54 dB with all samples having a 
return loss greater than 33 dB. The manufacturer’s 
specification for this product is RL > 23 dB; a return loss 
above 40 dB is not expected. The MM EB RL data is 
therefore excluded from analysis. Data was collected for SM 
EB connectors exposed to sebum, however the dry cleaning 
tool was not able to reach the contaminated surfaces, 
therefore all SM EB data for sebum exposure, after cleaning, 
is excluded. 

Participant

Style Contaminant H K P R T Total

Control 5 3 8

MM PC Dust 10 10 20

Sebum 10 10 20

Control 5 3 3 11

SM APC Dust 10 15 10 35

Sebum 10 10 10 30

Control 5 5

MM EB Dust 10 10

Sebum 10 10

Control 3 3

SM EB Dust 10 10

Sebum 10 10

Control 3 3

SM Airgap Dust 10 10
Sebum 10 10

Total 23 50 51 46 25 195
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This is a large data set, but with as few as 10 samples per 
contaminated group and with varying numbers of samples 
per group, a statistical analysis has not been attempted. 
Rather, the results are summarized graphically using 
quantiles and cumulative distribution functions (CDFs). 

In Figure 14 ΔIL quantiles are shown for the control, dust, 
and sebum groups for iterations 0 – 4 for each of the five 
styles of connector. For each control group, the ΔIL of all 
quantiles is close to 0 dB, as expected. An inspection of the 
ΔIL graphs for dust and sebum exposure shows an increase 
in loss at the contamination step (iteration = 1); after the 
connector is cleaned the first time (iteration = 2) the losses 
of most fibers return to levels similar to pre-contamination; 
additional cleanings (iterations 3, 4) result in little 
improvement. 

Figure 15 summarizes the RL data that corresponds to the 
ΔIL data shown in Figure 14. The return losses of the PC and 
air-gap connectors decrease when these connectors are 
contaminated by dust or sebum. The return loss of the SM 
EB connector is relatively unaffected by contamination. 
Some of the decrease in return loss for the MM PC 
connectors is due to reflection from an etalon formed by the 
fiber/air interfaces when physical contact is lost. This 
explanation does not apply to SM APC connectors, because 
light reflected from the angled etalon is not coupled back 
into the SM fiber. It is likely that the decrease in return loss 
for the MM PC, SM APC and SM air-gap connectors is due 
to scattering by the contaminant. 

 

 
 
 

(The text continues after the full page figures on the next two pages.) 
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Figure 14. Measured values of ΔIL for five connector styles by quantile. The control, dust, and sebum DUTs 
are different groups of connectors. Iteration 0 is the initial, uncontaminated connector; 1 is the connector 

after contamination; iterations 2, 3, and 4 are measured after 1, 2, and 3 cleanings. The same vertical scale is 
used for all plots, to allow ready comparison, and to cover a practical ΔIL range with sufficient resolution to 

reveal noteworthy variations in behavior. 
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Figure 15. Measured values of RL for four of the connector styles by quantile corresponding to the ΔIL data 

shown in Figure 14. 
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Figure 16 uses CDFs to compare the effects of dust and 
sebum contamination on the five different connector styles 
at iteration = 1. The physical contact connectors (MM PC, 
SM APC) are more affected by dust than the corresponding 
expanded beam connectors (MM EB, SM EB). Sebum, on 
the other hand, affects the expanded beam connectors more 
than the physical contact connectors. The SM air-gap 
connector is a non-contact connector, but does not expand 
the beam. It therefore has features in common with both SM 
APC and SM EB connectors. 

As noted in Table 2, three of the participants independently 
evaluated SM APC connectors; two of these participants 
evaluated MM PC connectors. Figure 17 uses CDFs to 
compare results from these participants. For dust exposure 
the three SM APC curves are similar, and somewhat 
different than the MM PC connectors. For sebum exposure 
the data from all participants show that sebum exposure has 
little effect on physical contact connectors. 

 

 
Figure 16. Comparison of the effects of (a) dust 

and (b) sebum on five connector styles using the 
cumulative distribution function of ΔIL at the 

short wavelength, for iteration 1 (exposed, not 
cleaned). 

 

 
Figure 17. Comparison of the results collected for 

SM APC and MM PC connector styles by 
participants K, P, R for (a) dust and (b) sebum 

contamination, using the cumulative distribution 
function of ΔIL at the short wavelength, for 

iteration 1 (exposed, not cleaned). 

The methods used to apply the dust and sebum result in a 
relatively uniform distribution of contaminant across the 12 
fibers of the multi-fiber connectors, as seen in images of the 
connectors (Figure 13). The graphs in Figure 18 show the 
effect of the worst-case contaminant on ΔIL for each of the 
connector styles as a function of fiber number. The SM EB 
connector (sebum exposure) appears to show less effect at 
the outer fibers, but this trend does not extend to the 90th 
percentile, which is off the chart for most channels. The 
variation between channels seems reasonably uniform, 
considering the large variability in the amount of 
contamination from one DUT to the next and the relatively 
small number of connectors per group. 
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Figure 18. Uniformity of the contaminants across 
12 fibers. Contaminant: dust for MM PC, SM APC, 
SM Airgap; sebum for MM EB, SM EB. All data is 

for Iteration 1 at the short wavelength. 

Every connector is measured at two wavelengths at every 
step. Figure 19 illustrates the wavelength dependence of the 
ΔIL data, comparing 𝑦, the change in insertion loss at the 
long wavelength to 𝑥, the change in insertion loss at the short 
wavelength for both SM and MM connectors. These graphs 
include all physical contact, expanded beam, and air-gap 
connectors. In each graph, the solid black line is 𝑦 = 𝑥; a 
linear fit to the data is shown as a dotted line. The dashed 
green line for the SM data is 𝑦 = 0.78 𝑥, the wavelength 
dependence expected for loss caused by a lateral offset 
between SM fiber cores. The changes in insertion loss at 
850 nm and 1300 nm for MM connectors are nearly equal. 
This is also true for SM connectors, although there is more 
scatter in this data. 

 

 
Figure 19. Wavelength dependence of ΔIL for MM 

and SM samples. All samples, iterations, and 
contaminants are shown. 

Figure 20 illustrates the wavelength dependence at lower 
losses using separate graphs for each of the connector styles. 
One striking feature is that the MM PC and SM APC graphs 
contain a “box” of data between 0 and 0.6 dB at both the 
short and long wavelengths. This 0.6 dB box is the loss 
expected for interference between 0.15 dB reflections at the 
fiber/air interfaces of physical contact connectors that are 
clean, but not in physical contact: an etalon. The insertion 
loss of an etalon is a periodic function of the gap distance, 
with different periods for the two wavelengths. A large range 
of gaps gives the apparently random correlation between the 
long and short wavelengths seen in Figure 20. Note that there 
is no similar feature in the wavelength dependence of the 
non-contact connectors: MM EB, SM EB, and SM Airgap. 
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Figure 20. Wavelength dependence of ΔIL for the 

five connector styles. All samples and all 
iterations are shown. 

For a MM PC connector both the reflected and transmitted 
signals are efficiently coupled into the launch and receive 
fibers, respectively, therefore RL and ΔIL are correlated 
when the loss is due to an etalon. This correlation is shown 
in Figure 21. 

 
Figure 21. Comparison of the return loss and 

change in insertion loss for a MM PC connector 
after cleaning for participant K, for dust and 

sebum contamination at 850 nm. 

One of the goals of this study is to evaluate the effectiveness 
of cleaning. For this reason, the connectors are cleaned 
multiple times, with images and data collected before and 
after each cleaning step. For the vast majority of the samples, 
the first cleaning step removes most contamination; 
additional cleaning steps do not result in a significant 
improvement. Figure 22 shows a scatter plot of ΔIL values 
before and after cleaning SM APC connectors. The data is 
truncated at 2 dB to highlight the lower-loss data. The data 
is spread out in the horizontal direction due to the high loss 
and high variability when SM APC connectors are 
contaminated with dust. On the vertical axis, most of the 
losses after a single cleaning are between 0 and 0.6 dB. 
Additional cleaning steps generally do not restore physical 
contact. Therefore, when the data after one and three 
cleanings are compared, the results (Figure 23) are generally 
confined to the 0.6 dB box described above. Cleaning and 
re-mating the connector causes small changes to the gap 
distance which gives the appearance of randomizing the 
losses within the range of 0 to 0.6 dB. Similar features are 
observed for MM PC connectors. 

 
Figure 22. The effect of the first cleaning on SM 

APC insertion loss after dust contamination. 
Scatter plot of ΔIL at iteration 2 (first cleaning) vs. 

iteration 1 (contaminated). 
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Figure 23. The effect of repeated cleanings on SM 

APC insertion loss after dust contamination. 
Scatter plot of ΔIL at iteration 4 (third cleaning) vs. 

iteration 2 (first cleaning), 1310 nm. 

6. Impact of Connector Type on Total 
Cost-of-Ownership for Data Center 
Operators 
Non-physical-contact connectors are widely perceived to be 
less sensitive to – and less likely to be damaged 
by – contamination than physical-contact versions; indeed, 
this is one of the primary motivations for considering their 
use. At present, non-PC connectors are higher loss than PC 
connectors. Their introduction may require data center 
designers to increase the optical output power of 
transceivers, which may in turn affect the power 
consumption and cooling requirements for the system. 

Using non-PC connectors could affect costs in a number of 
ways: 

1. Different cable assembly cost 
2. Increased system capital cost due to the need to 

accommodate higher losses 
3. Increased system operating cost due to the need for 

higher powers and associated cooling 
4. Different cost for cleaning process (consumables, 

equipment, labor) 
5. Decreased need for cleaning during installation 
6. Decreased need for inspection during installation 
7. Decreased trunk failure rate due to failed (un-cleanable) 

connectors 
8. Reduced need for spare (dark) fiber in trunk cables due 

to fewer failed connectors 
9. Decreased need for cleaning during lifetime 
10. Decreased need for inspection during lifetime 
11. Decreased system down-time due to in-service failure 

from contamination 

The first three items are not directly related to contamination 
resistance but need to be considered when replacing PC with 
non-PC connectors. The remainder are consequences of the 
performance of the connectors and cleaners when challenged 
with contamination. 

There are no reasons to anticipate significantly different 
costs for cleaning the different connector styles. A push-
actuated dry cleaning tool is or will be available for all 
connector styles evaluated in this experiment, and the same 
number of cleaning cycles will typically be used for each. 
The SM EB connectors use an air-blow technique in this 
experiment, but similar dry cleaning tools should become 

available for these as well. It seems reasonable to assume 
that in a DC the time to locate and disconnect the connector 
and present it for cleaning is independent of the connector 
type. 

The cost impact of the remaining items (5-11) depends on 
the behavior of the different connector styles when 
contaminated and on the effectiveness of cleaning. 

In terms of IL degradation, non-PC connectors are more 
resistant than their PC counterparts to the very heavy dust 
contamination used in these experiments. The non-PC 
connectors have lower IL increases after contamination; for 
the EB connectors, one cleaning is generally sufficient to 
reduce ΔIL to a noise level. In contrast, even after three 
cleanings, a few fibers of the PC and air-gap connectors still 
show significant multiple dB loss increases. Moreover, the 
PC connectors manifest connector-level failures, with a 
cleaning-resistant etalon behavior. This might be an 
indication of mechanical interference with the connection 
caused by debris outside of the fibers; no signs were seen of 
mechanical issues impacting the performance of non-PC 
connectors. 

When contaminated with sebum, before cleaning, PC and 
non-PC connectors have large increases in IL and large 
decreases in RL, although the degradations are generally 
milder for the PC connectors. Cleaning mostly restores the 
PC connector performance to close to pre-contamination 
levels, but still leaves a few percent of fiber connections with 
IL increases in the etalon-like 0 – 0.6 dB range and (for the 
flat MM PC samples) low RL. 

The sebum-contaminated SM EB connector losses extend to 
50 dB, while the MM EB reaches about 15 dB and the SM 
Airgap about 10 dB. Where suitable push-actuated dry 
cleaning tools were available, non-PC connectors could be 
cleaned of sebum. The MM EB connectors show generally 
good recovery of IL to close to initial performance upon 
cleaning. The SM air-gap connectors clean up well, with ΔIL 
not exceeding 0.14 dB and high RL. 

For the control samples, in which iteration 1 is essentially a 
repeat measurement of iteration 0, and iterations 2 – 4 test 
the effect of cleaning alone on the connectors, some PC 
connections have ΔIL > 0.2 dB and/or low RL, with one 
connection displaying etalon-like behavior. One of the SM 
air-gap fibers has a multi-dB IL increase when cleaned, but 
no such signal is seen for the EB connections. Thus, even in 
the very low contamination environment and with the short 
exposure times of the control test cycles, non-PC connectors 
seem to undergo fewer IL excursions. 

There are noticeable differences in the behaviors of the 
connectors in the present experiments when contaminated. 
However, since the contamination applied to the connectors 
in these experiments is very heavy and probably far from 
typical for connectors in a DC, it is not possible to draw 
quantitative conclusions of the cost impact, and the 
qualitative conclusions suggested below need confirmation 
in the DC environment. 

If the relative dust-resistance of non-PC connectors still 
holds in the DC environment, links with such connectors 
might have fewer failures when connected without cleaning. 
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They thus might facilitate an installation paradigm calling 
for no initial cleaning and no inspection. However, it is 
already the case that while connector manufacturers 
generally recommend cleaning all PC connectors before 
installation, this is often ignored. 

The sebum contamination used in these experiments is much 
heavier than would be expected in a DC; moreover, the EB 
connectors have recessed lens arrays that make it harder for 
such contamination to occur in the first place. Thus while PC 
connectors have some advantage in operation with sebum 
contamination, this would probably not confer a strong 
benefit in real-world conditions. 

Again, if these differences hold in the DC environment, non-
PC connectors might allow system designers to apportion 
less margin to accommodate variability in connector losses, 
though this depends on the relative contributions of 
variations in the baseline IL and in excess loss arising from 
contamination. 

Cleaning costs might be slightly lower with EB connectors, 
because they tend to be clean after one iteration, whereas in 
some cases PC connectors require multiple cleanings, and 
occasionally do not clean up to an acceptable level of IL. 
This may be a manifestation of mechanical damage, or 
interference from debris in regions that are not reached by 
the cleaning tool, but it seems to be absent from the EB 
connections. 

If DC designers allocate spare links in their cables to allow 
for unusable connectors, a lower rate of “un-cleanable” non-
PC connections might allow fewer such spares, saving 
capital and reducing total cable volume in the trays. 

Investigations of the possible changes in connection loss of 
mated connectors over time in different environments were 
not made, but it seems likely that if there are differences 
between the PC and non-PC connections, the advantage will 
lie with PC: once a PC connection is established, it is held 
with very high pressure in a Hertzian contact zone which 
does not allow the ingress of contaminants. 

7. Conclusions 
The results of this study give a broad overview of the effects 
of contaminants on different connector styles. A total of 195 
DUTs are tested, grouped by participant, contaminant, and 
connector style. Each DUT is measured before and after 
contamination, and after each of three cleaning steps. The 
resulting data set is very large, with a large number of 
variables: it is a “screening” test that suggests certain 
hypotheses that warrant further investigation. 

Single-mode and multimode EB connectors are less 
sensitive to dust than SM and MM PC connectors, consistent 
with the larger size of the optical field at the optical interface. 
Likewise it is observed that multimode connectors (MM PC, 
MM EB) are less sensitive to dust than the corresponding 
single-mode versions (SM APC and SM EB). The SM air-
gap connector is a non-contact connector that is not lensed; 
in this experiment the SM air-gap connector is less sensitive 
to debris than SM APC, but more sensitive than SM EB. 

Wet contamination (sebum) has a large effect on non-contact 
connector styles, and much less effect on physical contact 

connectors. Sebum is observed to affect some PC 
connectors; this may be attributed to debris that is present in 
the sebum. 

Both wet and dry contaminants affect the return loss of MM 
PC, SM APC, and SM air-gap connectors. The RL of MM 
PC connectors is reduced when the connectors lose physical 
contact; scattering and/or a non-matching index of refraction 
may also lower the RL. The RL of the SM EB connector is 
much less affected by contamination. 

One cleaning iteration with a push-actuated dry cleaning tool 
(two clicks) gives results that are very similar to three 
cleaning iterations. The EB connectors clean up very well; 
some of the PC connectors show evidence of an air gap 
(etalon) that results in a change in loss as large as 0.6 dB. 

The data is used to investigate the impact of connector type 
on the total cost-of-ownership for data center operations. 
Based on our findings, EB and air-gap connectors may 
improve the installation and maintenance cost due to a 
decreased need for cleaning and inspection during 
installation and lifetime of the optical links. It is expected 
that non-PC connectors could reduce the need for spare 
(dark) fiber in trunk cables due to fewer failed connectors. 
Currently, non-PC connectors have a higher loss than PC 
connectors. Using non-PC connectors could therefore result 
in an increased system capital cost due to a need for higher 
power sources and additional cooling of the system. As the 
optical performance and cost of non-PC connectors are 
improved over time, their impact on the total cost-of-
ownership will become more beneficial for data center 
applications. 
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Abstract 
In this paper, we designed and tested a novel angled fiber optic 
adaptor that allows a fast switch between the inspection of PC and 
APC connectors without changing the inspection tip of the 
microscopes. 

Keywords: Fiber optics connector inspection, connector end face, 
PC, APC 
 

1. Introduction 
Fiber optic connectors are susceptible to dust, oil, and other 
contaminants on the mating face. In the case of single-mode fiber 
(SMF) connectors, contamination can reduce return loss (increase 
reflection), increase relative intensity noise, multipath interference, 
and insertion loss. Moreover, a single particle placed at the fiber 
core can completely block the optical signal from passing between 
two connectors. 
Due to its larger core size, multimode fiber (MMF) links are less 
affected by contaminated end faces. Therefore, it is less likely that 
optical contamination can completely block the optical light path. 
However, connector contamination can still significantly impact 
the channel performance due to increased attenuation, modal power 
distribution, and modal noise.   
As the demand for higher data rates continues to grow, the optical 
channels, SMF and MMF, are exposed to higher optical power 
penalties and therefore becoming more sensitive to contamination 
on the connector end faces. An essential issue with contaminated 
connectors is that they can permanently damage their connector end 
face and contaminate or damage the mated connector.  
It is crucial to verify that the connector end face is cleaned before 
mating connectors during the network installation. The degree of 
cleanliness can be determined using a fiber inspection tool 
consisting of an illuminator, a lens, an image sensor, a focus 
system, and a display to image the connector's end face. 

 
Fig. 1 the side view of a PC MPO connector (top) and the side view of 

an APC MPO connector (bottom). 

PC and APC connectors are two types of connectors based on the 
angle of the connector’s end face, as shown in Fig.1[1]. PC stands 
for Physical Contact, and APC stands for Angled Physical Contact. 
The tip of the APC connector has a nominal angle of 8-degrees. 
This angle prevents back reflections which can seriously degrade 
the performance of the fiber optic channel. Hence APC connectors 
have better performance for transceivers sensitive to return loss. 
An MPO adaptor is used to connect two MPO connectors and 
provides the connection between two cables or equipment patch 
cords, Fig. 2. Since the physical and mechanical properties of APC 
connectors are different from PC connectors, an APC connector 
should not be connected to PC connectors.  

 
Fig. 2 the 3D view (left), side view (middle), and intersecting surface 

(right) of a standard MPO adaptor. 

Typically, an MPO adaptor is used to inspect the end face of an 
MPO connector as it can fix the MPO connector end face to the 
inspection tip of the microscope, as shown in Fig.3. 

 
Fig. 3 shows that a PC MPO connector is connected to a microscope 

PC MPO inspection tip by a standard MPO adaptor. 

Since the end face angles of the two types of MPO connectors are 
different, we cannot use PC MPO inspection tip and a standard 
MPO adaptor to inspect the APC MPO adaptor. 
In Fig 4 (top), we show that for light originating from the 
microscope illumination system and taking path 1, the light is 
reflected by the connector end face and directed back to the 
microscope.  This allows the imaging system to form a high 
contrast image on the camera sensor. On the other hand, Fig 4 
(bottom) shows that for an incident light signal taking path 2, the 
light is reflected by the end face at an angle of 8 degrees and is not 
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returned to the microscope, thereby reducing the signal-to-noise 
ratio. In this case, the reflected light becomes noise and the image 
has low contrast resulting in poor image quality.  

 
Fig. 4 shows how an APC MPO connector reflects incident 
illumination light differently from a PC MPO connector. 

 

 
Fig. 5 The images of a PC MPO connector (top) and APC MPO 

connector (bottom) inspected by a PC MPO inspection tip. 

In Fig 5 (top) we show the image of a PC connector end face 
inspected by an in-house prototype microscope using a PC MPO 
inspection tip and a standard MPO adaptor as shown in Fig 3. Fig 
5 (bottom) shows the image of an APC connector end face 
inspected by a microscope using a PC MPO inspection tip and a 

standard MPO adaptor. Comparing the two images, we observe no 
reflected light from the optical fibers producing an unacceptable 
image quality for the APC MPO end face contamination analysis.  
In Fig 6, we show a common solution, where the APC MPO 
connector is aligned to a microscope APC MPO inspection tip 
using a standard MPO adaptor. The APC MPO inspection tip has 
an angle to compensate for the angle of the APC MPO connector.  
This allows the APC MPO connector end face to be inspected in 
precisely the same position and same angle as the PC MPO 
connector.  Hence, the APC image quality will be as good as the 
PC image quality. 

 
Fig. 6 an APC MPO connector is connected to a microscope APC 

MPO inspection tip by a standard MPO adaptor. 
 

Fig 7 shows the image of an APC MPO connector end face 
inspected by a microscope using the APC MPO inspection tip and 
a standard MPO adaptor. The image quality of the APC MPO 
connector is now acceptable. 

 
Fig. 7 The image of an APC MPO connector inspected by an APC 

MPO inspection tip. 
 

Although the inspection of APC MPO connector is achieved by 
changing to a microscope APC MPO inspection tip, the cost of a 
new microscope adaptor that enables 12 fibers in the field of view 
is relatively high, ranging from several hundred to several thousand 
USD, due to the high precision required to machine a metal adaptor.  
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Changing the microscope adaptor requires operator intervention, 
and consequently increases cost. Moreover, it may reduce the 
precision of the adaptor's mechanical geometry in the long term. It 
would be beneficial if we can test both PC and APC connector 
using the same inspection tip. 
 

2. Design and test of a novel angled 
adaptor 
 

 
Fig 8 the 3D view (left), side view (middle), and intersecting surface 

(right) of a novel angled MPO adaptor 

 
Fig 8 shows the 3D view (left), side view (middle), and intersecting 
surface (right) of a novel angled MPO adaptor. This adaptor has a 
first face on a first end defining a first central axis, and a second 
face on a second end defining a second central axis. The first central 
axis is at an angle relative to the second central axis. This angle 
matches the angle of the APC MPO connector. Such angled 
adaptors can be made by 3D printing, injection molding, or 
machining metal or plastic material. 
Fig 9 shows an APC MPO connector connected to a PC MPO 
inspection tip by the angled MPO adaptor. Since this new MPO 
adaptor has an angle to compensate for the angle of the APC MPO 
connector, the APC MPO connector end face is inspected in 
precisely the same position and same angle as the PC MPO 
connector under PC MPO inspection tip. As a result, the APC 
image quality will be as good as the PC image quality. 

 
Fig 9 an APC MPO connector connected to a microscope PC MPO 

inspection tip by the angled MPO adaptor 

 
In Fig. 10, we show the captured image of an APC MPO connector 
end face inspected by a microscope using a PC MPO inspection tip 
and the prototype of an angled MPO adaptor. The image quality of 
the APC MPO connector is as good as Fig.7, the image of the same 

APC MPO connector inspected by an APC MPO inspection tip and 
a standard MPO adaptor. 

 
Fig 10 the image of an APC MPO connector endface inspected by an 

inhouse microscope prototype using a PC MPO inspection tip and the 
prototype of an angled MPO adaptor 

 
Fig. 11 shows the image of an APC MPO connector end face 
inspected by a commercial microscope using a PC MPO inspection 
tip and the prototype of an angled MPO adaptor. The image quality 
of the APC MPO connector is acceptable. Furthermore, we can see 
that the angled MPO adaptor can achieve APC MPO connector 
inspection using inspection microscopes made by any 
manufacturer.  
 

 
Fig 11 the image of an APC MPO connector endface inspected by a 

commercial microscope using a PC MPO inspection tip and the 
prototype of an angled MPO adaptor 

 
Although we only have shown a prototype of the angled MPO 
adaptor allowing inspection of an APC MPO connector using a PC 
MPO inspection tip, the same concept and design can be applied to 
other connector types such as LC, CS, SN connectors with 1.25 mm 
diameter ferrules, and SC, FC, ST connectors with 2.5 mm diameter 
ferrules. 
 
3. Discussion, Summary, and 
Conclusions 
We described the design of a novel angled fiber optic adaptor with 
an 8-degree angle between the two axes of the two halves of the 
adaptor. Microscope images of the APC MPO connector using the 
angled adapter and the microscope’s PC MPO inspection tip, 
provides the same image quality as a PC MPO connector using a 
standard MPO adaptor. Such an angled adaptor will simplify the 
inspection procedure by eliminating the need to change inspection 
tip.  Additional cost saving can be realized by eliminated the need 
to make or purchase a microscope APC MPO inspection tip.     
 

4. References 
[1] TIA-604-5, Fiber Optic Connector Intermateability Standard – Type 
MPO  
 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum105



  4  
 

5. Authors 
 

Paul Huang, Ph.D. 

Dr. Paul Yu Huang is a Principal Optical 
Engineer in the Fiber Research 
Department at Panduit Laboratories, 
Panduit Corp. Paul received his Ph.D. in 
Optical Physics, Shanghai Institute of 
Optics and Fine Mechanics, Chinese 
Academy of Science in 1998. Before 
joining Panduit, he worked at 
Lightwaves2020 Inc., Siwave Inc., and 
Dovi Inc. on fiber optic, image, and 

display optics. He holds 9 US patents and has published more than 
20 technical papers and articles. 

Jose M. Castro, Ph.D. 

Dr. Jose Castro is currently the Manager 
of the Fiber Research Group in Panduit. 
He received his PhD. in Electrical 
Engineering from the University of 
Arizona, Tucson, in 2006. Jose was the 
editor for Fibre Channel T11.2 Physical 
Interfaces standard for 64G transmission. 
He is currently working on the next fiber 
interface for 256G. Last year, he was the 

recipient of the Technical Excellence Award, from the 
International Committee for Information Technology Standards.  
Jose authored over 70 technical articles and international 
conference papers in areas of multimode fibers, optical 
communication, integrated optics, imaging systems and LAN 
copper cables. He has multiple contributions to TIA, IEEE and 
Fibre Channel standards in topics related with fiber and VCSELs. 
He is also a co-author of a book in Holographic Applications in 
Solar-Energy-Conversion Processes, and holds over 20 patents. 

Bulent Kose 
Bulent Kose is Principal Optical Engineer 
in the Fiber Research Department at 
Panduit Laboratories, Panduit Corp. 
Bulent has over twenty years of 
experience in fiber optics in areas of LAN 
cabling research and application testing, 
on-fiber device development, link 
simulation and modeling. Bulent is 
member of TIA TR-42-12 and IEC 

SC86A USTAG and has several technical contributions to TIA-
TR42 on optical fiber measurements and specification 
developments. Prior to joining Panduit, he worked at Nexans Inc., 
on advanced LAN application R&D projects, on both fiber and 
copper. Bulent received his M.S (Electrical Engineering, 1997) 
from Drexel University and BS (Electrical Engineering, 1993) from 
Middle East Technical University (Ankara/Turkey.) 

 

 

 

Rick Pimpinella, Ph.D. 

Dr. Rick Pimpinella received his B.S., 
M.S., and Ph.D. degrees in Physics from 
New York University, Tandon School of 
Engineering in 1976, 1978, and 1981 
respectively. From 1981 to 2001 he was 
employed with Bell Laboratories, where 
he pioneered the use of silicon 
processing technology for the fabrication 
of optical subassemblies for the passive 
alignment of optical fibers to 

photodetectors and lasers. In 1994, as a Distinguished Member of 
Technical Staff, he designed and developed a micro-miniature 
expanded beam optical backplane connector, which was deployed in 
the US Air Force F 22 Raptor and F35 Lightning II. In 1998, as 
Technical Manager, he led the design and development of intelligent 
remote fiber test systems for monitoring and testing the outside 
optical fiber cable plant. In 2002, he joined Panduit where he 
managed for Fiber Business Unit and later, created and managed the 
Fiber Research Department. Dr. Pimpinella is a Panduit Fellow, a 
member of the IEEE, and is actively pursuing his research interests 
in multimode and single-mode optical fiber. He has published over 
50 technical papers and articles, and holds more than 60 US Patents. 

Brett Lane, Ph.D. 

Dr. Brett Lane has over 25 years of 
experience in research, development, 
and management of network and 
electrical infrastructure solutions. He is 
the Chief Technology Officer of Panduit 
Corporation, headquartered in suburban 
Chicago, where he is responsible for 
driving sustainable business growth by 
delivering a continuous flow of 

innovative solutions through research, advanced development, and 
corporate entrepreneurship.  
Before becoming CTO in early 2018, Brett held a variety of 
technical and commercial leadership positions within Panduit's 
R&D and Business organizations. As a research leader, Brett has a 
passion for technical advantage. His team delivered new-to-
the¬world discoveries that enabled differentiated fiber optic 
products that continue to earn the business of high-value 
customers. As a commercial leader, Brett emphasizes a customer-
focused approach. His team delivered revenue and profit growth 
through successful new product introductions, efficient volume 
manufacturing processes, and effective product life cycle 
management. Prior to joining Panduit, Brett worked at Molex on 
advanced optical transceiver design and manufacturing processes.  
In addition to delivering product innovations throughout his 
career, Brett's contributions to the communications industry 
through standards development organizations and technical 
forums have enhanced Panduit's overall brand as an industry 
leader. Respected widely as an industry expert with a highly 
collaborative style, Brett has held multiple leadership positions 
within the domestic and international standards community. He 
has authored over 40 technical publications and holds 19 US 
patents.  
Brett received his MBA from the University of Chicago Booth 
School of Business, earned his PhD in Electrical Engineering from 
Northwestern University, and holds a BS in Mechanical 
Engineering from the University of Texas at Austin. 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum106



Development of 16F, low-loss, IEC-Grade B, MMC High-Density Optical 
Connector and Corresponding Cleaning tool 

 Kouta Yamanaka  (1) , Shuhei Kanno  (1) , Yuya Sakaguchi  (1) , Satoshi Shida  (1) , 
Yasuyuki Wada  (1) ,  Takaaki Ishikawa  (1) , Kansei Shindo  (1) , Mike Hughes(2), Sharon 

Lutz  (2) , Jeff Hendrick  (2)    
(1) Fujikura Ltd., Japan kouta.yamanaka@jp.fujikura.com ,  

(2) US Conec Ltd., USA mikehughes@usconec.com 

Abstract 
In this study, a versatile optical multi-fiber connector, comprising a 
miniature ferrule (TMT) with a single row of 16 fibers and a Very 
Small Form Factor (VSFF) connector embodiment (MMC) was 
tested and qualified.  The MMC connector presents a reduction in 
the optical connectivity footprint compared to conventional MPO 
connectors. The smaller connector footprint increases fiber 
densities with three times the port density of MPO..  Furthermore, a 
new cleaning tool with an optimized tip nozzle design providing 
efficient cleaning capability was developed and evaluated. 

Keywords: MT, TMT, MPO-16, MMC, multi-fiber, connector, 
MPO, VSFF, cleaners, high density 

1. Introduction 
Due to the rapid developments in optical interconnection and data 
transmission technologies, the demand for high-speed, high-density 
transmission-capable multi-fiber optical connectors has increased. 
Additionally, emerging technologies are requiring higher fiber 
densities in equipment and hardware panels due to the number of 
fibers in the network, thermal airflow considerations and the need 
to share switch faceplate space with external laser source fibers for 
co-packaged architectures.  The MPO format is inadequate for 
these emerging optical fiber networks which is driving innovation 
in multi-fiber connectivity. Moreover, new link designs with more 
connections per link are reducing the insertion loss requirements 
per mated connector pair to satisfy the increasing demand for 
single-mode fiber-based data transmission technologies [1]. 
Therefore, the MMC connector product line was developed to 
represent a new standard of compact, low-loss, multi-fiber optical 
connectors. 

2. Structure and Design 
2.1 MT Ferrule/MMC Connector 
The MMC optical connector housing utilizes a similar design as 
the VSFF MDC two fiber optical connector. The two ceramic 
single fiber optical ferrules are replaced by the new TMT ferrule. 
[2]. The TMT ferrule is 50% shorter than the MT ferrule of the 
current MPO connector and 40% thinner than the MT ferrule. 
Figure 1 shows the external connecting parts of the novel MMC 
connectors. As illustrated above, depending on the fiber count, the 
increase in fiber density with MMC connectors can be up to three 
times that of an MPO connector demonstrating the appeal of MMC 
connector. 

 

 
Figure 1. Architecture of the novel MMC connector and 

the external connecting regions. 

 

2.2 MMC Connector Cleaner 
For optimal optical communication system performance, optical 
fiber end faces must be clean to ensure maximum optical power 
throughput at the mated optical connectors.  Standards, such as IEC 
61300-3-35, specify size and quantity of contaminants allowed 
based on location of the contaminant from the fiber core [3].  There 
are many methods that can be used to clean optical fiber connectors 
to meet the standard.  The most popular field method is using dry, 
push-actuated cleaners.  Optical connectors can be cleaned directly 
with the cleaning tool and, most importantly, these dry, push-
actuated cleaners will also clean an optical connector after 
installation by cleaning through the optical adapter, saving valuable 
installation and/or troubleshooting time. 

While shrinking the optical connector format for increased fiber 
and connector density is a plus for end users, the smaller format 
creates challenges for accessories that interface the installed 
connectors.  The current push actuated cleaners were designed for 
the larger existing MT ferrules and MPO optical connectors.  The 
smaller format of the TMT ferrule and MMC connectors will not 
accommodate the larger nozzle and tip profiles of the current 
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cleaners.  A cleaner with a smaller tip had to be designed to 
physically fit into the adapter ports of the VSFF MMC adapters.  
Because the pitch between optical connectors in duplex or quad 
MMC adapters (3.9 mm) is much less than associated MPO 
connector adapters , the nozzle of the push activated dry cleaner 
also had to be lengthened and its outside diameter reduced to allow 
it to be inserted into an adapter and to fit between adjacent 
connectors during the push-actuated cleaning process.  (See Figure 
2.) 

 
Figure 2.  MMC Cleaner in Dense Field Cleaning 

Application 

Figure 3 illustrates the design of the cleaning tool, which is 
optimized to match the MMC end face area. Therefore, the nozzle 
is 45% thinner and 20% longer than MPOs to accommodate the 
narrow-pitch MMC design. This modified nozzle enables the 
alignment and actuation of the cleaning cloth and allows for easy 
access of individual plugs, even on densely populated MMC front 
panels. Also, the MMC cleaner tip is narrower than the MPO 
cleaner tip. 

 
Figure 3. Comparison of new MMC cleaner design to 

MPO cleaner design  

3. Characteristics 
3.1 Optical performance 
An important feature of an optical connector is its insertion loss 
performance (hereinafter referred to as "IL"). IL is a measurement 
indicating the ratio of light outgoing through the connector to light 
incoming, and is defined by formula (1) below [4]. Insertion loss 
performance is highly dependent on the fiber alignment, so 
insertion loss can be optimized by improved fiber hole positioning.  

IL = [10 × log (P1/P2)] − (A × L)  (1) 

Note: 

• P1 is reference. Optical loss value of the measurement system. 
• P2 is Optical loss values integrating the evaluation sample. 

• The product A×L in Eq. (1) is ignored because the fiber of 
the evaluation samples are all single-mode 125um fibers and 
the lengths are less than 10m. 

 

The magnitude of return loss (hereinafter referred to as RL) is also 
critical to the performance of the connector within the system. In 
the basic technology of multi-fiber optical connectors, polished 
end-faces provide physical contact between optical fibers, thereby 
minimizing losses due to Fresnel reflections in the path. 
Furthermore, the ferrule end face being polished at an 8 degree 
angle, minimizes the RL.  RL is defined by the following equation 
(2)  [5]. If the RL is maintained constant, it means that stable 
optical transmission is possible, which indicates that the end-face 
geometry is polished with extremely high precision and that the 
mating system, including the housing, is highly robust. 

 

RL= -10×log( Pr / Pi)  (2) 

Note: 

• Pi is entering power to DUT. 
• Pr is total power reflected by the DUT. 
 

Figure 4 demonstrates the IL and RL of the MMC connector with 
16  single-mode fibers. IL and RL were measured at a wavelength 
of 1310 nm with random connections without a matching gel. This 
test conforms to the IEC 61300-3-45 and IEC 61300-3-6 
requirements [5,6 ]. IL and RL were measured as <0.23 dB at 97% 
and >57.5dB, respectively. 
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Figure 4. IL and RL of the MMC connectors with 16 

single-mode fibers. 

 

3.2 Environmental Testing 
Environmental tests simulating an accelerated aging of the actual 
operating environment were conducted on the developed MMC.  
Table 1 shows the test conditions and Figure 5 shows the test 
results. The developed MMC connectors demonstrated robust 
stability adequate to pass criteria more stringent than the 
requirements of the Telcordia GR-1435 standard [6]. 
 

Table 1. Comparison of test conditions 

 

 
Figure 5. IL change results during environmental 

testing of developed MMCs 

 

3.3 Mechanical Testing 
Table 2 shows the criteria and test results for mechanical testing in 
accordance with the Telcordia GR-1435 standard. The developed 
MMCs passed all of the predefined criteria. 

Table 2. Summary of Mechanical testing Criteria and 
Results 

 

3.3.1  Cleaner Performance.  
In Table 2, the Durability test utilized the MMC cleaner previously 
described. . Figure 6 shows an increase in IL after 50 consecutive 
mating cycles using the cleaning tool. This test was conducted 
following the durability test guidelines in Telcordia GR-1435. The 
maximum increase in IL was 0.07 dB, which indicated the cleaning 
tool's effectiveness. Additionally, figure 7 shows representative 
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images before and after cleaning. As this figure shows, the 
contamination seen in the Before image is effectively removed in 
the After image. 

 
Figure 6. IL increase as a function of mating cycles. 

 

 
Figure 7. Representative images before and after 
cleaning. 
 
3.4 Intermateability 
Compatibility between different manufacturers to ensure assurance 
of supply is imperative for broad market adoption of any new 
technology. US Conec and Fujikura independently developed 
molding technology to produce the ferrule in different locations.    
As shown in Figure 8, ferrules produced at the two locations 
yielded low insertions losses establishing a design that is fully 
reproducible between multiple vendors. 

 
Figure 8. IL results of MMC connectors with USConec 

and Fujikura manufactured TMT ferrules. 

4. Conclusion  
With an increase of three times the panel density over MPO and 
improved insertion loss performance over IEC Grade B 
specification [7], the MMC connector meets the industry needs 
for density and performance. The MMC connector has 
demonstrated environmental and mechanical stability meeting 
industry expectations. Intermateability between two 
manufacturers has also been shown. Development of a suitable 
cleaning tool allows for easy installation and maintenance.  
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Abstract 
In this paper, we describe accelerated lifetime testing that was carried 
out on 12-channel compact dense wavelength division multiplexing 
(CDWDM) devices and apply reliability modeling to predict their 
estimated lifetime. The components were optically monitored at 
various temperature and relative humidity conditions. By carrying 
out interval censoring and applying an Arrhenius-Peck model, the 
activation energy and humidity factor were determined, which allows 
us to calculate the failure rate under different field service conditions.  

Keywords: fiber optics, connectivity, passive optical devices, 
wavelength division multiplexing, WDM, accelerated lifetime 
testing, reliability, statistical modeling, outside plant. 

1. Introduction 
Network traffic has continued to surge at an unprecedented rate in 
recent years. With increased virtual work environments, video 
streaming services, online gaming, and growth in social media, this 
trend is expected to continue for the foreseeable future. The evolution 
of 5G and IoT also represents a fundamental change in the mobile 
ecosystem, where a combination of increased bandwidth, low 
latency, and improved power efficiency promises to drive billions of 
more connections. As fiber is pushed further to the edge, operators 
are challenged with cost-effectively reconfiguring their infrastructure 
to keep up with network demand.  

Next-generation network topologies are now being deployed to 
deliver 10 Gbps, and accommodate future 25G and 50G speeds, 
which enables future waves of data growth. For instance, WDM PON 
creates a wavelength-based point-to-point architecture using a 
physical point-to-multipoint infrastructure [1]. This hardware-based 
traffic separation provides customers a secure and scalable 
wavelength link but enables the carrier to retain lower fiber counts, 
or in some cases utilize existing dark fiber, yielding lower operating 
costs.  

WDM technology has long been a cornerstone of the network 
architecture for major multiservice operators (MSOs), with several 
device options commercially available [2]. One of these alternatives 
is compact dense WDM (CDWDM), which offer uniform losses that 
does not scale as the number of ports increase, giving an advantage 
over cascaded three-port WDM assemblies. In addition, the footprint 
is extremely compact, enabling CDWDM to be integrated into novel 
miniaturized network elements.  Improvement of the assembly 
yields is expected to lower the cost per port.  Therefore, free space 
CDWDM technology potentially can become an attractive 
alternative for state-of-the-art cascades of 3-port TFF devices when 
it shows a good long-term reliability [2].    

Network downtime can have significant consequences considering 
the “always-on” expectation of today’s society and its reliance on 
technology. In most passive optical networks, silica-based planar 

lightwave circuits (PLC) have been widely employed as splitters in 
the outside plant. Their reliability and response to accelerated lifetime 
testing has been well-documented in literature [3]-[10]. 

In contrast to PLC splitters, the long-term reliability of CDWDM 
devices has not been fully assessed. To evaluate outside plant 
robustness, temperature and humidity acceleration factors have not 
been defined.  Recently, a lifetime study of a 96-channel a-thermal 
AWG module, involving a novel temperature compensation 
packaging has been carried out, guaranteeing a 10-year service 
lifespan in outside plant conditions [11].   

In this paper, we apply accelerated lifetime testing to 12-channel free-
space CDWDM components and use it as a basis for predicting the 
estimated lifetime. The result of the study demonstrates that it is 
possible to reliably package these devices to assure long-term 
performance in outside plant environmental conditions.    

2. Free-space CDWDM Module 
Free-space CDWDM technology uses free-space propagation of light 
that is repeatedly filtered by a series of TFFs (Thin Film Filter). These 
CDWDM modules are usually packaged in a metallic cartridge of 
reduced dimensions (typically 3-5 cm x 5-7 cm), in a butt-style 
configuration, where all ports are located at one single side of the 
module, and with a maximum number of ports around 12-16, 
corresponding to the different WDM channels.  

The free space dense WDM modules that were used in this study are 
presented in Fig. 1.a.  The optical devices consist of GRIN rod 
pigtailed fibers and a set of optical filters that are assembled in a pre-
defined configuration on a metallic substrate (see Fig. 1.b).  When 
needed, collimating optics is introduced in the free-space optical path 
to compensate for beam divergence that can affect the beam when the 
port count is high.  The devices are pigtailed with ITU-T G.657 A1 
fiber and the dimensions of the package are 7 mm x 29 mm x 49 mm.  

 
Figure 1.a. Packaged 12-channel CDWDM Device 
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Figure 1.b. Packaged Device with Removed Cover 
Lid, Showing the Assembly of GRIN Rod Pigtailed 

Fibers, Filters and Micro-optical Elements on a 
Metallic Substrate 

Optical signals carrying a set of multiple wavelengths are launched 
into the device through the common port and are directed to the first 
optical filter that subtracts the first wavelength.  That signal passing 
the filter is propagating through the deflection prism at the rear of the 
device and is totally internally reflected when it is captured by the 
collimating lens of the drop port fiber.  The reflected beam containing 
the remaining wavelengths propagates subsequently through the 
second filter, giving rise to the drop of the second wavelength.  This 
process is iterated until all the wavelengths are demultiplexed.  As a 
result, a smaller footprint is obtained than state-of-the-art WDM 
devices based on cascading three port filter WDM devices, which 
have been implemented widely in WDM networks so far 2. 
However, the footprint advantage puts more stringent demands on 
the outside plant robustness of the packaging, in particular for dense 
WDM components, which motivated this accelerated lifetime study. 
The optical performance specification of the 12-channel free space 
CDWDM devices is presented in Table 1. 

Table 1. Performance Specification of a 12-channel 
CDWDM Module 

 
 

   

3. Accelerated Lifetime Testing 
In total, 19 CDWDM modules with 12 channels were tested in a 
desktop sized highly accelerated stress test (HAST) chamber (see 
Fig. 2).   

 
Figure 2. HAST Chamber used to Age the CDWDM 

Devices 

The modules were put on a storage basket and measured with a 
swept-wavelength measurement photonic application suite with fast 
IL/PDL application, at discrete time intervals allowing for interval 
censoring.  As can be noted from Table 2, four different accelerated 
lifetime testing (ALT) runs were executed, representing four different 
combinations of temperature and relative humidity conditions.   

Table 2. ALT Configurations Tested to Develop an 
Arrhenius-Peck Model for Lifetime Prediction 

 
The typical sample size per run was four.  A representative spectral 
loss measurement acquired by the test equipment of one CDWDM 
component in the ALT runs is shown in Fig. 3.   

 
Figure 3. Spectral Loss Measurement of a CDWDM 12-

channel Component 

Channel spacing
Operating Wavelength Range
Channel Pass Band 
Channel Insertion Loss Max. 1.8 dB
Passband Ripple Max. 0.5 dB
Adjacent Channel Isolation Min. 30 dB
Non-adjacent Channel Isolation(DG) Min. 40 dB
Directivity (DG) Min. 50 dB
Return Loss Min. 45 dB
Polarization Dependent Loss Max. 0.5 dB
Polarization Mode Dispersion Max. 0.6 ps

Optical Performance 12 channel
100 GHz

1520-1610 nm
ITU±0.125

Config T(°C) RH(%) #devices

Run 1 120 98 4

Run 2 120 90 5

Run 3 110 98 4

Run 4 110 90 4
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4. Optical Performance of CDWDM 
Devices 
The CDWDM devices subjected to the harsh environmental 
conditions were measured at discrete time intervals with the swept 
wavelength system setup to monitor the drift in insertion loss as a 
function of aging time.  The fact that we cannot measure in-situ in the 
HAST climatic chamber forces us to exploit interval censoring.  For 
the most aggressive ALT conditions from Table 2, interval times 
were taken smaller than for the other conditions where the time-to-
failure can be much longer.  The time-to-failure is recorded as the 
time that is required for one of the 12 ports to yield a change in 
attenuation that is greater than 0.5 dB. Fig. 4 shows a graph of the 
excursion loss behavior for the different ports of a sample that was 
monitored at a temperature of T=120°C and a relative humidity of 
98%.  The port ITU-25 was observed to fail in the interval 175-245 
hours. 

 
Figure 4. Excursion Loss Behavior of a CDWDM 

Component Tested at T=120°C, RH=90% and 
Measured with a Swept Wavelength System  

Table 3 shows the time-to-failure data obtained by interval censoring 
12 for all the CDWDM devices that were measured in the four 
configurations outlined in Table 2.   

Table 3 Time-to-failure Data of the CDWDM Tested in 
the Four Different Configurations 

 

 
Commercial statistical software, Minitab 19©, was used to evaluate 
the failure data and build an ALT model.  A common Weibull slope 
for the failure data pertaining to the different stress conditions was 
assessed by a maximum likelihood estimation (MLE) algorithm (see 
Fig. 5).  For the disclosed Weibull slope, a design rule was derived 

for the model’s Weibull scale parameter.  To this purpose, a closed 
form was used comprising an Arrhenius term and a power term for 
the relative humidity, coined as an Arrhenius-Peck law.  As such the 
ALT model is characterized by an activation energy Ea=0.969 eV 
derived from Ea/kB=12584 with kB=8.617*10-5 eV/K (see Table 4).  
The MLE fitting yields a humidity factor, , of -12.3786.  These two 
parameters from the Arrhenius-Peck model 12 allow us to predict 
the estimated ppm (parts per million) failure rate after 20 years of 
field service when the CDWDM devices are incorporated in typical 
network elements. 

 

Figure 5. Weibull Plots of CDWDM Failures Recorded 
during the ALT Testing 

 

Table 4. Arrhenius-Peck Regression Model Derived 
from Minitab 

  

5. Evaluation of Device Failures and 
Lifetime Prediction 
The ppm failure rate can be calculated for a temperature, T, and 
relative humidity, RH, condition according to the following 
relationships, which incorporate the regression coefficients from 
Table 4. 

 

 

   

The failure rate, F(t, T, RH), at time t is then estimated by the formula 

 

 

 

Table 5 shows the calculated ppm failure rate for underground 
closures, passive street cabinets, customer premises elements and 
active closures.  Temperature and relative humidity conditions 
representative for a lifespan of 20 years were taken from 13,14.   

T(°C° RH T(K) left right freq ln(RH) 1/T(K)

120 0.98 393 42 112 2 ‐0.0202 0.002545

120 0.98 393 245 * 1 ‐0.0202 0.002545

120 0.98 393 175 245 1 ‐0.0202 0.002545

120 0.9 393 68 155 2 ‐0.10536 0.002545

120 0.9 393 446 605 2 ‐0.10536 0.002545

120 0.9 393 956 * 1 ‐0.10536 0.002545

110 0.98 383 160 320 1 ‐0.0202 0.002611

110 0.98 383 320 410 1 ‐0.0202 0.002611

110 0.98 383 410 548 1 ‐0.0202 0.002611

110 0.98 383 665 803 1 ‐0.0202 0.002611

110 0.9 383 633 769 1 ‐0.10536 0.002611

110 0.9 383 937 1102 1 ‐0.10536 0.002611

110 0.9 383 1102 1261 1 ‐0.10536 0.002611

110 0.9 383 1425 * 1 ‐0.10536 0.002611

Regression Table 
  Standard 

Error 
  95.0% Normal CI 

Predictor Coef Z P Lower Upper 
Intercept -26.9586 12.1870 -2.21 0.027 -50.8447 -3.07257 
ln(RH) -12.3786 3.66622 -3.38 0.001 -19.5643 -5.19294 
1/T(K) 12584.8 4709.19 2.67 0.008 3354.97 21814.7 
Shape 1.75431 0.402893     1.11846 2.75165 

Note: Failures occurred between time data from column left and column right.  The frequency 
gives the number of tested devices from that batch, which failed in the corresponding 
time interval. The devices where failure was not observed are noted with an * in the right 
censoring column. 

𝛼 𝑒 . ⋅ 𝑅𝐻 , ⋅ 𝑒  1  

𝐹 𝑡,𝑇,𝑅𝐻 1 e
.

  2  
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Table 5. Calculated ppm Failures for CDWDM Devices 
Installed in Different Network Elements 

 
The sealing glue at the edge of the device, where the optical fibers 
leave the package, is discolored after prolonged testing (see Fig. 6.a).  
In an attempt to find the root cause of the device failures, most could 
be traced back to delamination of the acrylate fiber coating inside the 
package (see Fig. 6.b).  It is unclear whether epoxy that spilled onto 
the fiber coating can account for the observed insertion loss drifts. 

 
Figure 6.a. Picture of the Output Ports Embedded in a 

Sealing Adhesive after Prolonged ALT Testing 

 
Figure 6.b. The Predominant Failure Mode is the 

Delamination of the Fiber Coating inside Packaging 

6. Conclusions 
An accelerated lifetime study has been executed to assess the long 
term outside plant robustness on CDWDM devices to estimate the 
implementation risk of this kind of WDM components in different 
types of network elements.  The outcome of this study complements 
the environmental testing that has already been performed on the 
latter components.  In addition to temperature cycling and water 
immersion tests, 2,000 hours damp heat testing (85°C, 85 % RH) has 
also been performed, yielding that all samples passed the testing.  The 
ALT study provides convincing additional data, which demonstrates 
that the risk of implementation of free space CDWDM devices, as a 
smaller footprint alternative to state-of-the-art cascades of 3 port filter 
WDM’s is low.  The worst-case failure rates over a lifetime of 20 
years were found to be smaller than 50 ppm and comparable to those 
of PLC splitters.   

As mentioned previously, the smaller footprint alleviates the need for 
overlength storage and can pave the way for smaller network 
elements.  This will be an asset for WDM integration in terminals 
where the reduction of the footprint is also triggered by smaller form 
factor ruggedized connectors. 
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failures

network element T(°C) RH(%) ppm 20 yrs

underground closure 15 90 28

passive street cabinet 25 70 2

customer premises 25 55 0

active closure 35 40 0
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Abstract 
Physical contact (PC) optical connectors realize long-term stability 
by maintaining contact with the optical fiber even during 
temperature fluctuations caused by the microscopic displacement 
of the ferrule endface. 

With multicore fiber (MCF) connectors, stable PC connection 
conditions need to be newly investigated because MCFs have 
cores other than at the center. 

In this work, we investigated the microscopic displacement of the 
connected ferrule endfaces using the finite element method (FEM). 
As a result, by using MCF connectors with an apex offset, the 
allowable fiber undercut where all the cores make contact is slightly 
smaller than that of single-mode fiber (SMF) connectors. Therefore, 
we propose a new equation for determining the allowable fiber 
undercut of MCF connectors. We also fabricated MCF connectors 
with an allowable fiber undercut and confirmed their reliability 
using the composite temperature/humidity cyclic test. 

Keywords: Optical connector; SC type optical connector; 
Multicore fiber, Connector optical interface 

1. Introduction 
Communication technologies using single-mode optical fibers 
(SMFs) have become widespread worldwide. However, with the 
spread of video distribution services using the internet and 
smartphones, the communication traffic through optical networks 
continues to increase year by year, and there is concern that the 
transmission capacity of the SMF currently in use will reach its 
limit [1]. Therefore, a transmission system that uses multicore fiber 
(MCF) is being studied as a candidate for achieving a large increase 
in communication capacity [2] [3]. 

On the other hand, to build a communication network using optical 
fiber, it is necessary to have optical connectors that are designed to 
connect cables and modules and that ensure compatibility when 
interconnected by multiple vendors. Optical connectors for MCF 
are also indispensable in transmission systems using MCF. 

Since SMFs have one core in the center of the cladding, the center 
axes of both optical fibers to be connected must be aligned. On the 
other hand, MCFs have multiple cores in addition to the center of 
the cladding, so both the center axis and the rotation angle around 
the ferrule axis must be aligned in order to connect them. 

The allowable fiber core offset needed to meet the required 
attenuation of optical connectors is about 1 µm, and this positional 
accuracy must be maintained during repeated connection and 
disconnection. Currently used optical connectors have a floating 
structure in which the ferrule floats inside the plug housing to 
prevent any displacement of connector housings due to internal 

stress or external force. However, optical connectors with a floating 
structure are not suitable for MCF connectors because they also 
have a degree of freedom around the ferrule axis and cannot 
maintain angular accuracy. To solve these problems, we applied 
Oldham’s coupling mechanism to the inside of the optical 
connectors [4] and developed MCF connectors that achieve both 
angular accuracy around the axis and the ferrule floating structure 
[5][6]. We have evaluated the optical and mechanical [7] 
characteristics of the developed MCF connectors and reported the 
results. We have also reported the results of a finite element analysis 
of the microscopic deformation of the ferrule endface with a 4-core 
fiber with a cladding diameter of 125 µm [8]. As a result, we have 
shown that the allowable fiber undercut at which all cores in contact 
is slightly smaller for MCF connectors with a small radius of 
curvature and a large apex offset than that of SMF connectors, with 
respect to the ferrule endface conditions under PC conditions for a 
4-core fiber with a cladding diameter of 125 µm. 

In this paper, we propose a new equation for determining the 
allowable fiber undercut of MCF connectors to clarify the PC 
connection conditions for MCF connectors with a 2.5 mm outer 
diameter zirconia ferrule. We also fabricated MCF connectors that 
have an allowable fiber undercut and confirmed their reliability 
using the composite temperature/humidity cyclic test of Category 
OP+HD as specified in IEC 61753-1. 

2. Overview of standard outer diameter 
MCF connectors and PC conditions 
Figure 1 shows an endface view of the standard outer diameter 
(OD) 4-core MCF that we used in this study. The cladding 
diameter is 125 µm, the core-to-core spacing is 40 µm, and the 
MFD at 1550 nm is 8.2 to 9.6 µm. Identification markers are set 
in asymmetric locations and identify the core number at that 
location. The refractive index profile of each core has a trench 
structure to reduce the crosstalk between cores. In this paper, as 
shown in Figure 1, the cores are arranged so that they are oriented 
in a diamond shape with respect to the key, and the cores are 1→
2→3→4 (Core ID 1-4) moving clockwise from the core closest 
to the identification marker. 
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Figure 1. Endface of standard OD 4-core MCF 

 

In this study, we use SC type connectors, which are widely used 
in optical communication networks. Like MU type and LC type 
connectors, SC type connectors employ the butt joint method, in 
which the endfaces of the fibers bonded to the ferrule are directly 
butted against each other. In connections using the butt-joint 
method, a gap between the endfaces of both fibers causes Fresnel 
reflection due to the mismatch of the refractive indices of the fiber 
and the air layer. Therefore, a PC connection is established in 
which the ferrule endface is polished to a convex spherical shape 
and both fibers are pressed axially by a pressure spring inside the 
connector. 

In this study, we used standard OD MCF with a cladding diameter 
of 125 µm, so good connection performance can be expected 
under the same polishing conditions as those used with 
conventional SMF connectors. Fiber withdrawal due to 
temperature change is caused by the difference in the coefficients 
of thermal expansion (CTE) between the ferrule and the optical 
fiber, and the shear strain of the adhesive connecting the two is a 
major factor. Therefore, the amount of fiber withdrawal is 
expected to change as the bonding area changes. The permanent 
fiber withdrawal, which affects the long-term reliability of PC 
connectors, is caused by adhesive creep, which is also considered 
to be dependent on the adhesive area. To establish the reliability 
of PC connectors, it is necessary to estimate the amount of 
permanent fiber withdrawal. However, if the cladding OD is not 
125 µm, the amount of permanent fiber withdrawal must be newly 
estimated not only by FEM analysis but also by extensive 
experimentation. In contrast, with the standard OD, the 
permanent fiber withdrawal has already been determined and has 
been in use for more than 30 years. For standard OD MCF 
connectors, the fiber withdrawal would be equivalent to that of 
SMF connectors, and it is only necessary to consider the 
difference of core position. 

Figure 2 shows the PC mechanism of MCF connectors polished 
to a spherically convex sphere. When two optical connectors are 
butted together, the contact of each core is achieved by the 
deformation of the ferrule and MCF endfaces due to spring 
pressure. However, the PC condition of MCF connectors differs 
from that of SMF connectors in that the cores are located away 
from the fiber center, which would change the pressure required 
for all-core contact. The difference between the heights of the 
apex and the core d can be obtained from equation (1) where R is 
the ferrule radius of curvature, and r is the core distance from the 
center. 

 

𝑑 = 𝑅 − 𝑅 − 𝑟  

 

 

Figure 2. All cores PC mechanism of MCF connectors 

3. Results of microscopic deformation 
analysis of MCF connector endface 
We simulated the microscopic ferrule end deformation with the 
4-core MCF with a radius of curvature of 10 to 25 mm and a 
distance between cores of 40 µm, resulting in r = 28.3 µm [10]. 
Based on the ferrule endface dimensional tolerances specified in 
the connector optical interface standard, IEC 61755-3-1, we 
analyzed the displacement of each core with a ferrule 
compressive force of 4.9 N, apex offsets of 0 and 50 µm and an 
initial fiber undercut that was the maximum allowable fiber 
undercut specified in IEC 61755-3-1. In addition, the analysis was 
performed at 85°C, which is the upper limit of the temperature 
specified in Category OP+HD in the performance standard IEC 
61753-1. When a 50 µm apex offset is given, the position of the 
apex is set as an extension in the direction of core 1 from the 
center, as shown in Figure 3, and it is assumed that the apex is 
located at the same position for the mated ferrule endfaces. Since 
core 3 is at the lowest position below the apex, the PC connection 
condition for a 4-core fiber can be obtained by calculating the 
distances from core 3. Since the endfaces of both ferrules to be 
butted are plane-symmetrical, a model in which one ferrule is 
butted against a rigid body was used in the calculations, as shown 
in Figure 4. The allowable fiber undercut was calculated using 
equation (2) as specified in IEC 61755-3-1. Where, H (nm) is the 
allowable fiber undercut, R (mm) is the radius of curvature of the 
ferrule endface, and A (µm) is the apex offset. 

The surface of the rigid body against the ferrule is the neutral plane. 
W is the distance from the neutral plane to the surface of core 3, 
calculated geometrically using equation (1), and d is the 
displacement of the surface of core 3 when the ferrule is 
compressed against the neutral plane at 4.9 N. Figure 5 and Table 1 
show the calculation results. The difference between W and d at an 
apex offset of 50 µm and a radius of curvature of less than 15 mm 
suggests that core 3 is not in contact under these conditions. Figure 
6 shows the results of the difference between W and d with respect 
to the radius of curvature when the apex offset is 50 µm. 

 

𝐻 = 1988𝑅 . − 𝑅 × 10 + 𝑅 × 10 − 𝐴 × 10 − 60 

 

…(2) 

…(1) 
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Figure 3. Cores and apex position of 4-core fiber 

 

 

Figure 4. 3D model of 4-core fiber  
 

 

Figure 5. Examples of PC analysis results 

 

Table 1.  Comparison of geometrically calculated value W and 
PC analysis value d 

Radius [mm] 
Apex offset 0 µm Apex offset 50 µm 

W d W d 

10 103.339 102.795 432.305 404.207 

11 94.262 93.68 393.266 363.608 

12 86.281 85.771 360.368 341.086 

13 79.24 78.755 332.242 318.823 

14 72.972 72.72 307.902 300.331 

15 67.35 67.023 286.618 285.79 

20 46.033 45.809 210.483 209.84 

25 31.075 31.551 163.265 162.856 
   

(Unit: nm) 

 

The analysis results show that for an apex offset of 50 µm, if the 
radius of curvature is 15 mm or more, the allowable fiber undercut 
required by equation (2) is acceptable for 4-core fiber connectors as 
in SMF connectors. However, when the radius of curvature is less 
than 15 mm, the allowable fiber undercut where all cores make 
contact is slightly smaller than that for SMF connectors. 

 

 
Figure 6. Difference between W and d with respect to radius of 

curvature when apex offset is 50 µm 

 

Based on equation (2), we propose the new equation (3) for 
determining the allowable fiber undercut for 4-core MCF 
connectors. In equation (2), the first term represents the fiber 
undercut that can be compensated for by the elastic deformation of 
the ferrule endface caused by the compressed force, the second term 
represents the equivalent fiber undercut that can be calculated 
geometrically based on the radius of curvature and apex offset, and 
the third term represents the possible permanent fiber withdrawal. 
Therefore, the second term is considered to differ from that for SMF 
with a standard OD MCF. We considered that the allowable fiber 
undercut for a 4-core fiber could be obtained by correcting the 
amount of apex offset, and determined the amount of correction that 
would allow us to obtain the finite element analysis results for a 
radius of curvature of 10 mm. The calculated allowable fiber 
undercut according to the radius of curvature and apex offset based 
on equation (3) are shown in Figure 7. As shown in Figure 8, the 
value obtained with Equation (3) exceeds the value obtained by 
finite element analysis. Therefore, all the cores of the 4-core fiber 

56 µm

1
2

3
4

×

Apex

50 µm
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are considered to be in contact if they are within the allowable fiber 
undercut range obtained by equation (3). 

 

 

 
Figure 7. Allowable fiber undercut due to the effect of radius of 

curvature and apex offset using equation (3) 

 

 
 Figure 8 Comparison of values obtained by finite element 

analysis and those obtained with equation (3) 

4. Fabrication of MCF connectors 
To confirm equation (3), we fabricated MCF connectors with a 
large fiber undercut and tested whether all the cores could 
maintain PC connection when subjected to an endurance test. 

In addition to the low reflection PC polishing process, the ferrule 
endface was polished twice more using SiO2 polishing paper to 
form a ferrule endface with a fiber undercut close to the maximum 
allowable fiber undercut value according to equation (3). SC-type 
MCF connectors [7] were then assembled. 

Next, the endface geometry of the ferrule was measured with an 
interferometer based on IEC 61300-3-47. It was confirmed that a 
fiber undercut close to the target was obtained. Figure 9 shows an 
example of the 3D shape of the endface of the MCF connector, 
and Table 2 shows endface parameters of composite 
temperature/humidity cycle test samples. 

 

 
Figure 9. 3D shape of fabricated MCF connector endface 

 

Table 2. Endface parameters of composite temperature/humidity 
cycle test samples 

channel Polarity 
Endface parameters 

ROC 
 [mm] 

Apex Offset 
 [µm] 

Fiber Height 
 [nm] 

#1 IN 14.50 31.59 -107.38 
(ch 1-4) EX 14..95 10.55 -156.20 

#2 IN 16.98 18.78 -99.49 
(ch 5-8) EX 13.36 11.03 -113.68 

#3 IN 13.38 23.70 -167.59 
(ch 9-12) EX 13.49 17.80 -131.20 

#4 IN 13.90 15.28 -143.50 
(ch 13-16) EX 13.89 25.23 -117.85 

#5 IN 12.65 6.09 -114.19 
(ch 17-20) EX 14.49 19.39 -114.89 

#6 IN 11.73 34.96 -75.19 
(ch 21-24) EX 15.16 16.10 -75.64 

 

5. Endurance test 
We used the composite temperature/humidity cyclic test under the 
condition of Category OP+HD as specified in IEC 61753-1. 
Category OP+HD is an outdoor environment that is not exposed to 
rain and that is affected by the heat emitted by the equipment. 

In this test, 6 connection points were installed in the test chamber 
using 12 MCF patch cord with a large fiber undercut show in 
Table 2. The return loss of each 4-core fiber core was measured 
during the test. Table 3 shows the measurement conditions for this 
endurance test, and Figure 10 shows the apparatus used for the 
endurance test and the samples in the apparatus. 

 

Table 3. Measurement conditions for endurance test 

Item Characteristic 

Measurement parameter Return loss 

Wavelength of source 1550 nm 

Measurement Interval 10 min 

 

𝐻 = 1988𝑅 . − 𝑅 × 10

+ 𝑅 × 10 − (𝐴 + 6) × 10 − 60 

…(3) 
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(a) Apparatus for endurance test 

 

 (b) Sample in test apparatus 

 Figure 10. Equipment and samples for endurance test 

 

The composite temperature/humidity cyclic test is intended to 
accelerate fiber withdrawal by degrading the epoxy adhesive 
through the respiratory action of repeated moisture absorption and 
freezing [11]. 

The test method was based on IEC 61300-2-21, with a 
temperature range of -10°C to +65°C, 24 h per cycle, 10 cycles 
total, and a relative humidity of 93±3%. Figure 11 shows the 
results of the composite temperature/humidity cyclic test, and 
Figure 12 shows the temperature and humidity variations of this 
test. Figure 11 shows the return loss variation for all cores and six 
connection points (24 channels). 

 

 
 Figure 11. Results of composite temperature/humidity cyclic 

test 

 

 
Figure 12. Temperature and humidity variations of composite 

temperature/humidity cyclic test 

 

As shown in Figure 11, the maximum variation in return loss 
during the 240-hour composite temperature/humidity cyclic test 
was about 0.2 dB, confirming that there was no significant 
variation. From the above, it was confirmed that the PC 
connection was maintained by mated MCF connectors with a 
fiber undercut close to the allowable fiber undercut calculated 
with equation (3). 

In this experiment, since it is impossible to independently adjust 
the fiber undercut and apex offset during the fabrication of the 
MCF connectors, a sample close to the allowable fiber undercut 
was tested. As a result, it was confirmed that standard OD 4-core 
fiber connectors with a large fiber undercut can be expected to 
have the same reliability as SMF connectors. 

6. Conclusions 
We proposed a new equation for determining the allowable fiber 
undercut of MCF connectors to clarify the PC connection 
conditions. We confirmed that contact was maintained in all the 
cores of the MCFs if the amount of fiber undercut is less than the 
amount indicated by the equation. 

Next, we made MCF connectors with the allowable fiber undercut 
and confirmed their reliability using the composite 
temperature/humidity cyclic test of Category OP+HD as specified 
in IEC 61753-1. 

In the composite temperature/humidity cyclic test, the return loss 
was confirmed to exceed 40 dB and the variation was less than 
0.2 dB. 

From the above, we confirmed that the connection can be 
maintained even when MCF connectors with a fiber undercut 
close to the maximum fiber undercut based on our proposed 
equation. 
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Abstract 
In this paper we analyze the impact of tightening fiber geometry and 
optical specifications on connector insertion loss in multi-connector 
links with bend-optimized multimode fibers. We have employed a 
more rigorous approach based on mode overlap integrals using a 
mode solver when compared to the Hanson-Conte model that relies 
on analytical mode shapes and is applicable only to single-connector 
links with purely parabolic refractive index fiber profiles. Our 
findings show that the loss values have a staircase nature as the fiber 
core diameter/numerical aperture is varied and predict lower loss than 
the Hanson Conte model. Using our approach, we report a 50% drop 
in the 97th percentile loss for the tightened fiber specifications 
compared to the IEC/TIA specifications. 

Keywords: Connectors; multi-connector link; insertion loss; 
multimode fibers; bend-optimized fibers; mode coupling; mode 
overlap integrals; connector offset. 

1. Introduction 
Data traffic in cloud applications and data centers is increasing 
exponentially with time. This puts a great demand on multimode 
fiber (MMF) links to support progressively higher data rates – even 
up to 800Gbps and 1.6Tbps [1],[2]. A tighter link loss budget 
becomes essential for such systems and lowering the connector 
insertion loss especially in multi-connector links helps in achieving 
this target [3]. In this paper, we study how connector loss can be 
reduced by tightening the specifications for the fiber optical 
properties such as core diameter (𝐶𝐷) and numerical aperture (𝑁𝐴), 
and geometry parameters which impact the offset, via Monte Carlo 
(MC) simulations.  

The IEC recommended approach to connector loss assessment uses 
the Hanson-Conte (HC) model which is based on analytical mode 
shapes for a parabolic refractive index profile without any trench 
[4],[5]. This method therefore does not consider bend optimized 
MMFs (BOMMF) where it is not clear how the trench impacts the 
mode shapes which in turn affects the mode power coupling across 
the connectors and hence the loss. The HC model considers a single 
connector scenario with an encircled flux (EF) compliant launch 
into an ideal fiber i.e. a fiber with 𝐶𝐷 = 50𝜇𝑚  and index contrast 
Δ = 1%. The MMF to the right of the connector may be non-ideal 
i.e., its 𝐶𝐷 and 𝑁𝐴 may deviate from these ideal values. The HC 
model generates a loss matrix, available as part of the IEC 
specification, that summarizes the loss for different 𝐶𝐷/𝑁𝐴 
combinations for the second MMF as a function of the connector 
offset [4]. Since typical MMF links have two or more connectors, 
this matrix is reused for those connectors although the underlying 
launch and fibers assumptions are no longer valid. Therefore, the 
HC approach is, strictly speaking, not applicable to multi-connector 
links – particularly when the fibers after the first connector are 
expected to be non-ideal and since the launch after the first 
connector is not guaranteed to be EF compliant. 

In this paper, we address these shortcomings of the HC approach 
by working with the actual mode shapes as computed by a 
numerical mode solver that accounts for trenches in the index 
profile. We then use mode overlap integrals to compute the loss for 
each connector. This approach allows us to assess the connector 
loss in multi-connector links where the modified EF launches into 
the second connector onwards are automatically handled. Our 
method to compute the insertion loss is rigorous but also very time 
consuming since the 𝐶𝐷 and 𝑁𝐴 of the non-ideal fibers can vary 
independently resulting in a multi-dimensional parameter space. 
However, through selective sampling of this parameter space and 
careful interpolations, we have significantly reduced the 
computation time while maintaining the accuracy of the results. 
The mode overlap approach also brings out several physical 
features of the problem which would not have been observed by 
approximate methods. One of them is the staircase nature of the 
loss values as the fiber core diameter is varied, where the loss shows 
regions of low gradient followed by a steep drop. This result 
contrasts with the HC approach which results in smooth curves. The 
Monte Carlo simulations based on our results show that the 
BOMMFs with tighter specifications reduce the 97th percentile 
insertion loss at the second connector by almost half compared to 
the IEC/TIA standard fiber [6]. 

We discuss our modeling approach in Section 2, the numerical 
implementation and results in Section 3 and summarize our 
conclusions in Section 4 of this paper. 

2. Modeling Approach  
In this section, we briefly describe our approach to connector loss 
modeling. A schematic of the multi-connector system analyzed in 
this paper is shown in Figure 1. The launch fiber, labeled Fiber 0, 
is ideal i.e., a fiber with 𝐶𝐷 = 50𝜇𝑚 and index contrast Δ = 1% 
and no trench. All successive fibers are BOMMF and non-ideal i.e., 
their 𝐶𝐷𝑠  and 𝑁𝐴𝑠 may deviate from these ideal values. The 𝐶𝐷 
and 𝑁𝐴 of the three fibers are denoted as 𝐶𝐷0, 𝑁𝐴0, 𝐶𝐷1, 𝑁𝐴1 , and 
𝐶𝐷2, 𝑁𝐴2 respectively in this paper.  

 
Figure 1: Schematic of a multi-connector MMF link 

2.1 Connector Geometry and Offset 
One of the primary causes for insertion loss at a connector is the 
offset between the fibers on both sides of the connector. Consistent 
with previous connector modeling efforts [7], we do not consider 
the axes tilt at the connector since it is sufficiently small. To 
estimate the offset, the geometry of the connector and its different 
components and how they contribute to the offset must be 
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understood. At each connector, the left-hand-side (LHS) and right-
hand-side (RHS) fibers sit in their respective ferrules which are 
clamped to form a connection. The geometry of a connector is 
shown in Figure 2, where regions in different shades of blue and 
grey represent the fiber and ferrule sections respectively to one side, 
say the left-hand-side of the connector. The center of the LHS outer 
ferrule is used as reference origin for that side and is labelled 𝑂𝑙𝑒𝑓𝑡. 
The final offset between the outer ferrule center 𝑂𝑙𝑒𝑓𝑡 and fiber core 
center 𝐶𝑙𝑒𝑓𝑡 is typically due to a combination of individual offsets 
that arise due to various geometry defects. Using the LHS ferrule 
and fiber as an example, these defects may be:  

1. the outer and inner sections of the ferrule may not be 
concentric (also called ferrule eccentricity) and this offset 
is shown by the green line from 𝑂𝑙𝑒𝑓𝑡 to 𝐶𝑖𝑓𝑒 in Figure 2. 

2. there may be a mismatch of the inner ferrule and cladding 
diameter, allowing space for the fiber to move around 
leading to the offset shown by the red line connecting 
𝐶𝑖𝑓𝑒 to 𝐶𝑐𝑙𝑎𝑑. 

3. the fiber core and cladding may not be concentric as 
shown by the black line from 𝐶𝑐𝑙𝑎𝑑 to 𝐶𝑙𝑒𝑓𝑡.  

 
Figure 2. Single Connector Geometry and Offset 

 
The final offset 𝑂𝑙𝑒𝑓𝑡𝐶𝑙𝑒𝑓𝑡 between the LHS outer ferrule center 
𝑂𝑙𝑒𝑓𝑡 and the LHS core center 𝐶𝑙𝑒𝑓𝑡 is the vector sum of the above 
three offsets i.e. the individual offsets in the 𝑥  and 𝑦 directions are 
separately added to get the overall Δ𝑥 and Δ𝑦. A similar exercise 
on the right-hand-side (RHS) of the connector will lead to the 
overall offset 𝑂𝑟𝑖𝑔ℎ𝑡𝐶𝑟𝑖𝑔ℎ𝑡 between the RHS ferrule center and the 
RHS fiber core center. Variations in the outer diameter of the 
ferrules on either side may result in non-concentric ferrules leading 
to an offset 𝑂𝑙𝑒𝑓𝑡𝑂𝑟𝑖𝑔ℎ𝑡. The final offset between the two core 
centers 𝐶𝑙𝑒𝑓𝑡𝐶𝑟𝑖𝑔ℎ𝑡 can be expressed as, 

𝐶𝑙𝑒𝑓𝑡𝐶𝑟𝑖𝑔ℎ𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑂𝑙𝑒𝑓𝑡𝑂𝑟𝑖𝑔ℎ𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  − 𝑂𝑙𝑒𝑓𝑡𝐶𝑙𝑒𝑓𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ + 𝑂𝑟𝑖𝑔ℎ𝑡𝐶𝑟𝑖𝑔ℎ𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗           (1) 

It was however observed that the offset  𝑂𝑙𝑒𝑓𝑡𝑂𝑟𝑖𝑔ℎ𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗   is usually very 

small and has negligible effect on the loss and was thus omitted in 
our computations. 

2.2 Choice of distribution functions used in the 
Monte Carlo simulations 
 
In order to estimate the connector loss statistics, we randomly 
generate the individual offsets Δ𝑥, Δ𝑦 described in the previous 
section to arrive at the composite offset between the two fiber core 
centers. Strictly speaking, these connector geometrical defects and 
the corresponding offsets should come from the manufacturing 
distribution of the connector and fiber vendors. However, since 
such statistics are hard to come by, we have chosen a Gaussian 
distribution to model each of these Δ𝑥, Δ𝑦 offsets with the ±3σ 
points being defined by the parameter specification limits. Such an 
assumption theoretically results in a Rayleigh distribution for the 
corresponding radial connector offset which is what MMF 
standards have employed in the past [8].  
Among the parameters contributing to the offset as mentioned in 
Section 2.1, tighter than IEC/TIA standard specifications were 
considered for fiber parameters such as the cladding diameter, 
cladding non-circularity and core-cladding concentricity error. For 
example, Figure 3a shows the distribution for the fiber core-clad 
concentricity error (CCCE). The IEC/TIA compliant fiber [6]  has 
a wider range and its PDF distribution is hence flatter than for the 
fiber with a tighter specification. As expected, while the individual 
offsets in the 𝑥 and 𝑦 directions are Gaussian distributed, the 
corresponding radial offset due to CCCE has a Rayleigh 
distribution, see the Figure 3a inset. Offsets of the centers of the 
outer and inner parts of the ferrule, cladding center and core centers 
all have a similar normal distribution. However instead of tighter 
specifications for ferrule parameters (which is not directly 
controlled by us) we considered a good quality ferrule with a 
maximum ferrule eccentricity of 0.5𝜇𝑚 so that its effect on the 
offset is minimized. 
 

Figure 3a. Distribution function for CCCE 
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Figure 3b. Distribution for Numerical Aperture  [6] 

 
Other major factors contributing to insertion loss are mismatches 
between numerical apertures and core diameters of the two fibers. 
A fiber with larger  𝐶𝐷 or 𝑁𝐴  launching light to a fiber with smaller  
𝐶𝐷 or  𝑁𝐴 usually leads to higher loss. The probability of 
occurrence of such lossy mismatches depends on the distributions 
of  𝐶𝐷 and 𝑁𝐴 which thus need to be accurately represented. Once 
again, we assume a Gaussian distribution with the ±3σ points 
specified by the  𝐶𝐷 and 𝑁𝐴 limits. An example of the normal 
distribution function for fiber 𝑁𝐴 is shown in Figure 3b where both 
fibers are assumed to be bend-optimized MMFs. In this paper we 
have considered tighter specifications only on the numerical 
aperture and not on the core diameter.  

2.3 Mode Coupling 
The loss across a connector is computed by using overlap integrals 
of the mode shapes of the MMFs on both sides of the connector 
using the final offset between the two fiber cores. Thus, the power 
coupled from the (𝑙,𝑚) mode of Fiber 1 to the (𝑙′, 𝑚′) mode of 
Fiber 2 is given by:  

 𝑐𝑙𝑙′, 𝑚𝑚′   =   |∬Ψ1𝑙,𝑚
(𝑟′,  𝜙′)Ψ2𝑙′,𝑚′

∗ (𝑟,  𝜙)  𝑟𝑑𝑟𝑑𝜙|
2
     (2) 

where  Ψ1𝑙, 𝑚
 and Ψ2𝑙′, 𝑚′are the corresponding mode shapes of the 

two fibers and (𝑟, 𝜙) are the radial and azimuthal coordinates and 
(𝑟′, 𝜙′) are the corresponding quantities after the offset. The 
individual mode shapes are a function of the corresponding fiber’s 
𝐶𝐷  and  𝑁𝐴. The launch fiber before the first connector has an 
index profile without a trench whereas the subsequent fibers in the 
link are all assumed to be bend-optimized MMFs and so have an 
appropriately placed trench. We have assumed that the refractive 
index profile is the same for both fibers while scaling it to reflect 
their respective core diameter and numerical aperture. In this paper, 
we have not investigated changes to the trench location, width, and 
depth and so these parameters are set to their nominal values for 
BOMMF. 

The powers coupled between all modes are computed and stored as 
a matrix which is specific to the two fibers and the offset. We 
assume complete mode mixing within each fiber primary mode 
group (PMG) and so can re-cast the coupling matrix in terms of 
mode groups. If matrix 𝐶 contains the mode group power coupling 
coefficients, then at each connector, the output mode power 
distribution (MPD) in-terms of mode groups is given by: 

𝒑𝑜𝑢𝑡 = 𝐶𝒑𝑖𝑛                                      (3)  

where 𝒑𝑖𝑛 is the input MPD column vector where each entry 
corresponds to the power in a PMG. The connector input and output 
powers are then given by: 

𝑃𝑜𝑢𝑡 = 𝑃0𝟏 ⋅ 𝒑𝑜𝑢𝑡;       𝑃𝑖𝑛 = 𝑃0𝟏 ⋅ 𝒑𝑖𝑛                   (4) 

where 𝟏 is a column vector with all ones, the operation (⋅) denotes 
a dot product and 𝑃0 is the laser power which can be assumed to be 
unity without loss of generality. The insertion loss 𝐿𝐼  at this 
connector is then given by  

𝐿𝐼 = 10 log10(𝑃𝑖𝑛 / 𝑃𝑜𝑢𝑡)                          (5) 

In presence of finite return loss 𝐿𝑅 the overall connector loss 
increases to 

𝐿𝐼 𝑡𝑜𝑡𝑎𝑙 = 𝐿𝐼 − 10 log10(1 − 10−𝐿𝑅/10)               (6) 

3. Results and Discussion 
In this section, we discuss various results pertaining to the total 
offset and insertion loss in multi-connector MMF links. In all these 
results, unless specified otherwise, we have ensured that the launch 
at connector C0 is encircled-flux compliant by using the empirical 
mode power distribution given in Figure 1 of [5]. 

3.1 Core Center Offset Statistics 
As part of our Monte Carlo simulations, we randomly generate a 
million individual Δ𝑥 and Δ𝑦 offsets for the geometrical defects 
described in Section 2.1 using the Gaussian probability density 
function discussed in Section 2.2. We assume that the various 
geometrical parameters for both connectors C0 and C1 have the 
same probability density function.  
Figure 4 shows the resulting distribution of the total radial offset 
between the core centers of the LHS and RHS fibers. As expected, 
the final offset has a Rayleigh distribution. This result is consistent 
with the practice of a using a Rayleigh distribution for radial 
connector offsets in the MMF standards community [8]. The solid 
curve in Figure 4 is for tighter specifications for the fiber geometry 
while the dotted curve represents the IEC/TIA standard complaint 
fiber. 
 

 
Figure 4. Total offset at each connector (C0 and C1) 
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The offset values and corresponding parameter ranges are given in 
Table 1. Clearly, tightening the specifications of these geometrical 
parameters reduces the average offset and the 97th percentile offset 
by almost 50%. Furthermore, these results suggest that there is no 
need to simulate offsets beyond 4𝜇𝑚. This contrasts with the HC 
model that lists insertion loss values up to offsets of 16𝜇𝑚. 

Table 1. Total offset at connector C0 / C1 

 

3.2 Reference Insertion Loss Matrices   

The HC model computes an insertion loss matrix for combinations 
of core diameter over the range 𝐶𝐷0 ± 2.5𝜇𝑚 in steps of 0.5𝜇𝑚, 
and the numerical aperture over the range 𝑁𝐴0 ± 0.015 in steps of 
0.003 where 𝐶𝐷0 and 𝑁𝐴0 are the core diameter and numerical 
aperture of the ideal fiber [4]. While the HC approach used a 
parabolic index profile with analytical Laguerre-Gauss mode 
shapes, we replicate this exercise for bend-optimized index profiles 
using mode shapes computed by a numerical mode solver. Using 
this approach, we next compute the insertion loss at connectors C0 
and C1. 

3.2.1 Insertion Loss due to Connector C0  
To understand the differences between the HC model and our 
approach, we first discuss the insertion loss at C0 where the core 
diameter of Fiber 1 varies while its 𝑁𝐴 remains ideal i.e., 𝑁𝐴0 and 
a 2𝜇𝑚 offset is used, Figure 5a. The loss obtained from our 
computation using BOMMF has a staircase nature i.e., it remains 
nearly flat in some regions and then drops steeply. It is known that 
as the  𝐶𝐷 or  𝑁𝐴 of a fiber increases the number of PMGs it 
supports also increases. It is observed that the steep drop in loss 
occurs when there is an increment in the number of PMGs. We also 
computed loss in a fiber without trench using both Laguerre-Gauss 
(LG) modes and numerical modes. The staircase nature is observed 
in both cases although the slope of each curve near the mode group 
increment region is different.  In contrast, the Hanson-Conte loss 
curves, generated using the LG modes, while nearer to our loss 
values for the LG modes have a smooth gradient possibly 
suggesting a curve-fit.  
We further vary the numerical aperture of Fiber 1 and consider all 
11 × 11 = 121 𝐶𝐷 − NA combinations at a 2𝜇𝑚 offset, Figure 5b. 
Note that the deviations in the core diameter and numerical aperture 
for Fiber 𝑖 from their ideal values is denoted by Δ𝐶𝐷𝑖 = 𝐶𝐷𝑖 − 𝐶𝐷0 
and Δ𝑁𝐴𝑖 = 𝑁𝐴𝑖 − 𝑁𝐴0. Following the trend observed in Figure 
5a, we observe plateaus of near constant loss values which 
decreases in steps along the main diagonal – the lower-left corner 
to the upper-right corner. The highest loss occurs near the lowest 
𝐶𝐷 × 𝑁𝐴 of Fiber 1 consistent with less light being gathered when 

the receiving fiber has lower 𝐶𝐷  or  𝑁𝐴 than the transmitting fiber 
and vice versa. 
The insertion loss at connector C0 is computed for the 11 × 11 =
121 𝐶𝐷 − 𝑁𝐴 combinations for the final core center offsets in the 
range 0𝜇𝑚 − 4𝜇𝑚 in steps of 1𝜇𝑚. 

 
Figure 5a. Variation of loss at Fiber 1 for Offset = 2µm 

  

 
Figure 5b Variation of loss at Fiber 1 for Offset = 2µm 

 

3.2.2 Insertion loss due to connector C1  
At connector C1 the dimensionality of the problem increases 
exponentially since there are combinations of 121 CD-NA value 
pairs for both Fiber 1 and Fiber 2 for 5 offsets at C1. Furthermore, 
these simulations must be repeated for each of the 5 offsets at C0 
since these directly impact the incident mode power distribution at 
C1. Therefore, to keep the numerical simulations manageable, we 
calculate the loss at carefully chosen values of 𝐶𝐷1, 𝑁𝐴1, 𝐶𝐷2 and 
𝑁𝐴2 and then interpolate the insertion loss at other  𝐶𝐷 − 𝑁𝐴 
combinations. 

Ferrule Eccentricity = 0.5µm 
Ferrule inner diameter (min./max.) = 126 /127 µm 

 

Clad 
Non-
circ 

(max) 
% 

CCCE 
(max)  
µm 

Clad diameter 
(min/max) µm 

Total Offset (µm) 

Average Standard 
deviation 

97th  
percentile 

Fibers with 
Tighter 
Specs. 

0.7 0.7 124.3 / 125.7      0.66 0.34 1.38 

Fibers 
compliant 

to 
IEC/TIA 
Specs. [6] 

1 2 124 / 126 1.22 0.65 2.63 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum127



Since the number of PMGs changes with variations in 𝐶𝐷  and 𝑁𝐴 , 
the insertion loss at C1 also has a stair-case nature just like the loss at 
C0. This suggests that while one cannot interpolate loss at places 
where 𝐶𝐷/𝑁𝐴 changes result in a steep drop in the loss, one can 
safely try to interpolate the loss in regions where it changes gradually. 
Even in the latter case where the number of PMGs does not change; 
the loss curves are not always flat, and a certain curvature may exist. 
Therefore, we must be careful both in the choice of 𝐶𝐷/𝑁𝐴 values 
and the loss interpolation.  
Figure 6 shows the variation of loss with 𝐶𝐷2  at different 𝑁𝐴2values 
for N𝐴1 = 𝑁𝐴0 − 0.015 ,  C𝐷1 = 𝐶𝐷0 + 2.5𝜇𝑚 when the offset at 
connectors C0 and C1 is zero. Clearly, the estimated values marked 
by diamonds fall on the loss curves defined by the computed values 
marked by stars. 

 

 
Figure 6. Variation of loss due to connector C1 for zero 

offset at both C1 and C0 

Yet another increase in dimensionality comes from the number of 
offsets at each connector. Initial computations with higher offsets at 
connector C1 indicated that the difference in loss between 𝑜𝑓𝑓𝑐1 = 0 
and the higher offsets is nearly constant for Fiber 1 parameters lying 
in the region with the same number of PMGs. Thus we compute the 
loss for different values of 𝐶𝐷2 − 𝑁𝐴2 with 𝑜𝑓𝑓𝑐1 = 1𝜇𝑚  and 2𝜇𝑚 
at connector C1 by further reducing the number of 𝐶𝐷1 − 𝑁𝐴1 
values to 1 per each of the 5 regions with different number of PMGs. 
The difference of this loss matrix from the corresponding zero offset 
case is stored for use in later interpolations. Loss corresponding to all 
other 𝐶𝐷1 − 𝑁𝐴1 values is obtained from these reference values. In 
case of 𝑜𝑓𝑓𝑐1 = 3𝜇𝑚  and 4𝜇𝑚 we use the difference matrix from 
C0 as reference reducing the computation time further. Since the 
offset also has a Rayleigh distribution with a mean near 1𝜇𝑚 and low 
probability density near 3𝜇𝑚  and 4𝜇𝑚, the above approximations 
give reasonably accurate results.  
Using the above approach and the difference matrix for the fiber with 
𝐶𝐷1 = 𝐶𝐷0, 𝑁𝐴1 =  𝑁𝐴0 + 0.003 as reference, we estimate the 
loss at 1𝜇𝑚 offset at C1 values and compare it to the calculated 
values for different 𝐶𝐷2 − 𝑁𝐴2 values as shown in Figure 7. Clearly, 
the estimated values are close to the computed values. Using these 

interpolations, we were able to save more than 99% computation 
time.  

 

 
 Figure 7a. Computed loss due to C1 at C1 offset  = 1𝝁𝒎 

 

 
Figure 7b. Estimated loss due to C1 at C1 offset = 1𝝁𝒎 

 

3.3 Insertion Loss Statistics    

To estimate the insertion loss statistics, we generate a million 
combinations of 𝐶𝐷1, 𝑁𝐴1, 𝐶𝐷2, 𝑁𝐴2, core-non-circularity (NC) 
and the offsets at both connectors for the various geometrical 
defects discussed in Section 2.1. We assume that the geometrical 
defects follow the same statistics at connectors C0 and C1.  
The modeling approach outlined in the previous sections can be 
used to estimate the loss for a perfectly circular fiber with a certain 
core diameter. To account for the core-non-circularity, we re-do the 
loss computations for the two core diameters – one each for the 
major and minor axes of the corresponding elliptical core fiber, 
while assuming any axis of one fiber can couple to any of the 
major/minor axis of the other fiber. The final loss is an average of 
these two loss estimates.  
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Figure 8. Insertion loss due to connector C0 

 
Figure 8 shows the probability density function of the insertion loss 
at connector C0, and Table 2 shows the corresponding loss 
statistics. Clearly, the tighter fiber specifications lead to much 
lower connector loss compared to IEC/TIA.  In contrast to the HC 
model, the loss computed by our approach shows multiple peaks. 
This occurs due to the staircase nature of the loss variation with 
𝐶𝐷/𝑁𝐴. While one can expect one peak per region of constant 
number of PMGs, a lot of these values are small enough to keep the 
composite loss distribution bimodal. More significantly, the HC 
approach with its dependence on analytical mode shapes and 
smoother curve-fitted approximate loss matrices, results in higher 
97th percentile values compared to our more rigorous approach.  
 
Table 2. Statistics of insertion loss due to connector C0 

 
To compute the insertion loss at connector C1, the mode power 
distribution at the output of connector C0, which is not guaranteed 
to be EF-compliant, is used in combination with the 𝐶𝐷/𝑁𝐴 of 
Fiber 2 along with the C1 offset. To explicitly understand the 
insertion loss contribution of connector C1, we have normalized the 
input mode power distribution at C1. Figure 9 shows the probability 
density function of the insertion loss due to connector C1 while 
Table 3 shows the corresponding loss statistics. Since the HC loss 
matrix can strictly be used only for one connector (C0), we used  an 
approximate approach where it is assumed that the connection at 

C1 is equivalent to a connection between an ideal fiber and a non-
ideal fiber with 𝐶𝐷𝑎𝑝𝑝𝑟𝑜𝑥 = 𝐶𝐷0 + ∆𝐶𝐷 and 𝑁𝐴𝑎𝑝𝑝𝑟𝑜𝑥 = 𝑁𝐴0 +

∆𝑁𝐴, where ∆𝐶𝐷 = 𝐶𝐷2 − 𝐶𝐷1 and ∆𝑁𝐴 = 𝑁𝐴2 − 𝑁𝐴1. The loss 
values are then interpolated from the data for connector C0, while 
not considering the change in encircled flux at the input.  
 

 
Figure 9. Insertion loss due to connector C1 

 
As with connector C0, the loss values from the HC approach are 
higher than those computed using our approach. The bi-modal 
nature of the loss probability density function is preserved albeit in 
a less pronounced way due to the averaging over various 
combinations of 𝐶𝐷1, 𝑁𝐴1, 𝐶𝐷2 and 𝑁𝐴2.  

 
Table 3. Statistics of insertion loss due to connector C1 

 
Significantly, the tighter fiber specifications decrease the average 
and 97th percentile loss to nearly 50% of the loss with the IEC/TIA 
specifications. Interestingly, the insertion loss statistics at connectors 
C0 and C1 for the fibers with the tighter specification are almost the 
same. This contrasts with the IEC/TIA fibers where the loss statistics 
at C1 are noticeably worse than those at C0. This is most likely due 
to the tightened fiber specifications, particularly the lower 𝑁𝐴 limits, 
constrain the launch such that the mode power distribution is 
nominally encircled-flux compliant even at C1 thereby resulting in 
similar loss statistics. 

Return Loss = 20 to 40 dB 
Core diameter (min./max.) =  𝐶𝐷0 ± 2.5𝜇𝑚 

 

Core 
Non-
circ 

(max) 
% 

∆𝑁𝐴 = 
𝑁𝐴 − 𝑁𝐴0 
(min / max) 

Insertion Loss, dB  
Our Simulation Hanson Conte 

Avg. Std. 
Dev. 

97th  
perce-
ntile 

Avg Std. 
Dev. 

97th 
perce-
ntile 

Fibers with 
Tighter 
Specs. 

2.5 -0.01 / 0.01 0.044 0.035 0.12 0.069 0.042 0.17 

Fibers 
compliant 

to 
IEC/TIA 
Specs. [6] 

6 -0.015 / 0.015 0.067 0.051 0.19 0.121 0.072 0.28 

Return Loss = 20 to 40 dB 
Core diameter (min./max.) =   𝐶𝐷0 ± 2.5𝜇𝑚 

 

Core 
Non-
circ 

(max) 
% 

∆𝑁𝐴 = 
𝑁𝐴 − 𝑁𝐴0 
(min / max) 

Insertion Loss, dB  
Our Simulation Hanson Conte 

Avg. Std. 
Dev. 

97th  
perce-
ntile 

Avg Std. 
Dev. 

97th 
perce-
ntile 

Fibers with 
Tighter 
Specs. 

2.5 -0.01 / 0.01 0.046 0.036 0.13 0.088 0.064 0.24 

Fibers 
compliant 

to 
IEC/TIA 
Specs. [6] 

6 -0.015 / 0.015 0.089 0.064 0.24 0.158 0.102 0.4 
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4. Conclusions 
In this paper we have analyzed the impact of tightening the fiber 
cladding non-circularity, core-cladding concentricity error, clad 
diameter, core non circularity, and numerical aperture on connector 
insertion loss in MMF links. Unlike previous efforts, we have 
considered links with bend-optimized multi-mode fibers and multiple 
connectors in our analysis. While previous connector loss analyses 
relied on the Hanson-Conte model, we have chosen to use the mode 
overlap approach with a mode solver to accurately compute the loss. 
Unlike the Hanson-Conte model, our approach results in a staircase-
like variation of the loss with fiber core diameter/numerical aperture. 
We find that tightening the fiber specifications compared to the 
IEC/TIA specifications results in a ~40-50% drop in the 97th 
percentile loss at both connectors. The tighter specifications also 
result in a nominally EF-compliant launch at both connectors 
resulting in similar loss statistics at both connectors. We have also 
shown that the Hanson-Conte model results in conservative loss 
estimates that are higher by ~50% compared to the rigorous mode-
overlap approach. 
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Abstract 
High fibe. density optical cables (greater than 1728) present many 
advantages for data center interconnect (DCI) and switch to switch 
deployments as they allow smaller diameter cables, increased 
optical fiber density within available duct/tray space, smaller 
duct/tray sizes, longer blowing distance and elimination of multiple 
cable pulls down to a single trunk. However, in practice, splicing 
such a large number of fibers requires skilled-labor and time that 
increase costs and extend the time to reach operational readiness.  
In this paper, a solution to this challenge is presented in the form of 
factory-terminated high fiber density optical ribbon cables with 
fiber counts between 1728 and 3456 and fiber densities between 
3.25 and 4.04 fibers/mm2. These cables use factory-terminated 24-
fiber Multi-fiber Push On (MPO) connectors that can be assembled 
in a compact pulling grip and pulled through crowded conduits. 
These technologies form the basis for Corning‘s factory-terminated 
DCI solutions. Not only does this technology present up to 70% 
savings in installation time, but it also reduces embodied carbon, 
measured as Global Warming Potential (GWP), of up to 25% when 
compared with Corning’s legacy solutions, as determined by a 
“cradle-to-grave” Life Cycle Assessment. Also reported are 
contributions to GWP from different components within the 
solution, and the opportunities for further reductions.  
High fiber density cables provide a new path to extreme density, 
reduced costs and speed to operational readiness while reducing 
waste and environmental impact for data center customers.  

Keywords: High Fiber Count, High Fiber Density Optical 
Cables, Factory-terminated cables, Pulling Grip, Global Warming 
Potential, Life Cycle Assessment. 

1. Introduction 
There has been an explosion in data traffic between and inside the 
data centers driven by cloud, computing and video streaming 
applications. This has resulted in a rapid increase in the size of the 
data centers, including an emergence of a large number of 
hyperscale and multi-tenant data centers. The design of these data 
centers requires fiber rich architecture, with high fiber count high 
fiber density cables needed to provide the connectivity between and 
inside the data centers. The high fiber density cables start at 1728 
optical fibers and can have as many as 3456 or 6912 fibers. Despite 
the high fiber counts, the cable diameter is small enough such that it 
can be readily installed in existing duct sizes that connect the data 
centers. The smaller cable sizes and lower cable weights also enable 
larger jetting distances by using blowing as the installation method 
in the ducts. However, splicing and testing of the high fiber density 
cables is quite challenging requiring skilled labor and long 
installation times. To alleviate these problems, a factory-terminated 
high fiber count high fiber density ribbon cable solution is 
disclosed. This solution can reduce installation times and costs by 
more than 70% compared to installing standard trunk cables 
between data center buildings. The high fiber density ribbon cable 
solution comprise factory terminating the cable with 24-fiber Multi-

fiber Push On (MPO) connectors and assembling in a compact and 
ruggedized pulling grip, allowing for the factory-terminated cable to 
be pulled or blown readily through congested trays or ducts. 

Large hyperscale data centers require significant capital investments 
and continued operational consumption of resources like electricity 
to provide reliable solutions to growing data demands. As a big 
consumer of electricity data centers have focused on operational 
efficiencies both to reduce costs and environmental impact since 
power consumption can have a large Global Warming Potential 
(GWP). Although there has been significant progress in operational 
efficiencies and increases in renewable electricity generation, there 
is a tremendous opportunity to reduce the embodied carbon of data 
centers by focusing on the infrastructure materials used in 
construction of buildings, as well as electrical and 
telecommunications equipment that enable connectivity. To satisfy 
this demand, Corning is focusing on reducing the embodied carbon 
of its passive optical products. Using the Life Cycle Assessment 
methodology, it is shown that the factory-terminated high fiber 
count high fiber density ribbon cable solution, referred as the “new 
high fiber density solution”, also results in a reduction in GWP of 
up to 25% when compared to the structured cabling design, the 
“legacy solution”, with less dense lower fiber count cables. 
Reducing GWP and instituting Corning’s key solution enablers 
discussed later in the paper, underscores Corning’s commitment to 
understanding the environmental impact of its products and its 
continued focus on innovation in high density solution designs for a 
more sustainable future. 

2.  Novel Factory-terminated High Fiber 
Density Solution Design 
The solution is constructed of a high fiber count high fiber density 
single-mode optical cable having ten 288 fiber ribbon sub-units, 
as seen in Figure 1, terminated with a mix of 12 and 24 fiber 
angled multi-fiber push-on (MPO) connectors manufactured in 
accordance with the relevant IEC standards.  

 
Figure 1. Cross-sectional view of the 288 fiber ribbon 

sub-unit where the blue outline represents the 
elastomer coating. 

The packaging of the factory-terminated cable further includes a 
ruggedized pulling grip for protection of the 24 fiber MPO 
connectors and associated legs during shipping and installation 
through harsh environments. The terminated ends of the high fiber 
density cable are mated to standard high fiber count (96 to 864 
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fiber) assemblies having equivalent MPO connectors, also 
manufactured in accordance with the relevant IEC standards. The 
standard high fiber count assemblies are placed within specialized 
housings, defined as optical enclosures, which are designed to 
support structured cabling architectures that provide for more 
efficient installation, moves, adds, and changes (see Figure 2).   

 
Figure 2. A typical DCI solution involving a high fiber 
density outside plant cable terminated with 24 fiber 
MPO connectors and mated to standard high fiber 

count cables within specialized patching enclosures. 
This solution design is enabled by unique innovations in fiber, 
cable, and connectivity described in the following sections.  

2.1 Key Solution Enablers  
2.1.1 SMF-28 Ultra Optical Fiber 
The high fiber density optical cable uses SMF-28 Ultra optical 
fiber for optimum performance in data center inter-connect 
applications. In contrast to other competitive solutions, the mode 
field diameter (MFD) of SMF-28 Ultra fiber is matched to the 
MFD of the legacy fibers, resulting in lower connectivity losses in 
the network. Furthermore, it has optical properties that are 
compatible with ITU-G.657.A1 specification, resulting in 
improved macrobend and thermal cycling attenuation 
performance, attributes that are of vital importance in high fiber 
density cable applications. These improved properties are 
particularly relevant when reduced coating diameter fibers (less 
than 210 microns) are used to reduce cable diameter and increase 
fiber densities. The Ultra fiber is used in a ribbon configuration. 
These ribbons are then assembled in Routable Sub-Units (RSU) 
for their use in the high-density cable. 

2.1.2 High fiber density Ribbon cable  
Corning developed a family of high fiber density cables to address 
capacity and installation space constraints in the hyperscale data 
center market. High fiber density cables save installation time and 
valuable ladder rack space in the data center. These cables can be 
deployed in a fraction of the time of the legacy cable solution.  
For example, one 2880 fiber high density ribbon cable can replace 
twenty 144 fiber legacy solution cables (see Figure 3). 

                     
Figure 3. A cross-section (not to scale) of the 2880 fiber 

cable (left) and the 144 fiber cable (right). 
Legacy data center cables are typically designed with polyvinyl 
chloride materials that meet only United States standards and 
specifically the National Electrical Code. Corning’s indoor high 
fiber density cables are designed with low smoke zero halogen 
(LSZH) materials to meet UL 1666, UL 1685, Canadian 

Standards Association, and the Construction Products Regulations 
required for the European Union. Thus, the new cables enable the 
customer to use the same product globally, reducing inventory 
space and order entry time. 
Historically, high fiber density ribbon cables incorporated the use 
of rigid round buffer tubes that consumed precious free space and 
increased overall cable diameter. The release of a high fiber 
density global cable design required a substantial reduction in the 
subunit diameter. However, cable and connectivity designers 
wanted to maintain the ability to route and identify individual 
subunits to optical patch or splice enclosures while maintaining a 
small footprint.   
The Routable Sub-Unit (RSU) was developed to provide a thin 
wall tight jacket over the ribbon stack to render grouping and 
identification of ribbon sub-units in an extreme high fiber density 
cable. The cable design also utilized a combination of 12 and 24 
fiber count ribbons to maximize fiber packing density. This allows 
for an overall reduction in cable diameter and enables the end user 
to have a robust factory-terminated solution when routing, without 
requiring additional protection of the ribbon stack. Fiber counts 
are optimized within the routable subunit to ensure matching fiber 
density within the optical patch or splice enclosure.  
Cable designers were challenged to create new methods and use 
new materials to manufacture flame-retardant high density cables. 
The challenges included meeting multiple global burn 
requirements, passing mechanical and environmental tests, and 
developing a cable design that could be easily installed in the data 
center environment. Multiple new LSZH materials were 
developed to meet these stringent requirements. A routable sub-
unit material was identified that could be extruded in thicknesses 
of approximately 250 microns, and was robust enough to provide 
ribbon protection during deployment but pliable enough to be 
routed to splice trays or enclosures. This thin wall processing 
allows for a 75% reduction in wall thickness compared to legacy 
high fiber count designs. Additional challenges included 
identifying an outer jacket sheath material with the capability to 
protect cables from 288 fibers up to 3456 fibers during flame 
testing while maintaining good installation performance within a 
duct or tray system. A novel solution to this problem was the use 
of a LSZH material with improved cold temperature properties 
and reduced coefficient of friction. Furthermore, embedded 
fiberglass yarns were utilized in the jacket sheath versus glass 
reinforced plastic rods to reduce cable weight and to improve 
flexibility during installation.   
The development of a single 2880 fiber cable compared to twenty 
144 fiber legacy cables resulted in a jacket material reduction of 
70% and an overall cable weight reduction of 60%.  

2.1.3 24-fiber MPO connectors and compact pulling 
grip  
A specialized 24 fiber MPO connector was designed to enable 
separation of connector components into two primary sub-
assemblies, as shown in Figure 4.  The first sub-assembly includes 
the housing components necessary for mechanical interface with the 
connector adapter. The second sub-assembly consists of the multi-
fiber ferrule, alignment pins and retaining clamp, and back-end 
ferrule seat. To achieve an increase in packaging density, the sub-
assemblies are separated during shipment leaving only the second 
sub-assembly within the pulling grip. The final assembly occurs in 
the field during routing and install of the fiber optic connectors in 
the enclosure(s). The specialized 24 fiber MPO connector is 
springless, relying upon the applied force from the mating 
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connector to create sufficient force and subsequent physical contact 
between fiber cores.  The springless design allows for field 
assembly of the 24 fiber MPO connector, resulting in complete 
connector assembly during field installation with no more effort 
than required for standard MPO connector installation.   

 
Figure 4. Design rendering of the springless MPO 

connector prior to assembly with MPO housing dust 
plug and connector dust cap shown to the right and 

left, respectively. 
The packaging of the high fiber density cable assembly includes a 
ruggedized pulling grip assembly designed to contain and protect 
the specialized 24 fiber MPO connectors and associated connector 
legs during transportation and installation into both harsh duct path 
and cable tray applications. Although modeled for single use in the 
Life Cycle Assessment, the pulling grip was designed for multiple 
reuse cycles to minimize the associated waste stream and reduce 
environmental impact.    
The pulling grip was designed to transfer tensile load from the 
pulling element (e.g. mule tape) to the high fiber density cable 
tensile strength elements through the exterior pulling grip 
components and an engineered interface with cable breakout plug.  
The pulling grip-to-breakout plug interface includes hermetic 
sealing provisions that provide protection of the contents of the 
pulling grip from exposure to water, debris, or other foreign 
material during shipment and installation in harsh environments.  
Additionally, steel reels were designed with features to 
accommodate efficient attachment of the pulling grip(s), payoff of 
the terminated ends during installation, and robust features to enable 
multiple re-use cycles.  
The implementation of this solution resulted in up to 70% reduction 
in installation times and significant time savings associated with 
eliminating splicing (see Figure 5). 

 
Figure 5. Reduction in installation time for factory-

terminated high fiber density outside plant cable solution 
compared to legacy solution with splicing. 

A Life Cycle Assessment study was performed to quantify the 
environmental impact associated with the high fiber density 
design.  

3. Life Cycle Assessment 
3.1 Goal of the study  
A Life Cycle Assessment (LCA) is an analysis technique used to 
assess the potential environmental impact of products and 
processes through different stages of their life cycle. A cradle-to-
grave LCA was conducted on the entire factory-terminated high 
fiber density solution used in switch-to-switch deployments. The 
goal was to understand the full impact, determine the 
environmental hotspots, and provide recommendations for further 
reductions of embodied carbon. Furthermore, analyzing both the 
new high fiber density and legacy solution helps identify the 
potential environmental impacts associated with these type of 
design improvements. 
The LCA study and the corresponding report are referenced 
throughout this paper alongside Corning’s interpretation of the 
results and relevant material from this study.  

3.2 Scope of the study 
The full DCI solution includes the factory-terminated optical fiber 
cable and hardware that enables the optical pathway between data 
center Intermediate Distribution Frames (IDF) and spine switch 
locations, defined as the “function”. In this paper, a comparison of 
the estimated embodied carbon, measured as GWP, of both the 
high fiber density and legacy solutions involved a total of 46,080 
optical fiber connections from switch-to-switch. 
A full overview, including quantity of units for each product, is 
shown in Figures 6 and 7. For the legacy solution shown in Figure 
6, the structured cabling is comprised of 144 fiber factory-
terminated trunk assemblies, the 2-rack unit housings and the 4-
rack unit housings, which are high density, factory-terminated 
fiber optic hardware solutions. These products support the 
solution with protection, organization, and access for data center 
customers.  
The new high fiber density solution (see Figure 7) is comprised of 
2880 fiber factory-terminated assemblies, 288 fiber trunk 
assemblies, optical patch enclosures that are designed to manage 
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the interconnect of outside plant and inside plant cables, along 
with 2-rack unit housings and 5-rack unit housings. Both the 
legacy and the new high fiber density solution equally fulfill the 
function previously described. To simplify the study, the high-
density fiber optic modules and their associated cable assemblies 
were excluded from the analysis as they are common for both 
solutions. 

 
Figure 6. Full Legacy Solution: 144 Fiber Trunk 

Assemblies (320 units), 2-Rack Unit Housings (80 units) 
and 4-Rack Unit Housings (32 units). 

 
Figure 7. Full high fiber density solution: 2880 fiber 
factory-terminated trunk (16 units), 288 fiber trunk 
assemblies (160 units), optical patch enclosures (8 

units), 2-Rack Unit Housings (80 units) and 5-Rack Unit 
Housings (16 units). 

The LCA was split into three categories. The first analysis was 
done on the optical fiber which provides the core functionality of 
data transmission. The next level of analysis was on the optical 
cable which includes additional sheathing layers that provide 
protection to the optical fibers inside it from the environment and 
stresses that are encountered during installation, operation, and in-
service handling. At the highest level, the full switch-to-switch 
solution was analyzed, including other components such as 
connectors and hardware. This approach was chosen because 
optical fiber and cable are integral parts of multiple cable and 
connectivity solutions developed by Corning. 

3.3 Methodology 
The embodied carbon, of both the legacy and new solution for 
data center interconnects, was determined by conducting an LCA 
according to the principles of ISO 14040 and the requirements of 
ISO 14044. 
The study was conducted by Sphera Solutions Inc. in 
collaboration with Corning Optical Communications, and used the 
Sphera LCA Modeling principles (Sphera Solutions GmbH, 
2021b) with a Cradle-to-Grave system boundary. The results, 

data, methods, assumptions, and limitations have been 
documented in accordance with the ISO requirements in a peer 
reviewed LCA report prepared by Sphera (Diaz, et al., 2022) with 
the salient features of the report summarized below. Additional 
analysis of the results from the LCA report was executed by 
Corning independently for this paper and called out specifically. 
Environmental Footprint v3.0 (EF 3.0) was chosen as its 
characterization factors are considered to be the most robust and 
up-to-date and are widely used and accepted within the LCA 
community (Fazio, et al., 2018) They are also required for Product 
Environmental Footprint (PEF) studies and Environmental 
Product Declarations (EPD) under EN 15804+A2. Several impact 
assessment categories were studied including, but not limited to 
Global Warming Potential, Acidification Potential, Eutrophication 
Potential Freshwater and Water Use.  
The focus on this paper is on Global Warming Potential (GWP), 
measured in kg of CO2 equivalents (CO2e), given its relevance to 
climate change. This is also currently the most used metric and is 
considered recommended and satisfactory as a reference indicator 
(Fazio, et al., 2018). 
The LCA model was created using Sphera's LCA for Experts 
software (GaBi), including the Managed LCA Content (GaBi) 
2021 LCI database for several of the raw and process materials1. 

3.4 System boundary 
For the optical fiber and optical cables used in both the legacy and 
new high fiber density solution, the system boundary is defined 
with cradle-to-gate life cycle stages. A cradle-to-grave life cycle 
system boundary was considered for studying the full solution as 
shown in Figure 8 and Table 1. 

 
Figure 8. Life Cycle system boundary for the study, 
published in LCA report and adapted for this paper 

(Diaz, et al., 2022). 

 
Included Excluded 

Extraction of raw materials Production of capital goods 

Manufacturing of raw materials into 
components 

Employee travel/commuting 

Transportation of raw materials and 
components to Corning 

Network infrastructure outside of the 
product itself 

Manufacturing of products at Corning Refurbishment/Reuse of parts 

Transportation to customers (Cradle-to-
Grave only) 

Use stage (including installation of 
products) 

 
 
1 Sphera's LCA for Experts software (GaBi), including the Managed LCA 

Content (GaBi) 2021 Software and database contents. Sphera Solutions, 
Inc. Chicago 
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End of Life (EoL) without transportation 
to disposal/recycling (Cradle-to-Grave 
only) 

 

Table 1. An overview of the elements that are included 
and excluded from the system boundary, published in 

LCA report (Diaz, et al., 2022) and adapted for this 
paper.  

3.5 Data Collection, assumptions, and limitations 
Primary data was collected for the manufacturing processes for 
the optical fiber, cable and factory-terminated solutions. This 
included material composition, packaging, upstream and 
downstream transportation, and process data including electricity, 
energy, waste, and water. While material composition, 
transportation and packaging represented the actual products in 
this study, process data was based on large-scale production 
processes and scaled to the amount of product present in the 
solution.  
Other relevant manufacturing data such as upstream processing of 
raw materials was obtained by Sphera from the Managed LCA 
Content, 2021 databases. National averages for fuel inputs, 
electricity grid mixes and transportation were obtained by Sphera 
from the LCA for Experts software (GaBi) 2021 databases and 
modeled using the geographically appropriate datasets. The end of 
life (EOL) was considered based on the historical treatment of the 
products. This data collection approach was consistent for both 
the legacy and high fiber density solutions.  

3.6 Results and relevant findings 
3.6.1 Optical fiber 
For the optical fiber analysis, the total GWP was estimated to be 
2.30 kg CO2e per km of fiber with electricity being the main 
hotspot, with 70-80% contribution (see Figure 9).  

 
Figure 9. Impact of different process and raw material 

parameters to optical fiber GWP, published in LCA 
report (Diaz, et al., 2022). 

Corning has reduced energy intensity in global fiber and cable 
manufacturing facilities by more than 50% since 2006 as part of 
its commitment to protecting the environment through continuous 
improvement to its processes, products, and services. 

Corning is also on a path to 100% renewable electricity in the next 
five to seven years in the United States, Canada, and Europe. 
Therefore, a scenario with 100% renewable electricity was 
modeled showing a 70% reduction in GWP per km of fiber (see 
Figure 10). 

 
Figure 10. Impact of renewable electricity on the GWP 

of optical fiber, published in LCA report and adapted for 
this paper (Diaz, et al., 2022). 

This reduction is significant for the overall DCI solution given the 
high fiber density nature of the application.  
The contribution of raw materials was also studied and shows that 
the silica glass precursor used in the flame hydrolysis deposition 
(FHD) process for making optical fiber contributes 40-50% of the 
optical fiber raw materials GWP, followed by 
Polymethylmethacrylate (PMMA) which was used as a surrogate 
material for the acrylate coating (see Figure 11). 

 
Figure 11. Raw material’s contribution to GWP of 

optical fiber, published in LCA report (Diaz, et al., 2022) 
and adapted for this paper.  

Although the overall impact of product raw materials is small 
relative to the impact of electricity, reductions in both glass and 
coating diameter pose opportunities in further reducing embodied 
carbon. Most importantly, these reductions in fiber outer diameter 
enable cable material reduction as demonstrated in Corning’s 
micro cable designs.  
The total length of optical fiber used in both the legacy and high 
fiber density solution is nearly equal, with minimal increase in 
extra fiber length (EFL) due to the increased fiber count.  
Therefore, the contribution of optical fiber to GWP is nearly the 
same for both the legacy and the new high fiber density solution.  

3.6.2 Optical fiber cable 
Three different cable solutions were analyzed as part of this LCA, 
where the impact of the increased fiber density was studied by 
Corning, comparing the estimated GWP of the 2880 fiber high 
density ribbon cable to that of the 288 and 144 high fiber count 
cables. 
On a per km basis, the 2880 fiber high density ribbon cable has a 
much larger GWP compared to that of the 288 fiber and 144 fiber 
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cables as shown in Figure 12. However, when the GWP is scaled 
to include the number of 144 fiber cables needed to enable the 
equivalent of 2880 optical connections, the higher fiber density 
(3.06 fibers/mm2 vs. 1.17 fibers/mm2 for the 2880 and 144 fiber 
cable respectively) and more efficient use in raw materials and 
electricity in cable manufacturing results in 30-40% lower GWP 
as shown in Figure 13.  

 
Figure 12. GWP per km of different cable designs, 

published in LCA report (Diaz, et al., 2022) and adapted 
for this paper. 

 
Figure 13. Overall GWP of novel high density cable 

compared to legacy solution for 2880 optical 
connections, analysis executed by Corning. 

Even with the 288 fiber cable, a 10-20% reduction in GWP, 
compared to the 144 fiber cable is observed. This reduction is 
enabled by the increased fiber density (1.43 fibers/mm2 vs. 1.17 
fibers/mm2 respectively) and optimization of raw materials. 
As discussed in the previous sections, the 2880 and 288 fiber 
cables use an LSZH material for the outer jacket as opposed to the 
legacy 144 fiber cable solution that uses a PVC jacket material. 
Aside from the benefit to customers for global ordering and 
inventory management, LSZH reduces the amount of dangerous 
smoke released when burned. From an embodied carbon 
perspective, LSZH has a slightly higher emissions factor than 
PVC. However, as seen in Figure 14, the increased fiber density 
enables a lower overall GWP for the 2,880 optical connections. 
The impact of LSZH jacket material compared to the PVC jacket 
material has other tradeoffs that should be studied in greater detail 
in future studies. 

 
Figure 14. Comparison of raw material impact on GWP 
of high fiber density cable and legacy solution cables 

used in a 2,880 optical connections configuration, data 
published in LCA report (Diaz, et al., 2022) and scaled 

by Corning. 
Aside from the reduction in cable material and associated 
embodied carbon reduction shown in Figure 13, increased fiber 
density enables significant reductions in cost and installation time 
as discussed in the previous sections. These cable design 
improvements enable the full DCI solution and its associated 
benefits including reductions in waste, transportation, and 
packaging all have quantifiable impacts on embodied carbon and 
are discussed in the following section.  

3.6.3 Full Factory-terminated Solution 
Having understood the impact of optical cable, the GWP impact 
of the full solution was evaluated and is shown in Figure 15.  

 
Figure 15. GWP of full DCI solution, published in LCA 
report (Diaz, et al., 2022) and adapted for this paper. 

The results demonstrate that the novel factory-terminated high 
fiber count high fiber density solution leads to a reduction in GWP 
of 25% when compared with Corning’s legacy solution with the 
manufacturing and upstream materials impact contributing to 90-
99% of the total estimated GWP. This contribution is driven by 
the electricity consumption in fiber manufacturing and cable raw 
materials. Although the housings, made primarily of aluminum, 
contribute to <5% of the total GWP impact, optical hardware is a 
significant area of opportunity for future reductions in embodied 
carbon for Corning’s solutions.  
The GWP reductions associated with density gains and material 
reductions are identified. Ancillary benefits to these design 
changes can be seen in distribution and End of Life (EoL). A 
major reduction in waste is achieved due to the reduced amount of 
cable set ups in manufacturing. Furthermore, both the EoL and 
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distribution impacts of the new solution are reduced from a 
reduction in material volume being shipped and discarded.  
Additional packaging improvements in the high fiber density 
solution contribute to other reductions in GWP. Waste is further 
reduced from consolidation of cables into fewer reels and the 
implementation of a reusable steel reel for the 2880 fiber cable. 
Although the GWP impact of the steel reel is higher than that of 
the wooden reel upon its first use, the implementation of a reel 
return program allows for significant GWP reduction every time 
these reels are returned and ultimately recycled at EoL. Corning 
will continue to leverage these best practices to improve customer 
experience, reduce waste and environmental impact associated 
with packaging and EoL.  

4. Conclusions 
A novel factory-terminated high fiber count high fiber density cable 
solution for Data Center Interconnects (DCI) and switch-to-switch 
applications is presented.  The high fiber density solution utilizes 
ribbon cable designs having fiber counts between 1728 and 6912 
optical fibers and fiber densities between 3.25 and 4.04 fibers/mm2. 
The cables are terminated using MPO connectors that can be 
assembled in a compact and ruggedized pulling grip for efficient 
pulling or blowing through crowded conduits and trays. The 
solution eliminates the need for splicing of the cable and the 
installation of multiple lower fiber density cables at data centers, 
eliminating the need of high-skilled labor to complete furcation and 
splicing. It also ensures rapid readiness to data center operation by 
reducing installation time more than 70% compared to legacy 
solutions. The embodied carbon of the novel solution is also 
estimated by performing a “cradle-to-grave” Life Cycle Analysis 
and comparing it to the corresponding 144 fiber structured cabling 
legacy solution. The analysis shows that the factory-terminated high 
fiber density cable yields in a more efficient use of cable raw 
materials and results in up to 25% reduction in GWP.  
By increasing its focus on high fiber density solutions and pursuing 
intentional design for sustainability, Corning has identified areas of 
future reductions in embodied carbon of telecommunications 
equipment. Incorporating renewable electricity, increasing 
packaging efficiencies, lowering carbon emissions associated with 
transportation, applying circular economy principles to minimize 
environmental impact of optical fiber cable at the end of life, and 
seizing on opportunities to design smaller diameter fibers and cables 
are all critical steps that will reduce cost and the environmental 
impact of data centers.  
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lass optical fiber is a crucial enabler for 
high-speed communications in data 
centers and fiber to the home, and 

automotive applications may embark on such a 
path in the near future.  As data rates inside 
automobiles rapidly increase due to the 
emerging Advanced Driver Assistance Systems 
(ADAS) and the associated high-end sensors 
(see Table 1), the network is approaching the 
limits of electrical solutions.  Radio Detection 
and Ranging (RADAR), Light Detection and 
Ranging (LiDAR), and cameras for visible light 
and infrared spectrum are currently pushing 
data rates of up to 2.5 Gb/s per sensor with a 
trend to increase even more.  Meanwhile, a 
growing number of high-resolution displays 
(4K+) only adds to the bandwidth needs. 

 

Legacy (Take 1) 
One can argue that fiber optics, in the broadest 
sense, has been part of In-Vehicle Networks 
(IVN) for the last two decades in the form of the 
Media Oriented Transport System (MOST).  The 
step-index Plastic Optical Fiber (POF) and the 
media focus limit the application to the 
passenger cabin due to temperature limitations.  
Further, with the highest data rate of 150 Mb/s, 
it is also prone to fierce competition from 
established electrical solutions while imposing 
additional complexity for testing in production 
due to the optical media. 

Optical Revolution? 
It is undisputed that optical communications 
have significant advantages, like much higher 
inherent bandwidth and total immunity to 
electromagnetic interference (EMI).  Glass 
waveguides are fundamentally more durable 
than plastics in high-temperature 
environments.  Data centers have previously 
seen such utilization of optical fiber properties.  
With the increasing demand for data rate and 
fidelity (see Table 1), automotive applications 
are a likely candidate for a similar transition. 

 

Table 1: SAE Driving Automation Levels and Estimated 
Data Needs (number of sensors and total bandwidth) 

 L1 L2 L3 L4/5 
Sensors 7 9 18 23 

Gb/s 4 6 15 23 
 

Recognizing the need for multi-gigabit data rate 
links inside vehicles, IEEE 802.3 is working on 
multiple projects (see Table 2).  One such 
project is 802.3cz, which expects to publish 
soon as the first multi-gigabit automotive 
ethernet standard proposing multi-mode glass 
optical fiber (Optical Multimode, OM3 = 50 µm 
core / 125 µm cladding).  

 

Table 2: IEEE Multi-Gigabit Automotive Ethernet projects 

 IEEE [Gb/s] [m] Conn. 

Electrical 
802.3ch 2.5-10 15 4 
802.3cy 25 11 2 

Optical 802.3cz 2.5-50 40 4 
 

Even the most demanding applications, such as 
high-res video or LiDAR, are not getting close to 
the effective modal bandwidth of OM3 (2000 
MHz∙km).  It is a future-proof technology where 
the next generation of sensors does not require 
cable or connector design changes.  

G 
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That is generally not the case for electrical 
cables, as the evolution of ethernet cables (CAT 
1-8) shows increasing complexity.  On the 
contrary, by updating the fiber only—and 
maintaining the remaining passive components 
(i.e., connectors)—the effective bandwidth can 
be easily upgraded to 4700 MHz∙km (OM4). 

Although many efforts focus on ADAS 
functionality for passenger cars (i.e., Automatic 
Emergency Braking, Automatic Lane Keeping), 
IEEE 802.3cz currently defines up to 40 meters 
of cable length (with ≤4 connectors in line) for 
trucks and busses.  (See Figure 1.) 

These lengths are a proverbial home game for 
multi-mode optical fiber as the OM3 fiber easily 
covers the length increase with a low loss of 
under 2.5 dB per km, or 0.025 dB for 10 meters, 
compared to typically about 2 dB per one meter 
for both POF and electrical solution.  Further, 
the attenuation increases with signal frequency 
for the latter and does not for optical solutions. 

 

~1 mm0.125 mm PMMA
(POF)

Silica
(GOF)

VS

Core

 

Figure 2: Size comparison GOF (l) vs. POF (r) 

The extension to sensors outside the passenger 
cabin increases the temperature and sealing 
requirements significantly.  Subsequently, this is 
where the properties of the primary material in 
the optical fiber—fused silica (see Table 3)—
allow for a durable long-term solution.  

 

Table 3: Typical properties of fused silica 

Density 2.2 g/cm3 
Elastic Modulus 73 GPa 
Shear Modulus 31 GPa 
Poisson’s Ratio 0.17 
Compressive Strength 1.1 GPa 
Tmax (operation, no load) 1100°C 
Thermal Cond. 1.38 W/m∙°K 
Coeff.  Thermal Expansion 0.55 10–6/°C 
Volume Resistivity >1010 Ω∙cm 

 

Corning’s bend-insensitive fiber (BIF) addresses 
typical concerns about routing the cables in 
tight spaces.  Figure 3 (below) shows the 
improvements and associated small bend radius 
(wound around a mandrel two times).  

With the proper cable design, fiber optics 
solutions can meet tighter bend radius specs 
than many high-frequency copper solutions and 
are inherently robust to dynamic bend 
situations like door hinges. 

Figure 1: Extent of Optical In-Vehicle Network according to IEEE802.3cz 
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Figure 3: Bend-Insensitive Fiber Advantage 

 

Reliability 
A central reliability factor is crack propagation 
in fused silica, which requires a flaw in the 
surface and tensile stress to be present.  With 
the latter controlled by the design and flaws 
minimized in fiber production by adding the 
coating right after the draw, the resulting 
reliability can exceed 25 years. 

Outside the fiber optics business, glass optical 
fiber is generally perceived as fragile despite the 
reality being much different.  Inspired by the 
combined torsion and twist test in standards 
derived from—the now discontinued—LV214, 
Figure 4 shows a more severe bend test.  The 
Ø9 mm rollers—in conjunction with a 5 Newton 
weight—bend the cable (a 2mm ZIPcord) at 40 
cycles per minute while monitoring the 
attenuation during the test. 

  

 

Figure 4: Bend Cycle Test Setup 

 

As shown in Figure 5, the glass optical fiber 
exhibits no degradation in attenuation even 
after one million cycles. 

 

Figure 5: No noticeable degradation of OM3 fiber 

 
The reliability of dynamic bend is inherent to 
the material properties of glass (fused silica) in 
combination with manufacturing expertise in 
minimizing surface flaws.  There is no dynamic 
fatigue in such materials and, therefore, no 
material degradation due to dynamic bending.  

The time investment primarily limited the test 
extent rather than the silica optical fiber.  The 
severity of the test also highlights the potential 
to enable new use cases previously thought 
impossible. 

The X-ray image in Figure 6 was taken after the 
entire test in Figure 5 and shows no physical 
degradation of the glass fiber (light portion). 

 

Figure 6: Fibers after 1 million bend cycles (X-Ray) 
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For reference only, Figure 7 shows an X-ray 
image of a 1000BASE-T1 cable with severe 
damage to the conductors and shield due to 
material fatigue in the metal after 1000 and 
15000 cycles, respectively. 

 

 

 
Figure 7: 1000BASE-T1 cable after 1000 and 15000 cycles 

 

Another aspect of reliability is the elevated 
temperature range in automotive applications.  
Figure 8 shows the cycling test from USCAR-2 T4 
with the extremes of -40°C and +150°C without 
electrical overload.  

 

 

Figure 8: Thermal Cycling per USCAR-2 T4 

 
The test uses an environmental chamber (ESPEC 
ESX-4CA, Figure 9) with an attached multi-mode 
data acquisition system to measure 850 nm and 
1300 nm.  No connectors were in the chamber, 
and humidity control only works for the 
applicable temperature ranges. 

 

Figure 9: ESPEC ESX-4CA Chamber 

 

The cable length under test was 10 meters with 
10 channels total.  The graph shows only the 
results for a single channel for visual clarity.  
The data in Figure 10 is representative of the 
whole population.  The assumed limit was a 
maximum attenuation change of 0.2 dB during 
the entire test, and the measurements never 
exceeded 10% of this range. 

 
Figure 10: Attenuation change during thermal cycling 
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The cable under test uses a high-temperature 
jacket material (TPU) and standard fiber coating 
over OM3 Bend-Insensitive Fiber but was 
otherwise a typical 2x2mm ZIPcord.  More 
targeted tests can determine if other potential 
failure modes were not visible in the 
attenuation data.  Early results are encouraging. 

 
Contamination 
One of the most challenging parameters to 
characterize properly is contamination due to 
its random nature in quantity and quality.   

 

Figure 11: Core area vs. dirt in MM and SM 

Figure 11 shows the physical advantage of 
Multi-mode (MM) compared to Singlemode 
(SM) fiber.  The active area of MM fiber (the 
core) is much more forgiving towards 
contamination relative to SM. 

Many concerns about end-face contamination 
stem from the Singlemode application (smaller 
core).  Multi-mode in automotive applications 
(i.e., per IEEE802.3) has a much less stringent 
loss budget with a total of 8 dB distributed over 
15 or 40 meters of cable with up to four 
connectors.  That often comes with much lower 
loss requirements. 

However, contamination itself comes in many 
types and quantities.  As such, the occurrence is 
difficult to control (i.e., to allow for only four 
particles but prevent five); it has been a long 
practice to manage contamination instead, 
either by prevention (i.e., dust caps) or removal 
(i.e., cleaning), or both.  

 

Figure 12: Function-centric life cycle 

 
It is also important to consider the impact of 
contamination on optical performance at each 
phase of the lifecycle (Figure 12).  For instance, 
it is vital to maintain uninterrupted function 
while driving (B).  Meanwhile, during production 
in the factory (A) or service in the repair shop 
(C), it is undoubtedly an economic factor (i.e., 
inspection or cleaning). 

Physical contact provides significant advantages 
over lens-based solutions in three of the four 
situations (1-3) shown in Figure 13. 

 

 

Figure 13: Physical contact and contamination situations 

 

Contamination is complicated to characterize 
concerning its impact on optical transmission.  
Many liquids have little to no impact on a 
physical contact interface as the contact 
pressure displaces the material.  Liquids like 
alcohol, water, and oil fall into this category.  
That is a significant difference from an 
expanded beam where no liquid is displaced, 
and the optical properties of the lens change 
from the intended design. 
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With a focus on reliability, the physical contact 
design does provide a significant benefit 
because the contact hermetically seals fiber end 
faces (core) once mated.  That effectively does 
not allow any contamination to get into the 
light path (until unmated). 

In the unmated state, the vehicle is likely 
stationary in the factory or repair shop, allowing 
management of connectivity problems.  

Field Repair 
One of the most significant challenges in 
automotive applications is the ability to repair a 
vehicle.  The necessary precision for high-
frequency connectivity increasingly hampers 
the traditional advantage of electrical 
connectors to being easily crimped onto the 
cable by the end user.  

As damage is prone to happen, field repair 
options are mandatory.  The solution can 
include a design decision to make it more 
accessible.  Still, the easiest option is to route a 
new patch cord when the cable gets 
accidentally cut or otherwise broken. 

As field-installation options are available for 
most current applications of fiber optics (i.e., 
UniCAM™), installing a traditional connector 
with portable tools is available.  Finally, it is also 
possible to patch cables with so-called splices, 
which can be fusion splices when space is 
available, or mechanical splices when not.  
Available solutions are proven, and repair 
conditions are different from manufacturing. 

Conclusion 
Similar to electrification, and in some cases 
because of it, automotive architecture is 
undergoing significant changes.  Self-driving is 
only one application that motivates a rapid 
need for higher bandwidth networks. 

Figure 14 highlights the different strengths and 
weaknesses of different solutions.  It becomes 
clear that compromises are sometimes 
necessary while inherent benefits eliminate 
specific concerns (i.e., EMI). 

Beyond bandwidth, electrical high-speed 
solutions are more prone to electromagnetic 
interference as the signal-to-noise ratio 

Figure 14: The right solution for the right problem 
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becomes smaller, especially the longer the 
cable.  The dielectric nature of typical fiber optic 
cable materials makes it ideal to route along 
noise transmitters without any impact on the 
signal. 

Understanding the difference in automotive 
networks allows design for proper fiber 
protection.  The durability of fiber is 
exceptional, and the cable and connector 
design must preserve this strength by avoiding 
introducing flaws to the silica.  Similar needs 
apply to fiber to the home (FTTH) or even 
military applications. 

The bandwidth (and distance) overhead of the 
standard OM3 fiber relative to current needs 
allows to keep the passive network largely 
consistent while electronics evolve and demand 
even more data.  That makes the overhead a 
significant aspect of the future-proofing of a 
solution or technology.  This is also a suitable 
enabler for upgrades to better sensors and 
ECUs while keeping the deeply integrated 
network the same. 

With these advantages, it appears logical that a 
consistent in-vehicle network solution using 
silica optical fiber simplifies the current trend of 
advanced driver assistance systems and, 
eventually, fully autonomous vehicles. 

(th/th)   
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Abstract 

In recent years, fiber optic cables with increased optical fiber packing 
density have become increasingly prevalent because of their ability 
to maximize limited duct space usage.  One promising way to 
increase the fiber packing density consists of using Multi-Core Fibers 
(MCFs).  MCFs are of particular interest because they are easy to 
connect thanks to now well-mastered Fan-In/Fan-Out (FI/FO) 
technologies. In this paper, the development and testing are reported 
for a new 288f Ribbon in Central Tube (RICT) cable containing 4-
core fibers. 

Keywords: Multi-Core Fiber; MCF; Ribbon; FlexRibbon. 

1. Introduction 
High-density cables have recently received considerable attention 
because of their ability to meet traffic demand in limited duct 
spaces, but also because they enable faster, more cost-effective, and 
eco-friendlier installations. One promising way to increase cable 
density consists of using MCFs or few-mode fibers with standard 
125µm cladding diameter [1-4]. In this context, uncoupled MCFs 
are of particular interest because they are easy to connect thanks to 
now well-mastered FI/FO technologies and because they are 
compatible with a reduced coating diameter of 200µm (vs legacy 
245µm), thereby further increasing the density [1,2]. 
 
In this paper, the development and testing are reported for a new 
cable containing MCFs. A 288-fiber central tube cable with 24 
flexible ribbons was manufactured and tested.  Each flexible ribbon 
contained 12 fibers. All fibers had dual-layer acrylate coating with 
diameter of 200µm. 23 of the ribbons contained standard Single-
Mode Fibers (SMFs), the 24th ribbon was made using 4-core fibers, 
all of these MCFs were made from the same fiber preform. The 
cable design was a Prysmian standard design for this fiber count 
and used all standard materials and dimensions. The cable length 
was 2600 meters.   
 

2. Multi-Core Fibers 
Fig.1 shows the cross section of the 4-core fiber with a standard 
125µm cladding diameter. A trench-assisted step-index profile was 
chosen for the core that allows to reach low crosstalk values and 
that can be compliant with both ITU-T recommendations G.652.D 
and G.657.A2. The average core pitch is 41.4μm. The mode-field 
diameters, cable cutoff wavelengths and chromatic dispersions are 
compatible with ITU-T recommendation G.652.D. The average 
attenuations are 0.355dB/km and 0.197dB/km at 1310nm and 
1550nm, respectively. The crosstalk value was below -50dB/km at 
1550nm, which is expected for a MCF with a cladding diameter of 
125µm and 4 cores based on trench step-index profiles [3]. FI/FO 
are based on a tapered fiber device that can be directly spliced to 
the 4-core MCF.  FI/FO pairs were spliced to the 4-core fiber, in 
which losses below 0.3 dB were achieved.  
 

 
Figure 1 - 4-core fiber cross section 

3. Cable Design 
 
The cable consisted of the following components: Optical 12-fiber 
ribbons (24), Water swellable tape, Buffer tube, Strength members, 
Ripcord(s), & Cable Jacket. 

 

 
 
 
 
This cable had a final outer diameter of about 9.4 mm. Fig. 2 shows 
a photo of this 288 fiber Ribbon in Central Tube (RICT) cable.  
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Figure 2 – 288 fiber ribbon in central tube (RICT) cable 

4. Testing 
The cable was temperature cycled according to ICEA-744 and the 
optical attenuation was monitored.  Prior to temperature cycling, 10 
of the fibers in the multi-core flexible ribbon were concatenated so 
that they could be tested essentially as a single, long MCF.  This 
allowed the use of only two FIFO assemblies to monitor all cores 
in these 10 MCFs and allowed for bi-directional optical 
measurements. 
 
Figure 3 shows the attenuation profile for one of the 4 concatenated 
cores in the MCF.  The performance of this core is similar to the 
other 3 cores.  Here one can see that the average and max splice 
loss was relatively low and that the series of concatenated fibers 
showed an average attenuation of about 0.285 dB/km. 
 

 
Figure 3 – Attenuation Loss for 10 concatenated MCFs 
 
Figure 4 shows the attenuation of the SMFs as a function of 
temperature. 
 

 
Figure 4 – SMF attenuation as a function of temperature   

 
Figure 5 shows the attenuation of MCFs as a function of 
temperature 
 

 
  Figure 5 – MCF attenuation as a function of temperature   

 
Figure 6 shows the attenuation distribution at -40°C for the SMFs 
and MCFs. 
 

 
  Figure 6 – attenuation distribution for the SMFs and MCFs 
 
The cable was also tested according to the following GR-20 with 
passing results for mechanical and environmental tests, 
 
 

 
 
 
 
 

Test      section   result 

Low and High Temperature Cable bend  6.5.3  Pass 

Impact Resistance    6.5.4  Pass 

Cable Compressive Strength   6.5.5  Pass 

Cable Tensile Strength    6.5.6  Pass 

Cable Twist     6.5.7  Pass 

Cable Cyclic Flexing    6.5.8  Pass 

Temperature Cycling    6.6.3  Pass 

Cable Aging     6.6.4  Pass 

Water Penetration    6.6.7  Pass 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum150



5. Results / Conclusions 
The MCF exhibited low splice loss, which certainly was helped by 
all fibers coming from the same preform. 
The MCF cores performed as good as or better than standard single 
mode fibers in temperature cycling. 
The cable with MCFs passed all GR-20 cable tests performed. 
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Abstract 
We are developing remote-operated optical fiber switching nodes to 
be used outdoors in a concatenated loop topology for our proposed 
optical access network. Power-over-fiber (PWoF) is used to power 
the remote-operated optical fiber switching nodes. We study a system 
in which multiple remote-operated optical fiber switching nodes are 
connected in series by a single feeding laser to minimize system cost. 
Since node control via the PWoF system is important for the viability 
of this new connection method, the results of verification experiments 
are reported.  

Keywords: Remote-Operated Optical Fiber Switching Node，
Power-over-Fiber Application， Single Mode Fiber, Concatenated 
Loop Topology 

1. Introduction 
As a new optical access network structure that can flexibly cope 
with future optical line demands such as Beyond 5G and data 
centers, a concatenated loop topology that installs switching points 
into multiple optical paths in an access section has been proposed 
along with an optical switching function[1]. This configuration 
consists of multiple loops, which makes it easy to implement 
redundant paths. The optical fiber switching function must be able 
to flexibly switch routes in the optical access network in order to 
deal with the unpredictability of optical fiber demands. This optical 
fiber switching function is assumed to utilize the optical access 
network which is composed of passive optical components. As it is 
not feasible to connect each optical fiber switching device to 
commercial power supplies outdoors, utilizing the optical fiber of 
the optical access network to realize stable power supply using 
power-over-fiber (PWoF) technologies is essential. 
This paper proposes a remote-operated optical fiber switching node 
(ROOFS node) using PWoF technologies and control through 
optical fibers. Until now, various proposals have been made for 
devices and systems that operate by power over fiber. For example, 
R. Helkye et al. [2] proposed a system of energy-efficient 3-D 
micro electro mechanical system (MEMS) switches operated by 
optical power supply. H. Helmers et al. [3] proposed a system 
capable of supplying as much as 6.2 W of light. However, no 
system has been proposed that can drive multiple optical power 
supply devices at the actual facility level of optical access networks. 
In this paper, we aim to deploy and operate 4 ROOFS nodes in an 
optical access line section. We will explain a new connection 
method for ROOFS nodes, and show that it can support multiple 
ROOFS nodes. We also describe the optical power that a ROOFS 

node should receive in the optical access network and show that the 
goal can be achieved.  

2. Proposal of series connection method 
of remote operated optical fiber switching 
node 
2.1 Features and issues with the conventional 
parallel connection method 
Figure 1 (a) shows the conventional ROOFS node system 
configuration[4]. The central office (CO) side is equipped with a 
laser to transmit power and control signals to the ROOFS node; the 
photodiode (PD) receives the upstream signals from the ROOFS 
node and is driven by a controller. Single mode optical fibers 
(SMFs) are prepared for each of the multiple ROOFS nodes, and 
the power supply destination is switched by a 1xN optical switch 
(OSW) in the CO. Each ROOFS node is equipped with a 
photovoltaic power converter (PPC) that converts light into 
electricity, which is stored in a capacitor. Energy stored in the 
capacitor drives a microprocessing unit (MPU) to implement the 
communication function (CF) and device control. The feature of 
the parallel connection method is that power can be supplied even 
if the capacitor of the ROOFS node is discharged by switching the 
optical fiber feed destination with a 1xN OSW. The problem of the 
connection method described above, is that optical fiber number 
must equal the number of ROOFS nodes, which raises optical fiber 
resource requirements. In addition, 1xN OSWs are required at the 
COs, and the high complexity of the system configuration is 
another issue. 
2.2 Proposed series connection method 
The proposed series-connected ROOFS node system configuration 
is shown in Figure 1 (b). The difference from the parallel 
connection method is that the 1xN OSW installed in the CO is 
eliminated and each ROOFS node is equipped with a 1x2 OSW. 
This scheme enables all ROOFS nodes to be connected by a single 
optical fiber, and by controlling the state of the 1x2 OSW, optical 
fiber power can be supplied to any ROOFS node. Moreover, the 
facility configuration is simple and the 1xN OSW can be eliminated. 
In addition, expansion is easy because only new ROOFS nodes 
need to be connected directly. On the other hand, in the case of the 
parallel connection method, it is necessary to prepare a new optical 
fiber and a new port at the 1xN OSW. Therefore, it is difficult to 
connect more than N because new OSWs need to be installed in 
COs. In the next section, we describe optical fiber feed control 
achieved by the ROOFS node that we actually fabricated.  
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Figure 1. (a) ROOFS node system configuration with 
conventional parallel connection method and (b) 

proposed serial connection method 

3. Examination of the number of 
connected ROOFS nodes and energy 
distribution 
3.1 Model of insertion loss 
Figure 2 shows the model of insertion loss for a ROOFS node in a 
series-connected system. The feed laser installed inside the CO is 
connected to the outside optical fiber through a termination facility, 
and feeds light through optical elements such as 1x2 OSWs and 
optical couplers. In the series connected system, losses of optical 
elements Lnode are formed by the number of nodes through which 
the feed light passes. Since the line loss increases as the distance 
between the feeding laser and the ROOFS node increases, the light 
receiving power at distance dN becomes limited The light receiving 
power Prev at the PPC of the N-th ROOFS node is given by the 
following equation. 

𝑃𝑟𝑒𝑣 = 𝑃𝑡𝑟𝑎𝑛𝑠 − 𝐿𝑐 − (𝑑𝑁・𝐿𝑐𝑎𝑏𝑙𝑒) − (𝑁・𝐿𝑛𝑜𝑑𝑒).                  (1) 

Here, Ptrans is the output power of the feed laser, Lc is the loss in the 
CO, and Lcable is the optical loss of the outdoor optical cable per 
unit distance, including the connection loss. 

Figure 2．Model of  insertion loss 

 

3.2 Control of capacitor voltage using switching 
PWoF for ROOFS nodes  
Here, we consider distributing the energy supplied by PWoF 
feeding. Capacitor voltage models of the ROOFS nodes in this 
paper are shown in figure 3. The minimum driving voltage of the 
ROOFS node is Vmin, which is also the minimum driving voltage 
of the MPU. Each capacitor has an upper limit VH and a lower limit 
VL, and in a ROOFS node system, it is necessary to control the 
capacitor voltage so that the voltage does not fall below the lower 
limit VL. Of course, VL should be set to Vmin with safety margin 
added. 
 

Figure 3．Capacitor voltage model of ROOFS nodes 

 

4. Prototype ROOFS node 
4.1 Configuration of ROOFS nodes 
This section details the configuration of a prototype ROOFS node 
in figure 4. The CO side is equipped with a 1490 nm wavelength 
laser that can be externally modulated and a PD for receiving 
communications. An optical circulator is deployed to realize 
downlink communication and upstream communication over a 
single optical fiber. ROOFS node control and the analysis of the 
uplink optical communication are carried out by a personal 
computer. ROOFS has a 90/10 optical coupler to separate the feed 
and communication systems. When the 1x2 OSW is pointed in its 
own direction, light is supplied to PPC 1, which is converted into 
electricity and stored in Capacitor 1. Capacitor 1 stores energy to 
drive the MPU. Energy to drive 1x2 OSW and MEMS ON/OFF 
switch (SW) for upstream communication is stored in Capacitor 2. 
Storage in Capacitor 2 can be switched by turning on and off the 
load switch (LS). Two capacitors are used so that MPU activity is 
not upset by the voltage drop generated during device operation. 
The power stored in Capacitor 2 is boosted to 5V by a boost 
converter (BC) and supplied to the 1x2 OSW, MEMS ON/OFF SW, 
and other devices. The downlink signal passes through the 10% side 
of the 90/10 optical coupler, then goes through the optical circulator 
and the 50/50 optical coupler and is transmitted to PPC 2. Here, it 
is converted into an electrical signal and an external control 
command is transmitted to the MPU. The reason for not performing 
signal reception on PPC 1 is to allow the 1x2 OSW to face the other 
direction and accept external control commands while feeding light 
to the downstream ROOFS node. Also, the upstream signal inputs 
the light branched by the 50/50 optical coupler to the MEMS 
ON/OFF SW, where the light is modulated into a serial signal and 
returned to the CO side. In this prototype, since the switching speed 
of the MEMS ON/OFF SW is 5 msec, the communication speed 
was set to 110 bps. Experiments confirmed that communication at 
this speed was possible. A PIC18LF47K40 (Microchip 
Technologies Inc.) [5], a 2x2 MEMS OSW (Opneti) [6] and KPC8-
Ts (Kyoto Semiconductor) [7] were used as the MPU, 1x2 OSW 
and PPCs, respectively. 
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Figure 4．Configuration of prototype ROOFS node 
 

4.2 Single unit characteristic verification 
This section describes the light-receiving characteristics of the 
prototype ROOFS node. Figure 5 shows the voltage change of 
Capacitor 1 when PPC1 set the power of the light received to 500, 
600, or 700 μW. The driving voltage of the microcomputer was 
1.8 V, and in this experiment, we define that a ROOFS node can 
be driven normally when the voltage of Capacitor 1 is kept at 1.8 
V or more. The only device in operation during the light feeding 
is a microcomputer. The experiments showed that the voltage 
values of Capacitor 1 at 600 and 700 μW are 2.3 and 2.4 V, 
respectively, which can drive the ROOFS node. However, when 
500 μW was received, although the voltage reached around 2.0 V 
once, the voltage dropped as soon as the MPU was started and did 
not rise above 1.6 V. Therefore, this paper finds the minimum 
light receiving power for ROOFS node driving to be 600 μW 
 

 
Figure 5. Charging characteristics of capacitors in 

ROOFS node 
 

4.3 Number of nodes that can be connected 
In Equation (1) above, when the feed laser power Ptrans, which is 
equivalent to the signal light intensity used for video distribution in 
the existing transmission system, is + 17 dBm[8], Lc is 3.3 dB, Lcable 
is 1 dB/km[9], and Lnode is 2.35 dB from the catalog values of the 
optical circulator, optical coupler and OSW, Prev is given by the 
following relation. 

𝑃𝑟𝑒𝑣 = 13.7 − 𝑑𝑁 − 2.35𝑁.                                                  (2) 

Also, when N = 1 ~ 7, Prev and dN have the relationship shown in 
Figure 6. At this time, the minimum light receiving power required 
to start the MPU in the prototype ROOFS node was -2.22 dBm, 
which shows that up to 6 nodes can be driven in series connection 
from Figure 6. In that case, it is possible to realize a ROOFS node 
system in a series-connection method by arranging ROOFS nodes 
in sections of up to 6.5 km. 

Figure 6．Receiving power of the N-th node relative to 
node distance 

 

4.4 Control using PWoF for ROOFS nodes 
We consider multi-unit control of the prototype ROOFS node. In 
this study, control by two machines is considered for simplicity. 
Figure 7 shows the connection configuration of two ROOFS nodes. 
In this experiment, a MPU is made to autonomously judge the 
situation and switch the power storage destination of the capacitors 
(C1, C2, C3, C4) and the power supply destination of the ROOFS 
node. That is, the ROOFS node close to the CO takes the initiative. 
First, ROOFS node #1 and ROOFS node #2 are connected via a 
1x2 OSW. The ROOFS node is equipped with two capacitors, and 
C1 and C3 are the capacitors that serve as the power source to drive 
each MPU. C2 is a power source for driving the 1x2 OSW. In this 
study, ROOFS node #2 is not equipped with a 1x2 OSW. Also, 
switching of the capacitors that store the energy of each ROOFS 
node is carried out by a load switch (LS). 
Capacitor voltage models of the two ROOFS nodes in this paper 
are shown in figure 8. Each capacitor has an upper limit VH and a 
lower limit VL, and in a ROOFS node system, it is necessary to 
control the capacitor voltage so that the voltage does not fall below 
all lower limits VL. 
The software flowchart of the proposed ROOFS node system to 
control the capacitor voltage is shown in figure 9. First, when the 
optical fiber supply is started, at the stage when the MPU is driven, 
the 1x2 OSW is turned in its own direction, LS1 is turned off, and 
the initial state of storing the capacitor 1 driving the MPU is started. 
From here, reading of each capacitor voltage is started, and when 
the voltage value of capacitor 1 exceeds the upper limit V1H, as the 
next state, LS1 is turned on to start the charging of capacitor 2. 
During this time, whether C1 is below the lower limit is 
periodically checked, and if it is, immediately cut back LS1. When 
the voltage value of the two capacitors of ROOFS node #1 in this 
storage sequence exceeds the upper limit, the 1x2 OSW is switched 
and power to ROOFS node #2 is started. The storage sequence at 
ROOFS node #2 is the same as that at ROOFS node #1, but if any 
of the capacitors at ROOFS node #1 falls below the lower limit 
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during storage, the 1x2 OSW is immediately switched back and 
charging of ROOFS node #1 resumes.  

Figure 7．Experimental ROOFS node Control System 

Figure 8．Capacitor voltage model of prototype ROOFS 
nodes 

Figure 9．Software flowchart of the proposed ROOFS 
node system 

4.5 Experiment 
The experimental optical fiber feed control system is shown in 
figure 10. The output power from the laser was 9.8 mW, and the 
received power at ROOFS node #1 and ROOFS node #2 was 6.4 
mW and 5.1 mW, respectively. All capacitor voltage values are 
recorded by a data logger. Figure 11 shows the measured capacitor 
voltage with the above sequence. From figure 11, it can be seen that 
first, the two capacitors of ROOFS node #1 are charged in order as 
designed, and when the two capacitors reach the upper limit, 
charging of ROOFS node #2 is started. It can also be seen that the 
ROOFS node #1 is recharged every time C1 of ROOFS node #1 
falls below its lower limit even when charging of ROOFS node #2 
is in progress. In this experiment, the capacitors of the ROOFS node 
#2 were almost saturated because the light receiving power had 
enough energy for control. Here, Vmin was 1.8 V. Considering the 
safety margin, VL and VH were set at 2.3 V and 2.7 V, respectively. 
The experiment was carried out for 24 hours and the voltage values 
of all capacitors never fell below VL. 
Therefore, it was found that the ROOFS node system could be 
stably operated by the control using our proposed PWoF feeding. 
 

Figure 10．Experimental system 

Figure 11．Experimental results 
 

5. Conclusions 
We proposed a series-connected ROOFS node system. We 
prototyped a series-type connection system and showed it offered 
stable operation; the number of connectable units was clarified 
assuming an actual facility. The ROOFS node can be applied to 
network configurations other than concatenated loop access networks, 
and can be considered as an optical cross connect that is stably driven 
by PWoF feeding even in outdoor installation environments. 

0.0

1.0

2.0

3.0

4.0

0 1 2 3 4 5 6

C
ap

ac
ito

r 
vo

lta
ge

 (
V

)

Time (hour)

C1
C2
C3
C4

VL

Vmin

MPU

PPC

1x2 OSW

C1

C2

LS1

Monitor
Operate MPU

PPC C3

C4

LS2

Monitor

Operate

ROOFS node #1 ROOFS node #2

BC

Vo
lta

ge

C1 C2 C3 C4

ROOFS node #1 ROOFS node #2

V1H

V1L

V2H

V2L

V3H

V3L

V4H

V4L
Vmin

Start

C1 > V1H?

1x2 OSW -> Node#1
LS1 -> Off

No

1x2 OSW -> Node#1
LS1 -> On

C1 < V1L?

C2 > V2H?

Yes

Yes

No

1x2 OSW -> Node#2

C3 > V3H?

LS2 -> Off

No

LS2 -> On

C3 < V3L?

Yes

Yes

ROOFS node #1 ROOFS node #2

Start

No

C2 < V2L?

No

Yes

Yes

No

C1 < V1L?
or

C2 < V2L?
Yes

No

PC

C2

1x2 
OSW

PPC

PPC MPU

CO

PD

90

10

50

50
PPC MPU

90

10

50

50

Power line
Signal line

C1

C4PPC

C3

Laser
（1490nｍ）

MEMS 
ON/OFF SW

MEMS 
ON/OFF SW

BC

BC

ROOFS node #1 ROOFS node #2

LS

LS

Data Logger
SMF

2022 Proceedings: IWCS Cable & Connectivity Industry Forum155



6. References 
[1] Hiroshi Watanabe, Tomohiro Kawano, Chisato Fukai, Ryo 

Koyama, Kazuhide Nakae, Tatsuya Fujimoto, Yoshiteru Abe, 
and Kazunori Katayama, “Remote Operated Optical Fiber 
Switching Node and Optical Cross-Connect Function applied 
to Optical Access Network based on Concatenated Loop 
Topology,” International Cable & Connectivity Symposium 
2021(2021). 

[2] Roger Helkey, Michael lnbar, Olivier Jerphagnon, Volkan 
Kaman, Shifu Yuan, Jim Klingshirn, Nicholas Madamopoulos, 
and John E. Bowers, “Remotely Powered Optical Switch for 
Remote Subscriber Aggregation and OTDR Measurement in 
PON,” 33rd European Conference and Exhibition of Optical 
Communication (ECOC) (2007). 

[3] Henning Helmers, Cornelius Armbruster, Moritz von 
Ravenstein, David Derix, and Christian Schöner, “6-W 
Optical Power Link With Integrated Optical Data 
Transmission,” IEEE Transactions on Power Electronics, Vol. 
35, No. 8, pp. 7904-7909 (2020). 

[4] Tomohiro Kawano, Hiroshi Watanabe, Tatsuya Fujimoto, 
Kazuhide Nakae, and Kazunori Katayama, “Power Supply 
System using Optical Fiber for Remote Operated Optical Fiber 
Switching Node,” International Cable & Connectivity 
Symposium 2021(2021). 

[5] Microchip Technology Incorporated, “PIC18LF47K40,”  
https://www.microchip.com/en-us/product/PIC18F47K40, 
(accessed 2022 August 26th) 

[6] Opneti Communications, “2x2 MEMS optical switch,” 
http://www.opneti.com/uploadfile/20210625/2021062522172
7405.pdf, (accessed 2022 August 26th) 

[7] Kyoto Semiconductor, “Photovoltaic Power Converter KPC8-
T,” https://www.kyosemi.co.jp/en/products/kpc8-T, (accessed 
2022 August 26th) 

[8] NTT EAST, “Case Studies of Faults and Countermeasures in 
a Passive Optical Network System,” NTT Technical Review, 
Vol. 10, No. 7 (2012). 

[9] Yoshitaka Enomoto, Hisashi Izumita, Koji Mine, Shigenori 
Uruno, and Nobuo Tomita, “Design and Performance of 
Novel Optical Fiber Distribution and Management System With 
Testing Functions in Central Office,” Journal of Lightwave 
Technology, Vol. 29, No. 12, pp. 1818-1834 (2011). 

 
 
 
 
 
 

7. Authors 
Tomohiro Kawano is an Engineer at NTT 
Access Network Service Systems 
Laboratories. He joined NTT in 2010. 
Recently, he has been engaged in the 
research & development of optical fiber 
technology for remote operated optical fiber 
switching nodes. Mr. Kawano is a member 
of the Institute of Electronics, Information 

and Communication Engineers (IEICE) of Japan. 

Tetsuya Manabe received B.E., M.E. and 
Ph.D. degrees in mechanical engineering 
from Osaka University in 1989, 1991 and 
1998 respectively. He also received an MBA 
(Advanced) from the University of Western 
Australia in 2007. Since joining NTT 
Research Laboratories in 1991, he has been 
involved in various research projects related 

to optical fiber communication systems and maintenance 
technology. From 2012, as a Senior Research Engineer, Supervisor 
of Access Network Service Systems Laboratories, he was engaged 
in managing a research group to improve the efficiency of 
telecommunication systems maintenance. Since 2020, he has been 
the professor of the Mie University and engaged in educations and 
researches on optical network systems including an access network 
protection system, an optical fiber vibration sensing system and a 
robotic optical cross-connect system. He is a member of the 
Institute of Electronics, Information and Communication Engineers 
(IEICE), and the Society of Instrument and Control Engineers 
(SICE). 

 
Hiroshi Watanabe received B.E., M.E. 
degrees in applied physics from the 
University of Tokyo, Japan, in 1996 and 1998, 
respectively. He received a Ph.D. in 
engineering from Hokkaido University in 
2017. In 1998, he joined NTT Access 
Network Service Systems Laboratories, 
Ibaraki, Japan. He is currently engaged in the 

research of remote operated optical fiber switching nodes. Dr. 
Watanabe is a member of the Institute of Electronics, Information 
and Communication Engineers (IEICE) of Japan.  
 

Akihiro Kuroda is an Engineer at NTT 
Access Network Service Systems 
Laboratories. He joined NTT in 2015. 
Recently, he has been engaged in the 
research and development of optical fiber 
technology for remote operated optical fiber 
switching nodes. 
 
 
Kazuhide Nakae is a Senior Research 
Engineer at NTT Access Network Service 
Systems Laboratories. He joined NTT in 
1995. Recently, he has been engaged in the 
research and development of optical fiber 
technology for remote operated optical fiber 
switching nodes. 
 
 
Kazunori Katayama is an Executive 
Research Engineer at NTT Access Network 
Service Systems Laboratories. He joined 
NTT in 1997. Recently, he has been engaged 
in the research and development of optical 
fiber technology and optical connection 
technology. He is a board member of IWCS. 

Mr. Katayama is a member of the Institute of Electronics, and 
Communication Engineers (IEICE) of Japan. 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum156



Impact of Jacket Configuration on Temperature and Strain Sensing 
Performance of Optical Fiber Cables  

 
Brian G. Risch*, Thorben Jostmeier**, and Max Bohana** 

 
*Prysmian Cables and Systems 
Telecommunications Americas 

P.O. Box 39 
Claremont, NC 28610-0039 

 
**LIOS Technology – A LUNA Company 

Schanzenstrasse 39 
51063 Cologne, Germany 

 
1-828-459-8435 · brian.risch@prysmiangroup.com 

 

Abstract 

Sensing cables with strain free, loose-tube temperature sensing 
elements and simplex strain sensing elements are a widely 
deployed, current solution for direct burial pipeline monitoring 
applications. The use of these cables for monitoring of 
subsidence, overburden stability, and civil engineering 
structures deployment at greater burial depths and corresponding 
pressure has also been demonstrated.  Often direct buried 
deployment is desired for these applications, so knowledge of 
trade-offs in sensing performance vs. outer jacket configuration 
is desired.  Sensing cables with strain free, loose-tube 
temperature sensing elements and simplex strain sensing 
elements have been manufactured with different jacket 
configurations in order to examine the impact of jacket 
configuration on thermal response for Brillouin temperature and 
strain sensing.  Additionally, a new signal processing algorithm 
has been demonstrated that can deconvolute the Brillouin strain 
and temperature response in optical fibers contained in such 
cables. 

Keywords: fiber optic cable, distributed sensing, BOTDA, 
Brillouin scattering, sensing cable. 

1. Introduction 
The use of optical fibers for distributed sensing applications is 
expanding in both volume and breadth.  Distributed optical fiber 
sensing has many advantages over traditional point sensing 
using thermocouples or strain gauges. Optical fibers are far less 
expensive and complicated than arrays of point sensors for the 
construction of a distributed sensing network.  Fiber optic 
distributed sensing systems are far less complicated and contain 
far fewer components than arrays of traditional point sensors, so 
there are fewer potential modes of failure, making fiber optic 
distributed sensing systems inherently more reliable.  The most 
common applications for distributed sensing include sensing of 
strain and/or temperature. Measurement of other variables is 
also possible with special sensing electronics or optical fibers.  
Optical fiber distributed sensing is currently used for seismic 
and geothermal monitoring, downhole applications for oil 

exploration, pipeline monitoring1,2, power cable monitoring3, 
overhead high voltage transmission line monitoring, monitoring 
of civil engineering structures, monitoring of composite 
structures, and other applications4.   

Typical distributed sensing systems involve optimized fiber 
choice combined with optoelectronics which monitor scattered 
light within the fiber.  These distributed sensing systems are 
based on Rayleigh, Raman, or Brillouin scattering.5  Distributed 
sensing based on Brillouin scattering is the most widely used 
system for large scale distributed sensing due to numerous 
advantages allowing for better compatibility with long-haul data 
transmission, the ability to monitor strain and temperature, as 
well as very long measurement distances with good 
measurement spatial resolution.   Sensing cables with strain free, 
loose-tube temperature sensing elements and simplex strain 
sensing elements have been developed and deployed for strain 
sensing and temperature sensing for direct buried deployment 
for pipeline monitoring.6,7  These basic designs have been 
relatively widely deployed, function well, and may be well 
suited for more demanding applications.   

For direct buried deployment considerations of both 
measurement sensitivity and cable damage resistance are a very 
important consideration when selecting a jacket configuration.  
Common jacket configurations for cables are non-armored, 
single armor, and dual armor jackets.  

These cables are compatible with Brillouin Optical Time 
Domain Reflectometry, BOTDR, technology as well as other 
sensing technologies to monitor strain and/or temperature. Since 
Brillouin is sensitive to both, temperature and strain, 
technologies for separating both are required. Cables with loose 
and tight buffered fibers can be a solution as long as the cables 
are operated within their normal design extension limits. For 
larger strains which may occur during accident conditions, or if 
such cable is not available, BOTDR can offer a solution by 
analyzing frequency and power of the Brillouin peak8.     
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2. Experimental 
 

2.1 Cable Design  

 
 

Figure 1 Diagram of 6 Position Fiber Optic Pipeline 
Sensing Cable with 3 Strain Sensing Elements.  

A. Dual Layer Armored Design. 
B. Armored Cable Design. 
C. Dielectric Cable Design. 

 

The cross-sectional schematics of the basic cable designs of 
cables tested in this study are shown in Figure 1A, B, & C.  
These designs include 3 loose tube elements which may contain 
up to 36 fibers and 3 simplex strain sensing elements.  Both 
strain sensing and telecommunications fibers may be included in 
the loose-tube units allowing data transmission as well as 
sensing with this cable design.  The choice of armor 
configuration is dependent on the level of sensitivity and 
protection of the interior optical elements. 

The cable design family is compliant to industry specifications 
for telecommunications cables with loose tube elements 
conformant to GR-20 and ICEA 640 and tight buffered elements 
conformant to GR-409 and ICEA 696.  Other configurations (4 
loose tube and 2 strain sensing etc.) are also possible, depending 
on the application.  Alternative outer jacket configurations may be 
utilized for this cable design to provide a flame retardancy, and/or 
enhanced chemical or mechanical resistance. Table 1 summarizes 
the cable diameter and weight of the pipeline sensing cable design 

variants.  The dielectric cable design offers the lowest level of 
impact and compression resistance while the dual armor provides 
the greatest level of protection.  The higher level of protection 
comes at the cost of a larger cable outer diameter, greater cable 
weight, and some reduction in thermal response time.   

These cables contained G657A2 low bend, Brillioun sensing 
optimized, singlemode fibers in strain sensing units and G657A2 
low bend, Brillioun sensing optimized, singlemode fibers in one 
loose tube elements.  

  

Table 1. Cable Dimensions and Weight for 6 Position 
Fiber Optic Pipeline Sensing Cable Design Variants. 

Fiber 
Count 

≤ 48 loose tube fibers with 2 strain 
sensing fibers. 
≤ 36 loose tube fibers with 3 strain 
sensing fibers.  
≤ 24 loose tube fibers with 4 strain 
sensing fibers. 

Outer 
Diameter 

0.43 inches (10.9 mm) – Non-Armored  
0.48 inches (12.3 mm) – Single-Armor  
0.67 inches (17.1 mm) – Dual-Armor 

Weight 50 lb/kft (75 kg/km) – Non-Armored  
101 lb/kft (151 kg/km) – Single Armor  
198 lb/kft (295 kg/km) – Dual-Armor  

 

2.1 Measurement Systems 
 
A LIOS OTS4 Brillouin measurement system was used for both 
strain and temperature measurements.  The strain and temperature 
signals can be easily isolated between the strain-free loose-tube 
elements and the strain sensing tight-buffered elements in the 
cables studied.  At cable elongations that exceed the strain-free 
window in the cable the temperature and strain signals can be 
separated by measurement of both Brillouin frequency shift which 
is correlated to both temperate and optical fiber strain and 
Brillouin power change which is dependent primarily on the 
temperature.  All measurements are performed at 1550nm. 
 

2.2 Cable Temperature Response Testing 
 
Cable temperature response was determined by splicing individual 
fibers from lengths of each cable design and bare fiber into a 
single measurement loop that was monitored using Brillouin 
sensing technology.  The splicing of the bare fiber and three cable 
design variants into the same measurement loom within the same 
chamber allowed the relative thermal lag for each cable design to 
be compared to the bare fiber which effectively measured the true 
equilibration response of the thermal chamber.  The fiber loop 
was connected to A CSZ ESX-4CA thermal chamber with -70°C 
to 150°C thermal capability and relatively fast thermal response 
time was selected to simulate a rapid thermal excursion such as an 
event which may occur due to Joule/Thompson cooling during a 
pipeline leak. An image of the cable test coils, and bare fiber coil 
configured in the chamber before testing is included in Figure 2. 
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Thermal testing was completed using the following temperature 
sequence: 

• Initial room temperature equilibration and verification 
of link integrity. 

• Equilibrate to 60°C for one hour. 
• Ramp at maximum chamber cooling to 40°C for one 

hour. 
• Ramp at maximum chamber cooling to 20°C for one 

hour. 
• Ramp at maximum chamber cooling to -20°C for one 

hour. 
 
During the testing the relative thermal response times of the fibers 
in the cables were compared to the bare fiber which indicated the 
true chamber temperature and chamber response time.  The 
reference bare fiber temperature reading was calibrated by a 
thermocouple also included in the chamber.   
 

 
Figure 2: Cables Configured in Continuous Test Loop in 

Thermal Chamber. 
 

2.3 Combined Thermal and Strain Response of 
Cable 
 
Combined cable strain and temperature response was 
characterized using a 100m length of cable placed under 
controlled elongation on a tensile bench where sections of the 
cable were passed through a thermal chamber equilibrated at 40C.  
Individual strain sensing fibers and temperature sensing fibers 

were spliced together so the response of each fiber could be 
monitored during testing.  A 24km section of fiber was placed 
between the interrogator and test section in order to simulate 
measurements at a distance as would be seen in the field. 
Including connectors, the total one-way loss up to the test section 
was 5.2dB. The interrogator simultaneously measured the 
Brillouin frequency and power of the fibers as a function of the 
cable elongation. In this and similar configurations, measurement 
times around 2min and spatial resolutions of 2m are usually 
sufficient for achieving less than 2°C temperature resolution. 
Cable elongation was measured with an extensometer and 
reported with Brillouin frequency on a Brillouin frequency vs 
cable strain diagram.   

 

 
Figure 3: Cables Configured in Tensile Test 

Configuration with Lengths of Cable Passing through the 
Thermal Chamber. 
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3. Results and Discussion 
 
Figure 4 illustrates the strain behavior of the single armor sensing 
cable and fibers contained therein.  Cable strain was measured 
with an extensometer and fiber strain was measured by the phase 
shift method.9  The loose tube cable elements remain strain free 
for cable elongation of >0.4% while the strain sensing simplex 
elements have strain proportional to and nearly identical to cable 
elongation.  Due to the stranding of the strain sensing elements, 
sensing element strain is slightly less than cable strain although 
the strain sensing optical fibers show an immediate strain 
response.  This cable design is compliant to GR-20 and ICEA-640 
specifications with performance characteristics summarized in 
Table 2.  Loose tube units are tested to the acceptance criteria for 
GR-20 and simplex units are tested to the GR-409 acceptance 
criteria.6 Impact of cable design on cable load vs. elongation 
response is shown in Figure 4.   
 

 
Figure 4: Tensile Strain Behavior of 6 Position Fiber 

Optic Sensing Cable. 
 
Table 2: General Cable Performance Specifications for 6 

Position Fiber Optic Sensing Cable. 

Minimum bending 
radius 
– under tension 
– no tension 
Installation Tensile 
Load 
Long Term Tensile 
Load 

 
 
20 x cable diameter 
10 x cable diameter 
 
600 lbf (2700 N) 
 
180 lbf (800 N) 

Temperature range 
– transportation, storage 
– installation 
– operation 

 
-40°C to +75°C 
-10°C to +60°C 
-40°C to +70°C 

 
Figure 5 shows the impact of outer jacket configuration on cable 
tensile response.  Excellent repeatability of tensile response of the 
single armor design is illustrated for cables manufactured in 2015 
and 2021 for the single armor design.  With the only change in 
cable design being armor configuration, a reduction of tensile 

elongation vs. load of about 10% is seen for the dual armor 
design.   

 
Figure 5: Impact of Jacket Configuration on Cable 
Tensile Performance. 

 
Figure 6: Impact of Jacket Configuration on Crush 
Performance: 
Top: Dielectric Cable 
Middle: Single Armor Cable 
Bottom: Dual Armor Cable 
 
Crushing displacement of the outer jacket vs. crushing load for the 
three jacket configurations for crushing between parallel plates 
according to FOPT-41 is shown in Figure 6.  A 20% improvement 
over the dielectric cable is seen in crush resistance with the single 
armor configuration and a 40% improvement is seen with a 
double armor jacket configuration. 
In order to examine the combined impact of temperature and 
strain and examine strategies to separate the signals from the raw 
Brillouin shift data sections of cable were routed through a 
thermal chamber.  Cable tensile response data was collected with 
the chamber off and equilibrated at 40°C while the cable was 
subjected to strain testing at an ambient temperature of 23°C.  The 
Brillouin frequency shift vs. cable strain with the cable at constant 
temperature is shown in Figure 7.  Figure 8 illustrates results of 
the tensile testing with the sections of the cable in the chamber 
equilibrated to 40°C.  In the strain free temperature sensing fibers 
the Brillouin shift in the two sections of cable going through the 
chamber is clearly evident.  By correcting the Brillouin frequency 
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shift data with data obtained from the temperature induced power 
shift, temperature corrected strain data can be obtained as shown 
in Figure 7.  Data collected at a 24km vs. 2 km measurement 
distances through launch fibers of different lengths showed no 
degradation or shift in results at the 20+km measurement distance.   

 

 
 
Figure 7: Tight Buffered Fiber Frequency Shift vs. Cable 
Strain at Constant 23°C Cable Temperature. 

 
Figure 8: Temperature Corrected Cable Strain Data Data. 
Top:  Observed cable temperature from combined 
analysis using Brillouin frequency and power shift. 
Bottom: Corrected cable strain at increasing loads.  
 
Figure 9 shows a graph of cable strain vs. tensile load with 
sections of the cable in the thermal chambers held at 40°C.  
Temperature corrected Brillouin data and measurements from a 
strain gauge placed on the cable show excellent agreement. 

 
Figure 9: Cable Strain vs. Tensile Load for Strain Sensing 
Fibers. 
Figure 10 shows the Brillouin response of the loose tube fibers in 
the cable as a function of strain during tensile testing where the 
sections of the cable in the over were equilibrated at 40°C.  In the 
strain free loose-tube fibers the clear Brillouin shift is evident in 
the sections of cable at elevated temperature.  Once the cable is 
loaded to levels beyond the strain-free window of the cable, 
however, an added strain induced Brillouin shift is also observed.  
In situations where the cable is placed at strains at or above design 
limitations the use of Brillouin power data to separate temperature 
and strain signals may allow more straightforward resolution of 
temperature and strain signals.   
 

 
Figure 10:  Brillouin Response of Strain-Free Loose Tube 
Fibers as a Function of Increasing Cable Load. 
 
Figure 11 shows the impact of outer jacket configuration on the 
Brillouin shift response with cables equilibrated to the test 
temperature.  The data shows good linearity in the response and 
consistency of response between jacket configurations. 
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Figure 11: Impact of Outer Jacket on Equilibrium 
Brillouin Shift Response for Sensing Cables with 

Different Outer Jacket Configurations. 
Although equilibrium thermal response is shown to be nearly 
identical based on the data from Figure 11, a thicker jacket may 
tend to provide more thermal lag for temperature measurements 
due to jacket thermal insulation properties and the sheer thermal 
mass of the jacket.  Therefore, a trade-off exists between the level 
of mechanical protection imparted by a jacket configuration and 
the resulting speed of temperature response.  Figure 12 illustrates 
a comparison of thermal equilibration times in oven testing of 
cables with different jacket configurations and a bare optical fiber 
which provides the immediate temperature within the oven.  The 
data shows that both the non-armored cable design and the single 
armor cable design show about a 10 minute thermal equilibration 
response delay relative to the bare fiber in the rapid thermal 
excursion testing while about a 15 minute delay is seen with the 
double armor jacket configuration.   
 

 
Figure 12A: Time Dependent Temperature Sensing 
Response of Sensing Cables with Varying Armor 

Configurations:  
Black: bare fiber 
Blue: no armor 

Red: single armor 
Yellow: double armor 

 
Figure 12B: Detail Time Dependent Temperature Sensing 

Response of Sensing Cables with Varying Armor 
Configurations:  
Black: bare fiber 
Blue: no armor 

Red: single armor 
Yellow: double armor 

 

 
Figure 13: Time Dependent Temperature Sensing 

Response of Between Loose Tube and Tight Buffered 
Elements in Sensing Cables with Varying Armor 

Configurations. 
Figure 13 illustrates that the loose-tube fibers show a reduced 
thermal lag relative to the tight buffered units.  This result is not 
surprising as the added tight buffer material around the optical 
fibers in the tight buffered units creates another layer of thermal 
insulation.    

Figures 14A-C show the measured thermal decay times of the 
different cables and cable elements as a function of temperature 
range and jacket configuration.  The thermal decay time is the 
time required for a temperature drop to 1/e (37%) of the 
temperature before the thermal step.  The data is a good fit to 
exponential decay and characteristic decay times are included in 
the figures.   
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Figure 14: Impact of Jacket Configuration on Thermal 

Response Times for Tight Buffered Units.   

Table 3: Corrected Characteristic Thermal Equilibrium 
Decay Times Determined from Oven Testing.  

 
 
Table 3 is a tabulated summary of thermal decay times vs. unit 
configuration and cable jacket configuration corrected for the 
thermal equilibration response of the thermal chamber as 
measured by thermocouples and the reference fiber.  The average 
thermal decay constant for the chamber system was about 6 
minutes for each 20°C temperature step.  Temperature sensing 
data shows a minimal decrease in response time for tight buffered 
units relative to loose-tube temperature units as well as a slight 
decrease in response time between a dual armored jacket 
configuration relative to a single jacket configuration.  Although a 
measurable decrease in response time is evident in laboratory 
experiments, the response times of the extreme conditions for this 
cable design family were within 10 minutes which makes pipeline 
leak detection still viable even when the protection of an added 
armor layer is desired or required.  This is an important result as 
increased mechanical protection may be desired for pipeline cable 
deployments in rocky soils or other deployments where risk of 
cable damage during installation or service may be increased.  
The likely reason why no impact of adding the armor along to the 
cable decreases thermal response is that the metallic armor is a 
thermal conductor which may offset any impact of overall cable 
thickness and thermal mass on the response time.   
 
With the dual armor jacket a 40% improvement in compression 
resistance and a 10% improvement in tensile resistance is realized 
in the cable at the cost of less than 10 minutes in thermal decay 
times.  When selecting a jacket configuration for a sensing 
application, the proper balance between jacket design and cable 
sensing requirements can be selected to optimize performance.  
The data presented provides quantitative measures which will lead 
to the best decision making.  Additionally, communications fibers 
are often also deployed in these pipeline sensing cables, so the 
protection of these added fibers is also a consideration for cable 
jacket configuration.   
 
Data collected with long lead-in fibers simulate effective 
measurements of >20km even when using the Brillouin power 
correction algorithm.  Effective link distances exceeding 100km 
have been demonstrated using the Brillouin frequency8. Relevant 
measurement performance when including the Brillouin power 
can be achieved well over 50km8. A model system and power 
budget calculation is shown in Table 4. With actual data 
supporting link distances meeting or exceeding calculated limits 
with safety factors.  Demonstration of measurement and data 
analysis capabilities is an important deliverable, as field 
measurements often must be done remotely due to budgetary 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum163



considerations for equipment, limitations of accessibility due to 
terrain, and time constrains for effective network inspection. 
  

Table 4: Sample calculations for loss budgets of a 
BOTDR sensing system and 20km link distance.  

 
Item Typical Values Model 

System 

Power budget for 
combined analysis 
of Brillouin 
frequency and 
power (System gain) 

15dB 
for frequency and 
power analysis. 

20dB for frequency 
shift data alone. 

15dB 

Fiber attenuation 1550 nm:  
0.20dB/km 

4.0dB 
(20KM total 
length) 

Connector and 
splice losses* 
(Minimum of 3 
connectors) 

0.75dB per 
connector 

0.3dB per splice 

1.2dB 

System 
Performance Margin 
(Without Environmental 
Factors) 

 9.8dB for 
frequency 
and power 
analysis. 

14.8dB 
for 
frequency 
shift data 
alone. 

Environmentally 
Induced Attenuation  

0.15dB/km 3dB 
(20KM total 
length) 

System 
Performance Margin 
(With Environmental 
Factors) 

 >6.8dB 
for 
frequency 
and power 
analysis. 

>11.8B 
for 
frequency 
shift data 
alone. 

*ANSI/TIA/EIA-568-B.3 
*GR-20 / ICEA-640 

 

4. Conclusions 
 
The trade-off between mechanical protection and sensing response 
has been quantified for sensing cables with strain free, loose-tube 
temperature sensing elements and simplex strain sensing 
elements.  With the dual armor jacket a 40% improvement in 
compression resistance and a 10% improvement in tensile resistance 
is realized in the cable at the cost of less than 10 minutes in thermal 
decay times.  This data verifies that although a measurable 
difference in response time can be observed for dual armor cables, 

this is still a viable sensing solution for environments where a risk 
of cable crush, impact, or rodent damage is high. 
The sensing thermal response of cables did not show a significant 
response with the addition of a single layer of metallic armor to 
cables which is likely due to the thermally conductive nature of 
steel armor.  This finding indicates that the best armor configuration 
for most applications would be the single armor jacket. 
Isolation of strain and temperature signals is possible in this cable 
design through two demonstrated technologies.  First, the 
temperature signal can be determined independently from the strain-
free fibers in the loose tube units and subtracted from the combined 
strain and temperature signal in the tight-buffered units.  An 
additional technique has been demonstrated in which temperature 
induced Brillouin power shift can be used to correct Brillouin 
frequency data that included both temperature and strain data.  Both 
techniques for independent temperature and strain analysis have 
been demonstrated at link distances exceeding 20km with 
substantial power budget margin. 
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THE IMPACT OF THE ELECTRO-MOBILITY BOOM
ON THE AUTOMOTIVE SUPPLY CHAIN
NEW CABLING TECHNOLOGIES
FOR FAST-PACED MATERIALS INNOVATIONS!

Summary Energy transition (decarbonization)
accelerates renewable energy generation
and long distance green power transmission
and distribution technologies

Electro-mobility and self-driving cars
a consumer demand driven technology shift

Significant changes in terms of demand 
for new specialty polymer based batches are
destined to new emerging cabling products

1

2

3
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1 Energy transition (decarbonization)
accelerates renewable energy generation
and long distance green power transmission
and distribution technologies

ELECTRO-MOBILITY

Energy transition (decarbonization)

Energy transition (decarbonization) 
accelerates renewable energy generation 
and green power transmission and 
distribution technologies.

Solar and wind generators should become 
the main power source for Evs. 

The presence of a network of smart 
Electricity Storage Systems (ESS) with PV 
modules on EV charging stations will help to 
solve the problem of generation imbalances 
at local, regional and national levels, and to 
“green” the use of EV.

GREEN
ENERGY

An example of renewable energy infrastructure for feeding an electric vehicle charging stations.
Source: Grand River Energy Solutions Corp

ELECTRO-MOBILITY

2022 Proceedings: IWCS Cable & Connectivity Industry Forum168



2 Electro-mobility and self-driving cars
a consumer demand driven technology shift

ELECTRO-MOBILITY

Electro-mobility and self-driving cars

Electro-mobility and self-driving cars are a 
consumer demand driven technology shift.

Hybrid & Electric Cars require new types of 
cables like the battery cable as well as the 
charger cable, but also new materials to 
support higher temperatures and other 
special caracteristics.

Self driving technologies, meaning 
computers on wheels, result in an increase 
of precision electronics in the car, therefore 
renewed cabling needs.

THE RISE OF ELECTRIC CARS
BNEF sees more than 20 million sales by 2030

EV penetration by 2040

35-47%
of new cars

Source: Bloomberg New Enegy finance

ELECTRO-MOBILITY

2022 Proceedings: IWCS Cable & Connectivity Industry Forum169



3 Significant changes in terms of demand 
for new specialty polymer based batches are
destined to new emerging cabling products

ELECTRO-MOBILITY

Significant changes in terms of demand

Materials used for Charging Cables

Halogen free compounds mandatory (Europe)

Usual flame retardancy required IEC 60332-x-y

For insulation: Mostly Polyolefin based compounds

For jacketing: Mostly Polyurethane based compounds

ELECTRO-MOBILITY
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TPU sheated Charging Cable 

Light Fastness (7-8, 8)

Thermal stability

Weathering

Hydrolytic resistance

Colour stability

Abrasion resistance

Mechanical strength

Interaction of Pigment and Polymer

ELECTRO-MOBILITY

Light Fastness vs Weathering

Light Fastness means Just Light (interior)

Weathering means a combination of factors:

- Light

- UV/Infrared, etc. (cycles, day night)

- Temperature (variability)

- Humidity

- Contamination

TPU sheated Charging Cable 

ELECTRO-MOBILITY
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Special colour requests

Colour measurement systems: RAL & MUNSELL

TPU sheated Charging Cable 

ELECTRO-MOBILITY
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Compatibility pigment polymer
  Temperature wise
  Colour strength

Thermal Stability (heat from outside, heat from inside cable)
Stress test: Winding / Bending

  Surface cracking

Colour stability / colour degradation
Aging test on cable (recognize colour after aging)

Processability of the Masterbatch when extruding
Dilution, thermal degradation of the polymer, formulation,  
test-error, supplier-customer technical partnership
Melt flow index: Compatibility between cable compound  
and Masterbatch carrier

Fluorinated polymers FEP/ETFE
T5/T6 Automotive

1

2

3

4

Bending radiusWinding test

Temperature range (3,000 h)
T5 -40 °C to +175 °C

T6 -40 °C to +200 °C

ISO 6722

ELECTRO-MOBILITY

TPC (TPE-E) Thermoplastic copolyester
for HFFR applications

Special Automotive cables requirements on:

Colour stability and colour strength due to complexity of 
Halogen Free flame retardant systems pigment formulation, 
colouring strength and pigment concentrations.

Flexibility

Temperature Resistance

Processability

Oil Resistance

ELECTRO-MOBILITY
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Laser Printing Materials for Wire & Cable Applications: A Technology 
Overview 
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Abstract 
Trends in 5G, cloud computing, and the internet of things are driving 
technology evolutions in communications infrastructure. Cable 
designs are evolving to accommodate higher fiber counts, reduced 
installation costs, and enable future expansion in dense 
communications networks. This is leading to significant reductions 
in cable diameter and the use of thinner jacket walls. Laser printing 
provides the necessary fine print character and excellent mark 
contrast needed for marking and identification of these downgauged 
cable designs. These cables are often deployed by jetting into 
installed ducts, where the durability of laser marks is advantageous. 
However, conventional carbon black UV stabilized jacket 
compounds are not inherently laser printable.  
This paper provides an overview of materials technologies for 
enabling laser printing on Wire & Cable jacket compounds. The 
effect of laser marking additives, resin selection, and laser printing 
speed on laser mark contrast were studied on selected compositions. 
The advantages of a laser printable formulation are demonstrated, 
including abrasion resistance and UV performance, while meeting 
the other material needs of a jacket compound.   

Keywords: Laser printability, fiber optic, mini cable, micro cable, 
additives, UV stability. 

1. Introduction 
Cable print markings are employed to identify the cable type, 
manufacturer, date of manufacture, and mark out the length to ensure 
adequate length available during installation. To serve this function 
during the service life of the cable, the print must withstand the 
mechanical abrasion of installation and the erosion conditions present 
in the cable’s environment. Print resiliency to these conditions is 
important to allow outside plant personnel to determine cable length 
during installation and allow for the identification of the cable during 
its lifetime. 

Cable designs are evolving to accommodate higher fiber counts, 
reduced installation costs, and enable future expansion in dense 
communications networks. This is leading to significant reductions 
in cable diameter and the use of thinner jacket walls. Therefore, cable 
identification is evolving and required to withstand a variety of 
installation and in-service conditions. Traditional methods of cable 
marking have included print wheels and hot stamp systems as well as 
continuous inkjet printing.1 While the traditional marking methods 
have advantages, there are several disadvantages particularly for 
mini- and microcable designs with small diameters and downgauged 
jackets. For inkjet printing, the disadvantages can be poor adhesion 
of common inks as well as significant scrap and downtime due to 
printer malfunctions. Mechanical hot stamp and embossing are not 
practical and should be avoided for the small diameter cables as it 
would damage the thin wall jacket and can add stress on the fibers. 

 

 

Laser printing is advantageous over traditional marking technologies 
in durability, absence of hazardous materials, and fine font character 
making it an emerging trend in cable jacketing technology. However 
traditional black jackets are not laser printable, due to the presence of 
carbon black for UV resistance. Therefore, this work extends upon 
earlier work to further investigate multiple aspects of laser printing 
technology for Wire and Cable applications.2 Previous work 
demonstrated laser printing on selected compositions, here various 
aspects of laser marking additives, resin selection, and print 
conditions are discussed in detail. UV and abrasion resistance of 
these compositions is demonstrated. 

2. Experimental  
2.1 Cable Jacket Compounds 
The compounds used in this work are designed for use in fiber optic 
cable jackets. The material properties of the compounds are 
summarized in Table 1. Laser printable (LP) compounds LP1 and 
LP2 were developed to demonstrate the effect of additives on laser 
printing. The control compounds, BK1, is a commercially available 
black jacket compound used in fiber optic cable applications. 

 
Table 1. Material properties of laser printable 

compounds. 
 Carbon 

black 
(wt%) 

Laser Marking 
Additive 

Resin 
Density 
(g/cm3) 

LP1 < 1 No 0.945 
LP2 < 1 Yes 0.945 
BK1 2.5 No 0.945 
LP: Laser printable. BK: Conventional black jacket. 

 

2.2 Property Testing 
Laser marking was performed at IPG Photonics on compression 
molded 102 mm × 102 mm plaques with nominal thickness 1.3 mm. 
A fiber laser of wavelength 1064.6 nm, pulse energy of 1 mJ, and 
beam diameter of 7.794 mm was used. The focus lens was a Linos 
245 mm F-Theta-Ronar. A Lanmark Controls controller and 
software were used. A mapping of pulse frequency (x axis) vs pulse 
intensity (y axis) was carried out, providing a matrix of laser marks. 
Each mark represented a unique frequency and intensity. The 
marking speed was 2000 or 4000 mm/s. 

Scanning electron microscopy (SEM) micrographs were obtained 
on a FEI Quanta 200 with an accelerating voltage of 20 kV and a 
working distance of 12 mm. 

Accelerated weathering was conducted using a Q-Lab QUV/SE 
accelerated weathering tester per ASTM D1248 Standard 
Specification for Polyethylene Plastics Extrusion Materials for Wire 
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and Cable. ASTM D638 Type V dogbone specimens were exposed 
at 70 °C for 20 h and 0.7 W/(m2 nm), followed by 4 h dark at 55 °C 
with condensation. Samples were removed after 4000 h aging for 
testing. 

Tensile strength and elongation (T&E) were tested according to 
ASTM D638 Standard Test Method for Tensile Properties of 
Plastics on an Instru-met model 4201 tensile testing machine. The 
T&E was tested at 25.4 mm per minute crosshead speed. Each 
specimen was cut per ASTM D638 Standard to a Type V dogbone 
with nominal 1.9 mm thickness. 

Abrasion resistance was assessed using a Taber Abrader. The wheels 
were wrapped in sandpaper, a 1 kg load was applied, and the wear 
was recorded after 100 cycles. 

3. Results and Discussion 
3.1 Laser Marking Additives 
Due to the excellent mark durability, fast marking speeds, low 
maintenance costs, reduced scrap during cable manufacturing, and 
low environmental impact of laser marks, laser marking technology 
has started replacing inkjet prinking in many applications, 
including cable manufacturing. Standard black jacketing 
compounds are not laser markable, due to the presence of >2.3% 
carbon black. To achieve localized color changes with sufficient 
mark contrast the use of additives, fillers, pigments, or dyes are 
employed and the carbon black content is typically lowered to 
<1%.3 
Common laser marking additives include metal oxides, metal salts, 
and minerals such as mica. Selected additives were evaluated in 
jacket compound compositions. Figure 1 compares laser marking 
on compounds LP1 and LP2. Both compounds show good mark 
contrast over a range of pulse intensities and frequencies. LP2, with 
the addition of a laser marking additive, shows a somewhat 
enhanced marked contrast at lower pulse intensities and higher 
frequencies (bottom right) suggesting that laser marking additives 
can broaden the range of printing conditions.  

 
Figure 1. Laser printing of (a) LP1 and (b) LP2 at 2000 
mm/s. 
The presence of additives in laser markable compounds can absorb 
laser energy and convert it to heat. The heat is capable of vaporizing 
the compound and generating gas bubbles that produce a foamed 
structure on the compound surface.4 The foamed structure scatters 
incident light, producing light marks on a dark background. Figure 
2 shows cross-sectional SEM micrographs on laser printed 
compounds.5 The conventional black jacket BK1 (a) shows the 
absence of the foamed structure whereas LP1 (b) shows the foamed 
surface structure resulting in good mark contrast. 

 
Figure 2. SEM cross-sections of (a) BK1 and (b) LP1 on 
areas subjected to laser radiation. The scale bars are 
100 μm (a) and 50 μm (b).  
 

3.2 Effect of Resin and Printing Conditions 
Polyethylene-based compounds are used in a range of fiber optic 
cable jacket applications therefore it is desirable to have a robust 
laser printing solution to meet multiple needs. The previous section 
and prior work2 demonstrated laser printing on HDPE-based 
compounds. Here we demonstrate the solution is extendable to 
MDPE jacket compounds and the effect of print conditions is 
studied on both HDPE and MDPE.  
Laser settings can have a significant influence on mark quality.6 For 
a given laser wavelength, the effectiveness of laser marking can be 
optimized through parameters including energy density, pulse 
frequency, and marking speed. Energy density and beam spot size 
are controlled by adjusting the focal point of the beam and lens. 
Pulse frequency affects how the beam energy is dissipated by the 
polymeric compound. Lower pulse frequencies will vaporize the 
surface of the polymeric compound, due to the rapid temperature 
increase and low heat transfer. Higher frequencies will result in 
temperature rises near the exposed area. Marking speed also has an 
effect on print quality, as too high of a marking speed can result in 
a non-continuous marked line with marks appearing as a series of 
dots. Too low of a marking speed may result in excessive mark 
depth or burning of the substrate. 
Figure 3 shows laser printing on an MDPE compound, at print 
speeds of 2000 and 4000 mm/s, where the resin density is 0.938 
g/cm3. Figure 4 compares the effect of print conditions on HDPE, 
where the resin density is 0.948 g/cm3. Both compounds are laser 
printable, however the MDPE-based solution achieves greater 
contrast over a range of conditions at higher print speeds whereas 
the HDPE-based solution achieves greater contrast at the lower 
print speed. These data suggest that crystallinity also affects energy 
dissipation from the laser. 

 
Figure 3. Laser printing on MDPE at (a) 2000 and (b) 4000 
mm/s. 
 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum176



 

 

 

 
Figure 4. Laser printing on HDPE at (a) 2000 and (b) 4000 
mm/s. 
 

3.3 UV Stability 
Fiber optic cables are exposed to a variety of environmental 
conditions and used in both indoor and outdoor applications. In 
particular, for outdoor applications long term UV stability is 
desirable. Accelerated weathering tests have been developed for 
Wire and Cable applications.7 In the QUV accelerated weathering 
test, a minimum of 50% retention of elongation at break is required 
after exposure. Laser printable jacket compounds, with less than the 
standard 2.3% carbon black, need to contain the appropriate UV 
stabilizers to meet this standard. Therefore, a fully formulated 
solution was optimized for both laser printing and long-term UV 
stability. Figure 5 shows elongation at break of unaged and 4000 h 
QUV aged samples. Both the formulated laser printable compound 
and the control compound with 2.5% carbon black well exceed the 
industry requirement of 50% elongation at break retention after 
aging. 

 
Figure 5. Elongation at break comparing unaged and 
4000 h QUV aged materials. The dashed line shows the 
specification for 50% retention. 
 

3.4 Abrasion Resistance 
For cables being installed into ducts, durability of identifying marks 
is critical for the cable installation process. In comparison to laser 
marking, ink marks can be easily removed with organic solvents, 
can have adhesion issues to some polymer substrates, and involves 
the use of hazardous materials in inks. Here we evaluated the 
durability of laser marks using a Taber Abrasion test. Figure 6 
shows that after 100 cycles of abrasion with sandpaper the laser 
marks are still clearly visible and have excellent durability to 
mechanical abrasions. By comparison, the ink marks were removed 
after 10 abrasion cycles, thereby demonstrating the superior 
durability of laser marking for jacket compounds. 

 
Figure 6. Photograph of laser marks (a) before and (b) after 
100 cycles of abrasion. 

4. Conclusions 
This work demonstrates materials technologies for laser printing of 
fiber optic cable jacket compounds. The impact of laser marking 
additives, resin, and printing conditions on mark contrast are 
discussed. Accelerated weathering performance and enhanced 
abrasion resistance are demonstrated on a fully formulated 
compound. These developments will enable laser printing, with fine 
mark contrast, on down gauged cable designs to meet the needs of 
evolving trends in communications infrastructure. 
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Abstract 
We demonstrated that the linear interface PAM4 works with 
LOMMF (OM3 & OM4) and MM-MCF at 53Gbps and 106Gbps 
equivalent in distance suitable for short reach optical interconnect 
applications.  

Keywords: linear interface; direct drive; Multicore; Multimode 
Fiber; PAM4; 4-level Pulse Amplitude Modulation 

 

1. Introduction  
Multimode Fiber (MMF) – Vertical Cavity Surface Emitting Laser 
(VCSEL) has been the dominant short-reach optical interconnect 
solution for intra-datacenter Ethernet, High Performance 
Computing (HPC), and Fibre Channel (FC) applications. The 
physical mediums adopted in IEEE 802.3 Ethernet and INCIST 
T11 FC standards and widely deployed in the field are laser-
optimized multimode fibers (LOMMF) including ISO/IEC and 
ANSI/TIA fiber cabling standards and IEC and TIA fiber 
component standards specified OM3, OM4, and OM5 [1]. 
LOMMF is a graded-index MMF with a core diameter of 50 μm 
and a numerical aperture of 0.2. The much larger core diameter of 
MMF allows relaxed connection tolerance and lower system cost 
compared to single mode fiber (SMF). The refractive index profile 
of LOMMF is designed and well-controlled in manufacturing 
process to minimize the differential modal group delay of its 18 to 
19 different principle modal groups and thus to optimize its 

effective modal bandwidth at 850nm. The minimum effective 
modal bandwidth (EMB) of OM3 is 2000 MHz.km at 850nm. The 
minimum EMB of OM4 and OM5 is 4700 MHz.km at 850nm. The 
group delays of different modal groups have different wavelength 
dependence that translates to decreased EMB towards longer 
wavelength for OM3 and OM4. A wideband 50/125μm LOMMF 
that extends the MMF-VCSEL short reach interconnect application 
to 953nm has been developed [2,3] and standardized as OM5 [1]. 
OM3/4/5 are designed to have one waveguiding core in a 125μm 
cladding. Multicore fibers consisting of several waveguiding cores 
in a single glass cladding have attracted lots of attention as a spatial 
domain multiplexing (SDM) approach promising to greatly 
improve spatial density and capacity of a single fiber. We 
developed an 8-core multimode multicore fiber and demonstrated 
the feasibility of supporting 400 to 800 Gbps transmission using 
400G SR4.2 and SR8 transceivers [4,5,6].  

In traditional 100 Gbps MMF optical module implementations, the 
electrical receiver in the module includes equalization, in addition 
to retiming functionality to reset the signal integrity budget before 
communicating the bit stream to downstream optical components. 
This presents as clean as possible a signal from the optical module. 
Having said this, resetting the signal integrity through retiming 
comes at a cost from a power consumption and chip area 
perspective, consuming over 50% of a MMF optical module. At the 
same time, the optical interface is also evaluated with a 9-tap feed 
forward reference receiver to establish the expected link 
performance that would occur in the receiver when installed in the 
field for data communication. Resetting the signal integrity budget 

 
 

Figure 1. Comparison of the traditional interface with retimed module to the linear interface with direct drive. 
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through equalization and retiming in the optical module, followed 
by evaluating the optical signal again with equalization represents 
a redundancy in equalization which increases costs, size and power 
consumption to the overall systems. This could be avoided if the 
signal is kept linear in the module and electrical losses are kept well 
behaved. In the receive path, optical modules traditionally integrate 
various forms of equalization along with retiming functionality to 
provide the cleanest possible electrical signal downstream. Hosts 
Application Specific Integrated Circuit (ASIC) receivers also 
integrate extensive equalization to compensate for trace loss and 
copper cable losses. This again represents a redundancy in 
equalization / retiming which increases costs, size and power 
consumption to the overall system which may not be necessary if 
the signal is kept linear in the module and losses are well behaved. 
Keeping the signal linear within the module has additional benefits 
with respect to minimizing latency in the link, which is important 
in a variety of applications including Machine Learning (ML) / 
Artificial Intelligence (AI).  

Figure 1 represents a block diagram of a traditional module 
architecture with retiming in the module, as well as the case where 
retiming is avoided, and the signal is kept linear. As can be seen, 
the MMF Transimpedance Amplifier (TIA) and VCSEL driver now 
interact directly with the host and the overall link budget is shared 
between the electrical and optical interconnects. This shared budget 
does increase the implementation challenge for host designs since 
retiming in the module demarcates electrical host impairments from 
optical impairments. Solving this challenge translates to a material 
power and cost savings for the link. 

The reaches supportable by LOMMF at 400Gbps are 70m OM3 and 
100m/150 m OM4/5 in IEEE 802.3cm, 30m/60m OM3 and 
50m/100m OM4/5 in IEEE 802.3db [7]. IEEE 802.3df 
800GBASE-VR8/SR8 will double the fiber pairs but support the 
same reach of 400GBASE-VR4/SR4. 400GBASE-SR4.2 and 
400GBASE-SR8 in IEEE P802.3cm standard are based on 53Gbps 
(26.5Gbaud) per lane. 400G(800G)-VR4(8)/SR4(8) in .3db and 
.3df are based on 106Gbps (53Gbaud) speed per lane [8]. IEEE 
802.3 has not adopted linear interface specifications. The newly 
formed Terabit BiDi-MSA group revealed the intention to build 
800Gbps/1.6Tbps optical interfaces based on 106G/lane VCSEL, 
dual wavelengths and parallel multimode fibers [9]. Fibre Channel 
is currently developing INCITS T11.2 FC-PI-128: 128GFC (serial) 
[10]. The reach supportable by OM4/OM5 is 100m. The FC-PI-8 
draft standards (final standard to be completed by late 2022/early 
2023) have both PI-8-112G Reclocker PAM4 (module has 
retimer/DSP) and PI-8-112G-LINEAR-PAM4 (linear interface, 
non-retimed module) 56GBaud electrical specifications. The fast 
increase of SERDES speed and switch bandwidth demands low 

power and high-density solutions. Beyond 100G/lane, co-packaged 
optics (CPO) that integrates optical modules with ASIC promises 
to reduce power by removing the copper trace between the ASIC 
and pluggable module in front panel. One of the co-packaged optics 
(CPO) proposals at OIF (Optical Internetworking Forum) is based 
on the 400GBASE-VR4/SR4 MMF-VCSEL module [11]. CPO 
requires high density optics, e.g., 1024 fibers packed around one 
102Tbps switch ASIC in a limited area using 400G-DR4 modules. 
Both CPO consortium [12] and on-board optics consortium [13] 
envision the potential of multicore fiber (MCF) in reducing 
footprint, increasing spatial density and therefore cooling 
efficiency. Another OIF project developing 112G electrical 
interface considers adding a CEI-112G-linear PAM4 interface as a 
new clause in a future revision of CEI IA (implementation 
agreement) [14,15]. The revived interest on linear interface PAM4 
is based on its potential for power and latency reduction, both for 
MMF and SMF.  
Thus, it is interesting to investigate if the MMF-VCSEL platform 
based on linear interface PAM4 will support the same reach and 
value proposition of MMF as their traditional application space. In 
this paper, we report three experiments demonstrating linear 
interface PAM4 transmission over LOMMF and MM-MCF. The 
rest of the paper is structured as: section 2 reports transmission of 
53Gbps linear PAM4 signals over corner case OM3 and OM4 fiber, 
section 3 demonstrates 53Gbps linear PAM4 transmission over an 
8-core MM-MCF, section 4 introduces 106Gbps linear PAM4 
transmission over OM4.  

2. System Transmission over OM3/OM4 
Fiber using 53Gbps PAM4 Linear Interface 
Transceiver 
2.1 Description of the Experimental Setup and 
Fiber Samples  
Figure 2 shows the schematic of the first setup for three linear 
interface PAM4 over MMF experiments included in this paper. An 
EXFO BA4000 Bit Analyzer is used to generate and analyze 4 
differential pairs of 53Gbps PAM4 RF signals. The bit pattern is 
PRBS31. The RF PAM4 data output and input of the Bit Analyzer 
are connected to a Macom eval board including a MALD-38435 
four-channel VCSEL drivers & 850nm VCSELs and a MATA-
38434 four channel linear Photodiode/Transimpedance Amplifier 
(PD/TIA) using a 6′′ long ICBOS-SMPM cable. 4×53 Gbps PAM4 
optical signals from the VCSELs are launched into a 1-m MPO-
8MMF breakout cable and detected by the PD through the same 
MPO-8MMF breakout cable. One of the four channels of the PAM4 
signals is launched into the OM3 or OM4 fiber under test, then 

 

 
Figure 2. Experimental setup using 53Gbps linear interface PAM4 transmission over OM3 and OM4 fibers at 850nm. 
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either to a scope for eye measurement or to an optical variable 
attenuator (VOA) for BER waterfall curve measurement. The other 
three channels are in back-to-back conditions.  

OM3 and OM4 fiber samples near the minimum EMB specification 
limit at 850nm are selected to emulate the worst-case scenario from 
fiber bandwidth aspect. The EMB of 30 m and 60 m OM3 is ~2136 
MHz.km, close to the OM3 EMB specification limit of 2000 
MHz.km at 850 nm. The EMB of the 50 m OM4 is 4875 MHz.km 
at 850 nm. The EMB of the 100 m OM4 and 200 m OM4 are ~4750 
MHz.km and 4893 MHz.km at 850 nm, respectively. The 100 m 
and 200 m OM4 fibers are concatenated to form a 300 m OM4 link. 
The EMB of all OM4 samples from 50 m to 300 m is close to the 
specification limit of 4700 MHz.km at 850 nm.  

2.2 Results  
The VCSEL used in testing OM3/OM4 fibers has an average 
optical power of 2.58 dBm, outer extinction ratio (ER) of 2 dB, and 

outer OMA of -0.89 dBm. Figure 3 top shows the bit error ratio 
(BER) waterfall curves for back-to-back (black), 30 m OM3 (red), 
60 m OM3 (green), 50 m OM4 (blue), 100 m OM4 (purple), 200 m 
OM4 (yellow), and 300 m OM4 (light blue). Pre-FEC BER below 
the KP4 FEC threshold (2.4×10-4) is achieved up to 300 m OM4. 
The pre-FEC BER is achievable below 5×10-6 for 200 m OM4 and 
below 10-6 for other OM3 and OM4 in shorter lengths. The receiver 
sensitivity at BER=10-5  is -3.1 dBm, -2.7 dBm, -2.69 dBm, -
2.81dBm, -2.62 dBm and -0.95 dBm for 30 m OM3, 60 m OM3, 
50 m OM4, 100 m OM4 and 200 m OM4, respectively. The 
dispersion power penalty at BER=10-5  is  < 0.5 dB for 30 m & 60 
m OM3, 50 m  & 100 m OM4 and 2.15 dB for 200 m OM4. DPP 
is not calculated for 300 m OM4 at BER=10-5  due to the limited 
data point. Note that 200 m OM4 at 53 Gbps can be considered 
equivalent to 100 m OM4 at 106 Gbps speed as assessed by the 
bandwidth-length product. Error free transmissions with FEC on is 
achieved for all OM3 and OM4 links under test.  

 
Figure 3. Pre-FEC BER waterfall curves (top) and optical eyes (bottom) of 53Gbps linear interface PAM4 transmission over OM3 

and OM4 fibers at 850nm.  
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Figure 4. Left: attenuation, dispersion power penalty (DPP) and margin. Right: Margin versus fiber bandwidth for 53 Gbps linear 

interface PAM4 transmission over OM3 and OM4 fibers at 850 nm.  
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Figure 3 bottom shows the optical PAM4 eyes over OM3 and OM4 
transmission with (right) or without (left) 5 taps of FFE 
equalization. The eyes remain open to 100 m OM4 without FFE 
and open to 300 m OM4 after 5 taps of FFE.  
The stability of the system performance is assessed by margin and 
SECQ (Stressed Eye Closure Quaternary). The margin at BER = 
10-5 is calculated by subtracting the total penalty (sum of 
attenuation and dispersion power penalty) from the total link 
budget (Figure 4 left). The link budget is calculated using the 
VCSEL power and non-stressed receiver sensitivity at BER=10-5. 
The fiber bandwidth is calculated by its EMB and fiber length under 
test. Link margin decreases as fiber bandwidth decreases as 
expected (Figure 4 right). However, that  more than 3 dB margin is 

still available for reach up to 200 m OM4 indicates the robustness 
of the link performance. 
The robustness of the link performance is further validated by 
SECQ of the link with OM3 and OM4 (Figure 5). SECQ is 
measured at KP4 FEC BER threshold of 2.4×10-4. TDECQ of the 
transmitter and the maximum allowed TDECQ are plotted on the 
left and right as comparison. SECQ is 1.37 dB less than the 
maximum allowed value at length up to 300 m. SECQ is more than 
2 dB less than the maximum value for 60m OM3 and 200m OM4.  

 
Figure 5. SECQ of 53 Gbps linear interface PAM4 transmission over OM3 and OM4 fibers at 850 nm. Tx TDECQ and 

maximum allowed TDECQ are plotted on the left and right in green as comparison. 
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Figure 6. (a) Cross section image of 8-core MM-MCF; (b) 8-core MM-MCF assembly and (c) Experimental setup of 53 Gbps linear 

interface PAM4 transmission over MM-MCF at 850 nm.  
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3. System Transmission over 8-core MM-
MCF using 53Gbps PAM4 Linear Interface 
Transceiver 
3.1 Description of the Experimental Setup and 
the 8-core MM-MCF Fiber Assemblies 
Figure 6 shows the MM-MCF, the MM-MCF assembly and the 
schematic of the second setup of three linear interface PAM4 MMF 
experiments. The MM-MCF has 8 cores arranged circularly within 
a 165 μm outer glass diameter (Figure 6a). Each core has a diameter 
of 26 μm and a numerical aperture of 0.3. Two 5 m lengths of the 
8-core MM-MCFs are spliced together. The other ends of the two 
MM-MCF sections are spliced to a fan-in/fan-out consisting of 
eight OM4 fiber bundle each. The total length of the MM-MCF 
assembly is 14-m (Figure 6b). The same Bit Analyzer and 
MACOM linear interface eval board are used in generating and 
detecting 4×53 Gbps PAM4 signals (Figure 6c). The four channels 
of optical signals from the VCSELs are launched into 4 of the 8-
cores of the MM-MCF assembly through the FC termination of the 
fan-in and received through the fan-out of the MM-MCF. The total 
link from end to end is 16m long including 10m in MCF, 4m in fan-
in/fan-out, and 2m in the MPO-MMF breakout cable. The reach is 
extendable through looping the optical signals from one core to 
another core by connecting the fan-out port to the fan-in port of a 
different core. The total end-to-end link is extendable to 30m (2× 
14m in MM-MCF assembly and 2m in MPO-MMF breakout cable) 
by looping the optical PAM4 signals back in MCF once. By looping 
the signal back into the MCF twice, the total end-to-end link is 

extendable to 44 m for a single channel (3 × 14 m in MM-MCF 
assembly and 2 m in MPO-MMF breakout cable).  

3.2 Results 
Pre-FEC BER waterfall curves and optical eyes after transmission 
over an MM-MCF are shown in Figure 7. The back-to-back 
waterfall curves for all four channels are plotted as black dashed 
lines. The BER waterfall curves of the transmission through four 
cores of 14 m MCF are plotted in red circles and lines. Green 
triangles/lines indicate three links consisting of two concatenated 
cores each. The link with three concatenated cores is indicated in 
blue. The Pre-FEC BER values for four 14 m MCF links (16 m end-
to-end link length) are below 10-6. The dispersion power penalties 
(DPP) are < 0.5 dB at BER = 10-5 and < 0.2 dB at BER = 5×10-5. 
The Pre-FEC BER values for the three 2×14 m MCFs are < 5×10-6 

and the dispersion power penalties are < 0.54 dB at BER = 10-5 and 
< 0.4 dB at BER = 5×10-5. Note that the end-to-end link length of 
these three transmission links is 30 m, same as the machine-to-
switch distance considered by IEEE 802.3db and .3df standards for 
400G and 800G MMF-VCSEL applications [16]. The link includes 
4 FC connections, two fan-in/fan-out combiners and two MCF-
MCF splices. The pre-FEC BER and dispersion power penalty for 
3×14m MCF link are achieved < 5×10-5 and 1.41 dB, respectively.  

Figure 7 bottom left shows the optical PAM4 eyes after 14 m MCF, 
2×14 m MCF and 3×14 m MCF. The optical eyes after 5 taps of 
FFE are shown on the right. The eyes are all open after 5 taps of 
FFE for all three link configurations. The SECQ extracted are 
between 1.1 to 1.67 dB for 14 m and 2×14 m MCF links, consistent 
with BER and dispersion power penalty results. The SECQ for 3 × 

 
Figure 7. Pre-FEC BER waterfall curves and PAM4 optical eyes of 53 Gbps linear interface PAM4 transmission over multimode 

multicore (MM-MCF) at 850 nm.  
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14 m MCF link is not measurable due to the signal power lower 
than the scope detection resolution. Error free is achieved with FEC 
on for all links with 14 m, 2×14 m, and 3×14 m MCFs included. 

4. 106 Gbps Linear Interface PAM4 
Transmission over OM4 fiber  
 In an effort to demonstrate a linear MMF link running at 106 Gb/s 
(53GBAUD PAM4) an experimental setup was leveraged using a 
Bit Error Rate Tester (BERT, emulating a host ASIC) 
communicating over an 8dB loss trace board which emulated host 
electrical loss at 26 GHz.  This signal was then applied to 
MACOM’s 100G MMF evaluation board transmit path which 
integrates a linear VCSEL laser driver, VCSEL and MMF 
connector. The optical output from the evaluation board was sent 
over 100 m of OM4 fiber (EMB=4907 MHz.km) and then applied 
to the receive portion of the evaluation board which integrates a 
Photodiode (PD), a linear Transimpedance Amplifier (TIA) which 
converts the signal to a differential output. This signal was 
communicated over an 8dB loss trace board again emulating host 
electrical loss at 26 GHz. Finally, the BERT was again used to 
verify the error rate for the received signal. It is important to note 
the BERT end point integrates a 16-tap FFE which was able to 
recover the signal and produce a bit-error-ratio which was post-
FEC error free. Figure 8 shows a block diagram of the setup along 
with respective scope measurements at each segment of the link. 

5. Conclusions  
In summary, we successfully carried out three linear interface 
PAM4 experiments over OM3/4 of corner case EMB and a MM-
MCF. Pre-FEC BER below 5×10-6 over 60 m OM3 and 200 m OM4 
are achieved at 53 Gbps. Optical eyes are open with 5 taps FFE up 
to 300 m. Enough margin and low SECQ indicate the robustness of 
the link transmission at 53 Gbps. Open PAM4 eyes (after 9 taps 
FFE) and post-FEC error free are demonstrated over 100 m OM4 
at 106 Gbps. Pre-FEC BER < 5×10-6, DPP < 0.54 dB at BER = 10-

5 and < 1.7 dB SECQ at KP4 FEC threshold are achieved over a 30 
m MMF link including 2×14 m MCFs. Since 30m/60m OM3 and 
50m/100m OM4 are the reach specified in IEEE and FC for 
VCSEL-MMF applications based on 53Gbps and 106Gbps PAM4 
lane speed, we have demonstrated that linear interface PAM4 
works with OM3/4 at the reach suitable for traditional pluggable 
transceivers. The successful transmission over 30 m MCF link also  
sheds light to future high-density optics for CPO and near package 
optics using linear interface PAM4. Note that the 22 taps of FFE 
proposed for host ASIC [17] is stronger than the 16 taps FFE in 
BER measurement used in this paper indicating more room for 
optimization. 
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SDM Submarine cable with 200µm diameter optical fiber
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Abstract 
The remarkable growth of subsea connectivity and capacity in 
recent years has stimulated the advent of the so-called SDM 
submarine technologies. This represents a subset of the more 
general SDM concept. It consists of the development of high fiber 
count (HFC) cables and pump-sharing repeaters to enable large 
capacity transoceanic system with lower cost-per-bit and lower 
watt-per-bit. Submarine cables supporting 24 fiber pairs (48 fibers) 
are commercially available in 20mm (outer cable diameter) 
submarine cables “SC380” with standard 250µm diameter optical 
fiber. However, the more standard 17mm cables “SC5YZ series” 
can support up to 32 fibers due to space limitations in the inner 
diameter of the cable. This maximum fiber density per unit area 
(fibers/mm2) is required to preserve ultra-low attenuation and fiber 
integrity. To overcome this limitation, either a new (bigger) cable 
design or lower diameter fiber can be explored to increase the fiber 
density in standard cables. This second approach is preferable as it 
allows for reduced size and cost effective design to be deployed, 
which has a large impact in marine implementation. The reduction 
of fiber diameter represents an increase of fiber count of 1.5× which 
is very significant in SDM cables. 
In this paper, we have evaluated the cabled performance of 
200µm coating diameter optical fibers. Performance of this cable 
has been tested and successfully evaluated in accordance with 
ITU-T Recommendation G.976 and internal programs, 
demonstrating its high reliability and conformity to the latest 
requirements. 

Keywords: Submarine Cable, SDM, High – Fiber Count Cable 

1. Introduction 
200µm differs from the standard 250µm optical fiber only in the 
thickness of the coating layer. This difference could have an impact 
in cabling performance, mechanical robustness (i.e. less protection 
from coating), or micro bending loss (decrease in cushioning). 
These aspects must be carefully considered during the cabling 
evaluation. 

A thinner coating layer of the fiber could allow more mechanical 
stress to be imparted through the coating to the glass. This stress 
could cause micro bending induced attenuation and degrade the 
performance of the fiber. Therefore, it is very important to evaluate 
the performance of the fiber after cabling and verify if the cabling 
process alters the performance of the fiber due to a reduced coating 
of the fibers. For that, 48 fibers were inserted in a sample of 
standard 17mm submarine cable “SC530”. 

2. Optical Submarine Cable Design 
OCC-SC5YZ series (φ17mm cable) submarine cables had structure 
following our well-known 3-divided steel segment tube in which 
optical fibers are directly cabled into. The 3-divided steel segment 
structure is followed by a layer of high-tension steel stranding wires, 
which is then covered with seam-welded copper layer that serve as 

both the hermetic barrier against moisture ingress and the power 
feeding conductor. The LW (Light Weight) cable structure is shown 
in Figure 1. 

 

 

3. Cabling Difficulties 
To achieve the development of High Fiber Count Cable with 
200µm diameter optical fiber, there are some difficulties to 
overcome during cabling process. 

Increasing the number of fibers in 3-divided steel segment tube may 
lead to larger mutual stress increase between fibers, which may 
cause Macro/Micro bending induced losses. 

Cabling 200µm diameter optical fibers without increasing the 
attenuation is very important. There are two key points to cable 
thinner coating layer optical fibers. The first point is not to bend the 
fibers to avoid macro bending induced loss increase. The second 
one is not to apply local stress onto the fibers to avoid micro 
bending induced loss increase. Also, mechanical reliability is very 
important to realize the long period system life. Cabling process 
have to be conducted in a clean and controlled environment to avoid 
mechanical degradation due to contamination attack. These points 
can be achieved by the 3-divided steel segment structure design 
mentioned in Section 2 and unique/suitable fiber cabling technology. 
Well established fiber excess length (fiber slack) control parameters, 
wide inner space for fiber allocation and finely managed process to 
minimize macro/micro bending induced losses and securing the 
mechanical reliability to obtain the best transmission performance 
from optical fibers. 

4. Evaluation Test 
4.1 Evaluation Test Items 
There are three main points to evaluate. The first point is attenuation 
variation during cabling process, the second one is attenuation 
variation during cable laying operation and the third one is 
mechanical properties after cabling process.  
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Since the cable structure is based on conventional OCC-SC530, 
mechanical performance is not changed. 
 

Table 1. Evaluation Test Items 
No. Item 
1 Manufactured Cable Loss 

2 Temperature Stability 

3 Hydraulic Pressure Resistance 
4 Tensile Test with Twist Restrained 

5 Tensile Test with Torque Minimized 

6 Mechanical Fatigue Test 

7 Sheave Tests 

8 Crush Resistance 

9 Impact Resistance 
10 Flexure Resistance 

11 Water Ingress Tests 

12 Tensile Test for Fiber Itself 
 

4.2 Attenuation variation during cabling process 
In 2022, our manufacturing and evaluation test of SC530 with 24 
fiber pairs were completed with excellent results. 
Figure 3 shows optical attenuation variation during cabling 
process, attenuation values after Copper tubing and LW (PE 
insulating sheath) process shows small variation from fiber’s 
original optical attenuation, because of the inner space availability 
within the 3 divided segments allows cabling of optical fibers with 
almost zero stress. 
 

 
Figure 3. Attenuation variation during cabling with 24 

fiber pairs. 
 

4.3 Attenuation variation during cable laying 
operation 
Attenuation variation during cable laying operation was evaluated 
through ITU-T Recommendations G.976 test. Our past study 
supports that the ITU-T test results are well consistent with 
attenuation variation during/after field laying operations. [4] 
All evaluation tests were performed on cable samples and 
completed with excellent results. Table 2 summarizes the test 
condition of the tensile test with twist restrained. During the tests, 

optical attenuation is continuously monitored and recorded any 
variations. 
The test results are summarized in table 3. We obtained excellent 
results in SC530. Attenuation variation of 200µm diameter optical 
fibers was small during /after test.  
 

Table 2 Test condition of tensile with twist restrained 
Sample Length Approx. 123m 

Condition of cable end Twist restrained at both ends 

Load NTTS 

Time 
1hour cycle 

+ short time 2cycles 

Target 
(Optical attenuation) 

Variation: N.A. 

Residual: ±0.005dB/km 

 
Table 3. Test Result of Tensile with twist restrained 

 
SC530 

24 fiber pairs cable 

NTTS 60kN 
Optical 

Attenuation 
(Variation) 

±0.000 ~+0.024 

dB/km 

Optical 
Attenuation 
(Residual) 

+0.001 dB/km 

 
 

4.4 Mechanical properties of 200um fibers after 
cabling process 
Thinner coating is assumed to be weaker against external attack 
(puncture/abrasion resistance) than current 250µm fiber design. In 
the past, when changing from 400µm to 250µm fibers, we 
experienced a lot of fiber breaking issues during the cable 
manufacturing. Engineers struggled to improve the cleanliness of 
the cable manufacturing process and to improve the 
surface/material of each fiber path line. We evaluated the tensile 
strength of 200µm fibers after cabling process to confirm our 
cabling process capability and robustness of thinner coating. Also, 
the appearance of fibers was visually inspected with a microscope. 
The sample fibers were taken from SC530 cable. We confirmed 
no anomaly in appearance of 200µm fibers itself and no 
degradation of tensile strength.  
Next step in this development is to confirm whether the 
mechanical properties of fiber change after cable is handled under  
the expected dynamic tensile conditions foreseeing for cable 
laying and recovering operations. 
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Figure 1. Tensile test results of 200µm fibers 

 

5. Conclusions 
We successfully developed and evaluated 24 fiber pairs SC530 
cable with 200µm diameter optical fibers. We confirmed optical 
attenuation variation during the cabling process shows small 
variation from fiber’s original optical attenuation. 
The evaluation results show that our cable design is capable of 
delivering all the properties of 200µm diameter optical fibers to 
realize high transmission capacity optical communication systems. 
These results have become our base line performance to achieve for 
future development of φ17mm cable with 24 fiber pairs. 
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Abstract
This work presents the development of a self-supporting aerial cable
containing 144 optical fibers for 200 m spans using flexible ribbon
technology fully developed in Brazil. As part of the development,
standards and testing requirements were defined to adapt these
cables to the Brazilian reality. Relevant information about cable
design, fabrication and results of laboratory tests will also be
presented.

Keywords: Flexible Ribbon; high density; optical fiber; compact
optical cable; 5G.

1. Introduction
There is a high demand for optical fibers to enable the
communication of smart grids, as well as the need to advance in the
telecommunications sector, mainly related to IoT and 5G. The
technology used in Brazil today, conventional optical cables with
loose tubes, limits the evolution for new high-capacity connectivity
technologies. An existing solutions outside Brazil are high-density
optical cables. This cable uses flexible ribbon which allows for
dense fiber packing and a small diameter cable with a non-
preferential bend axis thereby increasing density in space-
constrained applications.

In addition, optical networks in Brazil are mostly aerial, due to the
lower cost of construction and due to the limitations and rules
imposed by regulatory agencies and municipal governments for the
construction of underground networks. Thus, to meet this demand
of the Brazilian market, a R&D project was carried out in
partnership between Prysmian Group and CPQD to develop a self-
supporting flexible ribbon optical cable for aerial networks in
Brazil, which is not usual in the world. For this, it was necessary to
include new engineering knowledge to define the functional and
performance requirements of these new types of optical cables, as
well as specific knowledge for project execution, manufacturing of
prototypes and execution of laboratory tests.

This optical cable manufacturing technology using flexible ribbon
allows greater compaction of optical networks and reduction in
installation times and costs, due to the fact that it is possible to carry
out several splices in a single operation.

The development of these new models of optical cables in Brazil is
a strategic alternative for the evolution of the national optical plant
exclusively to meet the communication demands of the automation
and control systems of smart grids, as well as the needs of
advancing the telecommunications sector, mainly related to the
Internet of Things (IoT) and 5G.

2. Requirements
Given that most of the Brazilian network topology is aerial,
Prysmian believes and bets that self-supporting flexible ribbon cable
can be of great importance to enable the demand for fibers to make
possible IoT and 5G technologies. As there was no specific national
requirement for this type of cables for a span of 200 m, a draft
requirements based on the standards, Telcordia GR 20 [6], ANSI
ICEA.S-87-640 [7], IEC 60794-3-20 [8], ABNT- NBR14160 [9],
IEEE 1222 [10] and ITUT – L26 [11], was prepared by the
development team.

This draft was used to carry out optical, mechanical and
environmental tests in order to validate the performance of the self-
supporting flexible ribbon cable prototype. The Table 1 summarizes
the requirements specified.

3. Development of prototypes
After the definitions of the requirements by the project
development team, the cable design and manufacturing activities
were started. For this project, 1 prototype of a self-supporting
aerial cable were manufactured.
The 144-fiber self-supporting cable design features 12 tubes, each
tube with 1 flexible ribbon of 12 optical fibers. Figure 1 shows the
original design image of the CFOAR-F-SM-AS 200-TS-144-NR
cable.

Figure 1. Section view of the project of flexible ribbon
cable.

Although the original cable design had 12 tubes, each tube with a
12-fiber flexible ribbon, in the draft requirements for this type of
cable, a sampling methodology was defined, with the objective of
reducing the cost of manufacturing the cables for sending them to
the laboratories for laboratory tests. Thus, Prysmian manufactured
a simplified prototype, without having all the optical fiber flexible
ribbons that the original project contains.
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In order to produce the first prototype, several attempts were
made, but the greatest difficulty was to be able to produce a dry
loose tube with the dimensions of thickness and internal and
external diameters within the specifications. Figure 2 shows the
loose tube out of specifications dimensions.

Figure 2. Partial results of dry loose tube
manufacturing.

After adjusting the tooling and setting the manufacturing
parameters, a polymeric tube was obtained with satisfactory
characteristics, which met the necessary specifications. Then,
1361 m of a simplified prototype of the optical cable project with
flexible ribbons for self-supporting aerial application called
CFOAR-F-SM-AS 200-TS-144-NR were manufactured, which
was sent to CPQD for laboratory tests. This prototype contained
02 tubes with 1 flexible ribbon of 12 optical fibers in each, plus 10
tubes with 6 loose optical fibers in each.
The Figure 3 presents the prototype manufactured by Prysmian
for carrying out the tests and Figure 4 presents the cable design of
the prototype.

Figure 3. Detail of CFOAR-F-SM-AS 200-TS-144-NR
prototype.

This prototype, which also followed the sampling methodology,
consists of 2 tubes with “active” optical fiber flexible ribbons (1 and
7), which will be tested, and 10 tubes with purely mechanical fibers
(“fictitious”), with 6 loose fibers. Tubes with purely mechanical
(“dummy”) optical fibers have the function of maintaining the
mechanical characteristics of the original cable design, but these
will not be tested in the tests. The section view of self-supporting
optical flexible ribbon cable - CFOAR-F-SM-AS 200-TS-144-NR
is illustrated in Figure 4.

Figure 4. Section view of the simplified of flexible
ribbon cable prototype.

4. Laboratory tests
In order to verify if the prototype of the manufactured cable -
CFOAR-F-SM-AS 200-TS-144-NR met the requirements defined,
it was submitted to several optical, mechanical and environmental
tests. Table 1 presents the laboratorial tests performed and the
comparison between the value of the requirement and the value
obtained in the tests. All optical measurements made @ 1550 nm.

Table 1: Requirements and results.

Test Requirements Results

Dimensions of Flexible
Ribbon

w ≤ 3220 µm
h ≤ 360 µm
b ≤ 2882 µm
p ≤ 75 µm

w = 3131 µm
h = 360 µm
b = 2868 µm
p = 75 µm
Approved

Separability of
individual fibers from a

flexible ribbon

No mechanical damage
Identifiable fibers Approved

Fiber Crossovers The fibers must be parallel Approved
Flexible Ribbon

Stripping Total coating removal in 25 mm Approved

Flexible Ribbon
Residual Twist ≤ 8 degree per cm 1.5 degree per cm

Approved
Flexible Ribbon Twist No fiber separation Approved

Optical Attenuation
Coefficient ≤ 0,3 dB/km Max = 0,212 dB/km

Approved
Optical Attenuation

Uniformity ≤ 0,05 dB/km Max = 0,019 dB/km
Approved

Cut-Off Wavelength ≤ 1260 nm
Max. measured value:

1180 nm
Approved

Water Penetration No leak detected Approved

Cable tensile loading
and fiber strain test

Def. Load Max.≤ 0,6%
Def. Residual.≤ 0,2%
∆At. Max ≤ 0,15 dB

Def. Load Max.≤
0,012%

Def. Residual.≤ 0,000%
∆At. Max = 0,021 dB

Approved

Compression ∆At. Max ≤ 0,15 dB ∆At. Max = 0,017 dB
Approved

Torsion ∆At. Max ≤ 0,15 dB ∆At. Max = 0,007 dB
Approved

Curvature ∆At. Max ≤ 0,15 dB ∆At. Max = 0,023 dB
Approved

Impact ∆At. Max ≤ 0,15 dB ∆At. Max = 0,016 dB
Approved

Repeated bending ∆At. Max ≤ 0,15 dB ∆At. Max = 0,022 dB
Approved

Cable temperature
cycling test ∆At. Max ≤ 0,15 dB/km

∆At. Max = 0,108
dB/km

Approved

Vibration ∆At. Max ≤ 0,15 dB/km
∆At. Max = 0,035

dB/km
Approved
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Below, some of the most relevant tests performed will be
presented in more detail.

4.1 Flexible Ribbon Twist Test
The twist test is performed specifically in the flexible ribbon and,
therefore, it was necessary to develop a mechanical device in this
project, as shown in Figure 5.

In this test 300 mm sample is subjected to 15 cycles per min., where
1 cycle corresponds to twist from 0 to 180° and from 0 to -180°.
During all the cycles, the fibers are pulled by a load of 500 g.

Figure 5. Mechanical device for performing the torsion
test on flexible ribbon.

After performing this twist test, there was no separation of the
optical fibers from the sample. This demonstrates that the
attachment points between fibers have a good bonding performance.

4.2 Flexible Ribbon Residual Twist Test
In the same way as the twist test, a mechanical device was
developed, Figure 6, to carry out the residual twist test.

Figure 6. Mechanical device for performing the residual
twist test on flexible ribbon.

In this test, the sample presented a residual twist of 1.5 degree per
centimeter, which is equivalent to a residual torsion 5 times smaller
than the maximum value permitted by the requirement.

4.3 Cable Temperature Cycling Test
The optical cable must be subjected to the temperature cycling test
of -20 °C, for 24 h, after which the temperature must be raised to
+65 °C, keeping it at this level for the same period of 24 h, thus
completing a thermal cycle. Must be performed 2 temperature
cycling. A variation of the attenuation coefficient of 0.15 dB/km is
tolerated. Optical measurements must be carried out at the end of
each temperature step considered, and compared with the reference
measurement taken at the initial step at +25 °C.

All active optical fiber were measured at the end of each
temperature step considered, and compared with made in all
measurements carried out in the initial step at +25°C. The highest
change of attenuation was 0.108 dB/km @ 1550 nm, below the
requirement value. This result shows that the cable performs well
with temperature variations.

4.4 Cut-off Wavelength Test
The requirement says that the cutoff wavelength for single-mode of
normal dispersion (SM) and single-mode low bend sensitivity (BLI)
fiber optic cable must be less than or equal to 1260 nm.
The highest cutoff wavelength found in the test performed was 1180
nm. This result demonstrates that for the wavelengths used in
telecommunications, 1310 and 1550 nm, the fiber will behave as a
single-mode fiber. A setup of cut-off wavelength test can be
observed in Figure 7.

Figure 7. Cut-off wavelength test.

4.5 Flexible Ribbon Dimensions Test
Testing requirements to verify flexible ribbon dimensions depend
on the number of fibers in the ribbon. In this test, dimensions, width
(w), height (h) and fiber alignment (extreme fibers (b) and
alignment (p)) are checked. The maximum dimensions of 12 fibers
optic flexible ribbon are w=3220, h=360, b=2882 and p=75.
To carry out the test, it used supports from flexible ribbon splicing
machines to ensure the fixation and alignment of the fibers, in
addition to allowing cleavage in a conventional way. Figure 8 a)
shows a piece of flexible ribbon in the holder. And in Figure 8 b) a
25x microscope image is presented containing the sample
measurement points, where it is possible to observe that all the
fibers are aligned and the color differentiation is very clear. This
result shows that the cable will perform well when the splices are
made.
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Figure 8. a) flexible ribbon attached to the splicing
machine support, b) analysis dimensions.

The results obtained in the sample dimensional analysis test are
shown in Table 2, showing that the cable dimensions meet the
requirements.

Table 2: Results of dimensional analysis test in µm.
Flexible
Ribbon

12 fibers

Flexible
Ribbon

Width (w)

Flexible
Ribbon

height (h)
External fibers

(b)
Alignment

(p)

CP1 3120 357 2847 73
CP2 3131 360 2868 75
CP3 3110 358 2863 75
Average 3120 358 2859 74
Standard
deviation 10.5 1.5 11.0 1.2

4.6 Cable Tensile Loading and Fiber Strain Test
The requirement for strain testing determines that the aerial optical
cable for a maximum span of 200 m must withstand a traction
equivalent to the maximum operating load, of 3.0 x weight of 1 km
of the cable, with a maximum deformation of the optical fibers of
0.05% and a residual of 0.05 %. Attenuation variation must be less
than 0.15 dB. For a maximum applied load of 5923 N, the
maximum attenuation found was 0.021 dB.

After the cable met the requirement, another test was carried out,
more investigative, increasing the tensile load beyond what was
required by the requirement and analyzing the behavior of the fibers
and the cable. In the second test, the tensile load was raised to
15,000 N.

The graph in Figure 9 shows the average strain among the 12 fibers
tested (blue), the cable strain (aqua), in addition to the strain of the
fiber that stretched the most (orange) and that stretched the least
(green). The requirement value is displayed on the graph as a
constant in red.

Figure 9. Cable and fiber strain graph as a function of
tensile strength above to requirement.

These results of the cable strain test by tensile strength showed that
the optical fibers were well protected and withstood the stresses
applied to the cable of approximately 9,000 N.

4.7 Vibration Test
The requirement for vibration test on optical fiber determines that
the optical cables for self-supporting aerial installations for a span
of 200 m must be subjected to 100,000,000 (one hundred million)
vibration cycles at a frequency of 60 Hz and peak-to-peak
amplitude  at half the cable diameter (9 mm). The cable section
under test must be 25 m long, being pulled with a load equal to the
maximum operating load, 3.0 x 1 km weight of the cable, that was
5923 N. An attenuation variation of up to 0.15 dB is tolerated. After
the test, the cable must not present cracks, fissures or rupture in any
element that composes the cable. The maximum attenuation
variation found for this test was 0.035 dB.

5. Conclusions
The development of high-capacity optical cable self-supporting
using flexible ribbon technology proved to be totally viable through
this project. Although a cable of 144 fibers was manufactured, the
mastery of this technology in Brazil, using flexible ribbon, allows
the production of cables containing thousands of optical fibers.
The development evolved after some challenges with the
manufacture of the loose dry tube to accommodate the ribbon
ribbons and a second prototype manufactured, was submitted to all
the tests required for this type of cable and had a good performance
in all tests.
The results of the tests showed that the optical fibers were well
protected, practically not feeling the efforts applied to the cable,
once again showing that the optical cable was adequately designed
to guarantee the protection of optical fibers under the conditions of
use specified for it.
In this way, the high-capacity fiber cable developed in this project
proved to be an excellent alternative to meet the high demand for
optical fibers in the network, and to enable the implementation of
new technologies such as IoT and 5G, given away that the largest
most networks in Brazil are aerial, the self-supporting ribbon cable
can speed up and facilitate the installation process.
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Abstract 

Pre-terminated solutions for outside plants are expanding among the 
Latin America market in the last few years due to its optimized 
installation process – but this optimization also increases the 
complexity of the cable, connector, and accessories designs. Standard 
ADSS loose tube fiber optic cables, commonly used in these 
solutions, have diameters around nine millimeters and linear weight 
around 60 kg/km, which generates difficulties during manipulation, 
transportation, and installation. 

The purpose of the study is to design a compact and robust cable for 
pre-terminated networks by reducing loose tube dimensions and 
quantity of strength elements without losing mechanical performance 
under NESC light conditions. The main advantages of this compact 
design are the easier and faster installation, in addition to a 
ruggedized construction. Meanwhile, the challenge of the study was 
the break of the central dielectric supporting element due to strict 
bending radius in plastic clamps, commonly used in aerial application 
in Latin America.   

Keywords: Pre-terminated Cable; ADSS; Outside Plant. 

Introduction 
According to Portway¹, among the several challenges brought by the 
COVID’s pandemic to the Latin America countries, the need of faster 
and more capable communication services was highlighted. This 
increased the awareness of its importance to service providers and 
governments resulting on research in finding new ways to support the 
growth of FTTH networks. 

Recent reports showed that, by 2026, it is expected a growth of 
113,2% on the accesses in FTTH networks in Latin America. ² 
Considering the continental dimensions of the region, this growth 
demands many qualified operators for installing the products, which 
does not reflect the current reality of the market. As a result, there is 
a need for a solution that reduces time and simplifies the installation 
process considering the following objectives:  

1.Accelerating the deployment of networks. 
2. Reducing failures during installation. 
3. Avoiding fiber fusion in the field that requires highly qualified 

operators. 
4. Facilitating the transport of cables to the field, even in small 

popular vehicles. 
5. Reducing cable occupancy on poles, which are currently 

overcrowded as aerial installation is preferred in Latin America. 

6. Simplifying manual installation when needed. 

Pre-terminated low fiber count drop cables solutions are commonly 
used for access networks once they are affordable and easier to be 
manipulated by unskilled installers. Due to its success, this study 
aimed to expand this kind of technology to ADSS applications. 

Specially in Brazil, the utilization of plastic clamps as anchoring 
accessories for aerial drop optical cable networks is a reality due to 
its practicality and low cost. The challenge appeared when clients 
proposed to apply them for ADSS up to 72 fiber count construction 
in order to standardize installations conditions.  

Therefore, this study aims to offer a solution by presenting a compact 
and robust cable for pre-terminated networks without losing 
mechanical performance and suitability for today’s installation 
scenario. 

EZ! Grow Solution  
Traditional FTTH installations in Brazil used to require a big team of 
installers and it usually took them a long period of time to build the 
network. Furukawa’s Ez!Grow Solution (figure 1) has taken speed 
and safety, in aerial or underground installations, to a new level of 
excellence.  

 
Figure 1. Furukawa’s EZ!Grow Solution representative 

image. 

The pre-terminated access network for Plug and Play assembly is an 
excellent alternative for large-scale installations due to ease of 
operation. It is an extremely efficient design composed by four main 
steps: distribution enclosure (figure 2), interconnection enclosures, 
service enclosures and, finally, the subscriber activation. This 
solution ensured the internet providers the ability to activate 
subscribers up to five times faster.  
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Figure 2. Furukawa’s distribution enclosure representative 
image. 

Cable Design  
Current situation 
Despite the efforts of Furukawa’s Ez!Grow solution to provide an 
easy and fast installation of the network, the reality of Brazilian 
market still has some challenges (figure 3). Overcrowded poles, 
popular vehicle with small trunk for product’s transportation and 
plastic clamps anchoring accessories used incorrectly are examples 
of the difficulties yet present for internet providers. Diameter and 
weight reduction in ADSS cable constructions up to 72 fibers can 
result in smaller wooden spools, facilitating transport and manual 
installations and reducing the mechanical effort placed on the poles. 
The environmental appeal of reducing size of wood reels also 
contributed to the work sequence. 
 

 
 
 
 
 
 
 
 

Figure 3. Example of the difficulties found in installation. 

As Furukawa’s ADSS cables - projected for 80m spans under NESC 
light conditions - used for 24-48 F had an outer diameter around 9mm 
and linear weight of 60kg/km (figure 4), the cable development team 
found an opportunity of improvement of this product in terms of size 
and handling facility in order to decrease the problems found by the 
company’s clients. 

 
Figure 4. Furukawa’s AS80-S 48F CT design. 

Alternative 1: Standard applications 
The first study aimed at the reduction of the ADSS multifiber 
dimensions by optimizing the loose tube dimensions, the quantity of 
strength elements, the dimensions of the central element, the optical 
fiber type and the materials applied on each cable component. As 

loose tube construction is very popular in Latin America, it was 
considered a design premise. 

The designs for 24, 48, and 72 fibers follow the standard PBT 
multi-tube design, SZ stranded over a central strength member of 
FRP. This cable consists of 12 colors coded optical fibers G.657.A2 
placed in a tube with gel to protect from water ingress and it is 
surrounded with aramid yarn, which provides tenacity to the core. 
Thermoplastic sheath HDPE black placed over the dielectric 
aramid armor layer makes the cable more robust and with good 
mechanical resistance to the anchoring efforts. 

The compact design proposed by this study reduces the outer 
diameter to 6,2 millimeters and the linear weight to 30kg/km (figure 
5) of Furukawa’s ADSS cables from 24 to 48F.  

 

 
Figure 5. Comparative between reduced size and standard 

designs. 

The main advantages of this compact design are the reduction of 
pole’s occupation and the improvement of the logistics 
characteristics as the packaging was optimized – dimensions and 
weight.  

The technical challenge still not solved by this project was the 
compatibility with plastic clamps frequently used in up to 5mm drop 
cables in South America (figure 6). 

 
Figure 6. Example of a plastic clamp used in aerial application 

in South America. 

Customers accept the use of preformed fittings for 72F cables but 
intend to use plastic clamps for 24 to 48F cables, which diameters 
exceed the design limit of 5mm. 

This type of anchoring accessory can present transitory bending 
radius from 8 to 20mm and permanent bending radius from 14 to 
24mm. Considering that the usual central supporting element for 
ADSS cables consists of a fiber reinforced pultruded rod (FRP), 
there is a considerable risk of breaking the element while installing 
and maintaining the cable in these accessories. The datasheet of 
FRP’s suppliers shows bending radius limits around 25x its outer 
diameter (e.g. for a 1mm FRP, its bending radius limit would be 
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25mm – larger than transitory bending radius for the plastic clamps 
studied.  

Tests simulated aging conditions for installations utilizing cables 
with FRP and five models of plastic clamps. The results proved that 
it was not possible to guarantee the integrity of the product if these 
models of plastic anchorage are used due to FRP’s rupture, increase 
in attenuation and slip of the cables (Figure 7). Extra flex FRPs 
were tested, but even they were not reliable in extreme bending of 
several plastic clamps.  

 
Figure 7. Overall result for anchoring tests. 

Alternative 2: Harsh deployments  
In order to solve the plastic clamps anchoring challenge, an 
alternative and innovative solution was proposed by the cable 
development team of Furukawa: the application of a waterblocking 
steel wire strand in spite of the FRP (figure 8). As the project main 
characteristics were not changed, the processes of loose tube’s 
manufacturing, stranding, and jacketing were not affected by this new 
design. Nevertheless, a new step of waterproofing the steel wire 
strand was added to the operational sequence.  

 
Figure 8. Reduced size ADSS 48F with steel wire strand. 

The steel wire strand is composed by seven steel wires of 0,4mm 
diameter and its waterblocking protection was the result of another 
development study taken by Furukawa’s teams. This previous 
research had shown that common steel wire strand available by the 
company’s suppliers did not prevent the water from penetrating the 
central interstices – resulting on bad performance of the cable in 
water penetration tests. The application of a waterblocking coating 
protection on the central elements of the steel wire strand (figure 9), 
ensuring total water block penetration, guaranteed a patent for the 
company. 

 
Figure 9. Water penetration in steel wire strand (Furukawa 

intellectual property) 

New tests simulating the installations utilizing the three previous 
models of plastic clamps were taken, and the results guaranteed the 
integrity of the product as the steel wire strand is not submitted to 
rupture during the manipulation in critic bending radius.  

The combination of the compact dimensions of the previous design 
with the steel wire strand as the supporting element should combine 
a ruggedized construction with enough flexibility to allow the 
utilization of the plastic clamps during installation. 

Results 
Mechanical and Environmental performance 
When evaluating the mechanical and environmental performance 
of both compact designed cables according to the Brazilian 
standard of optical access cables, NBR 15596 and NBR 14160, the 
results showed that the new product range still provided ruggedized 
products. The main results are presented in table 1. 

Table 1. Main results of the ADSS Reduced Size Cables 

Test Procedure Requirements Altern. 1 
(FRP) 

Altern.2 
(Steel wire 

strand) 
Tensile 

strength³ 1250 N F.S. < 0.6% 
ΔAt < 0.4 dB 

FS<0.4 % 
∆At<0.1dB 

FS<0.3 % 
∆At<0.1dB 

Crush³ 100 
N/cm ΔAt < 0.4 dB ∆At < 0.1dB ∆At < 0.1dB 

Torsion³ 50 cycles  
θ: ± 180° ΔAt < 0.4 dB ∆At < 0.1dB ∆At < 0.1dB 

Cyclic 
bending³ 

50 cycles 
12xOD ΔAt < 0.4 dB ∆At < 0.1dB ∆At < 0.1dB 

Bending4 
Mandrel 
radius: 
6xOD 

ΔAt< 0.1 dB ∆At < 0.1dB ∆At < 0.1dB 

Impact4 E=10N.m ΔAt< 0.1 dB ∆At < 0.1dB ∆At < 0.1dB 

Water 
penetratio

n³ 

24h 
1mca 

No water 
leakage No leakage No leakage 

Thermal 
cycling 

-
20°C/+65

°C 
ΔAt< 0.4 dB ∆At < 0.1dB ∆At < 0.3dB 

 

MPO (Multi-fiber Push On) Connectorization  
The connectorization results were compliant with the Brazilian 
standards requirements as the process of these designs followed the 
conventional processes of Furukawa’s Ruggedized MPO connector 
(figure 10). The transition between the cable and the connector was 
done with a breakout and a furcation suitable for the new reduced 
size cable projects.   

  
Figure 10. Example of a connectorized reduced size ADSS 

cable 

Anchorage accessories 
The anchorage tests taken with the plastic accessories considered 
five different types of models and suppliers that are currently used 
by internet providers – for drop cables. The critical point of using 
them for ADSS cables is their transitory – when inserting the cable 
on the clamp (figure 11a) - and permanent bending radius – after 
finishing its accommodation (figure 11b). 
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Figure 11. Example of a plastic clamp accommodation (11a – 

left, 11b – right). 

The results presented in Table 2 showed incompatibility of this kind 
of application for the project alternative 1 as FRP susceptibility to 
breakage influenced negatively on the performance.  
For this design the company recommends the utilization of metallic 
preformed clamps.  

Table 2. Main results of anchorage accessories 

Test Proced
ure Requirements Altern 1 

(FRP) 

Altern 2 
(Steel wire 

strand) 

Operati
on 

50kgf, 
30min 

ΔAt < 0.15 dB 
No anchorage slip 
No FRP breakage 

Failed 4/5 
models 

Approved 
5/5 models 

 
Regarding the project alternative 1 (FRP), aging anchoring tests 
considering a lower load were performed but the results were also 
not approved. 

Steel wire strand 
The application of a steel wire strand as a central strength member 
on the cable design instead of a pultruded glassfiber reinforced 
plastic rod resulted on improvements of some characteristics of the 
project. For example, the bending resistance of the cable was 
increased - as the cable performance on the plastic anchorage 
accessories was good - and the tensile strength was enhanced due 
to the materials properties.  
A characteristic’s comparison between these two materials is 
shown in table 3. 

Table 3. Comparison between strength element’s 
materials  

Properties FRP Steel Wire Strand 

OD 1.0mm 1.2mm 

Weight 1kg/km 6,8 – 7,2 kg/km 
Tensile 

Modulus 50 GPa 159 GPa 

Tensile 
Strength Min 1.23 GPa Min 1.57 GPa 

Elongation at 
break Min 2.5% Min 2.0% 

Bending radius 25mm 5mm 

 
An obvious yet important remark is that FRP as central element is 
still the best option if client demands a dielectric solution. 

Conclusions 
One of the outcomes of this study was the creation of a new range 
of products for Furukawa: the ultra-compact ADSS cables, 
available for installations on FTTx solutions. The results obtained 
for mechanical and environmental performance showed that the 
reduced size ADSS 24F to 72F cables are the best option under 
NESC light conditions, in pre-terminated outside plants solutions. 
The optimized dimensions provide a better experience for the 
installers and a reduced time deployment.  

Another outcome of this study was that steel wire strand cables 
provide an extra flexibility and allows a reliable solution to be used 
with plastic clamps. 
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Abstract 
This paper covers the impact of jacket material selection on 
performance of round fiber optic microduct cables featuring flexible 
ribbon technology, designed for outside plant fiber to the premises 
(FTTx) applications where compact size and high flexibility are 
desired.  The cables are constructed with a flexible jacket, water 
blocking materials, and up to two 12-fiber flexible ribbons with 
250um bend insensitive single-mode fiber in a totally dry all 
dielectric central core design.  These new designs have been 
recently introduced to fill the requirements of Fiber to the Home 
(FTTH) network deployments in residential communities.  The 
small diameter and flexible construction of these cables make them 
suitable for blown installation into microducts as small as 8.5mm 
(6mm ID), allowing for higher fiber density installations where 
minimal duct size is desired.  The impact of jacket material is 
investigated on cable stiffness, bending performance, kink 
performance, installation performance, and on mechanical and 
environmental performance in accordance with ICEA-744 Standard 
for Optical Fiber Outside Plant Microduct Cables.  Substantial 
improvements in cable blown installation performance are 
demonstrated as a result of optimizing cable jacket material 
modulus and bending stiffness. 

Keywords: fiber optic cable; microduct; flexible ribbon; FTTx; 
FTTH; jacket material; cable stiffness; bending performance; kink 
performance. 

1. Introduction 
The growing trend of increasing fiber density in microduct cable 
designs is beginning to carry over to cable designs more suitable for 
FTTx network applications where flexible and compact cable 
constructions are ideal. Utilizing flexible ribbon technology, these 
new round microduct cable designs achieve a much higher fiber 
density than what is typically used in FTTx applications while 
maintaining the cable flexibility and compact size needed for 
routing and performing terminations in pedestals and small 
enclosures.  The increase in fiber density reduces the number and 
size of cables required in the network.  The flexible ribbon 
technology also allows mass fusion splicing which can significantly 
decrease the time required for installation.  These features all 
combine to offer significant savings to operators and installers. 

This paper describes the impact of jacket material selection for these 
new microduct cable designs – optimized for cable bending stiffness 
and installation performance while not adversely affecting the 
environmental, mechanical, and cable kink performance.  
Optimizing the cable jacket material modulus and bending stiffness 
resulted in sizable improvements in cable blown installation 
performance. 

The improvement in blown installation performance is a critical 
advantage for operators.  An increase in speed and maximum length 

of installation allows operators to speed up their FTTx network 
deployments.  The increased efficiency of installations substantially 
reduces costs for operators which is ultimately passed down as cost 
savings to customers. 

2. Cable Design and Construction 
The design of these microduct cables is ideal for outdoor 
applications where a highly flexible and compact cable is needed, 
and mass fusion splicing is also desired.  The cable construction 
contains up to two 12-fiber flexible ribbons in a dry central core 
design as illustrated in Figure 1.  A development cable sample of 
the 24-fiber design is shown in Figure 2. 

 

 
Figure 1. Construction diagram for 12F and 24F 

microduct cables 
 

 

 
Figure 2. Development cable sample of the 24F design 

 

2.1 Flexible ribbon technology 
A 12-fiber flexible ribbon is illustrated in Figure 3 – shown in a 
freely bendable ribbon formation.  The individual fibers in the 
ribbon are arranged in the industry standard 12-fiber color sequence 
and bonded together by an intermittent patterned adhesive bead 
such that only two adjacent fibers are connected at any cross section 
along the length of the ribbon. 
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Figure 3. 12F flexible ribbon – freely bending formation 

 
The adhesive bonding pattern results in a very flexible and robust 
ribbon structure that can easily conform its shape and be rolled or 
folded to increase fiber packing density inside of a cable or buffer 
unit.  The ribbon flexibility also allows it to be arranged in a planar 
configuration to facilitate mass fusion splicing in the same manner 
as with conventional flat ribbons. 

2.2 Cable jacket material selection 
Various cable jacket material options were considered to improve 
the jetting/blowing performance for installation into an 8.5/6mm 
microduct.  Two thermoplastic materials were ultimately chosen for 
making cable prototypes to benchmark their performance against 
the incumbent design made with Material A.  Materials B and C 
were selected based on their higher modulus shown in Table 1 in 
combination with other characteristics and historical experience 
with their processing capability. 

 

 
Table 1. Cable jacket material properties 

 

2.3 Optimized design for cable bending stiffness 
Cable bending stiffness testing was completed on designs with 
Material A (Design A), Material B (Design B), and Material C 
(Design C) – measured according to a modified 3-point bend test as 
described in IEC 60794-1-21.  The test setup for the modified test 

method using a shortened 100mm support span length is shown in 
Figure 4.  Results of the stiffness test and the corresponding 
deflection vs. load curves are shown in Table 2 and Figure 5 
respectively. 

 

 
Figure 4. Cable bending stiffness test setup for small 

microduct designs 
 

 
Table 2. Cable bending stiffness results 

 

 

 
Figure 5. Cable bending stiffness test – deflection vs. 

load curves for three jacket material options 
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The measurements show that the higher modulus jacket material 
makes the Design B cable 2.5 times stiffer on average than the 
incumbent Design A cable.  The Design C cable was best in 
bending stiffness out of the three contenders, correlating to its 
higher jacket material modulus – measuring 3.9 times stiffer on 
average than the Design A cable.  However, due to poor cold 
temperature attenuation results in preliminary thermal cycle testing, 
the Design C cable (and Material C) were eliminated from further 
consideration as an option for the next generation of these cable 
designs. 

2.4 Optimized design for microduct installation 
A blowing trial was scheduled and set up to simulate a field 
installation to benchmark the blown installation performance of the 
incumbent Design A cable vs. the Design B cable made with higher 
modulus jacket material.  Figure 6 shows the blowing equipment 
used for the trial with a cable being prepped and ready to install into 
an 8.5/6mm HDPE duct.  The trial conditions were considered to be 
worst case scenario – conducted without using cable end caps, 
without using micro-jet lube, and without using the preferred duct 
of choice made with a fluted inner wall. 

 

 
Figure 6. Microduct installation trial setup and equipment 
 

Table 3 highlights the impact of jacket material on blown 
installation distance.  A significantly improved installation distance 
was achieved with the more rigid jacket material.  Design B 
outperformed the incumbent Design A cable by a wide margin – 
installing 850 ft total in worst case conditions, 13 times farther than 
Design A. 

 

 
Table 3. Blown installation distance results 

 

2.5 Cable flexibility and kink performance 
The compact size and flexible characteristics of these microduct 
cables are highly suited for installing and routing into small field 
enclosures – key components of today’s typical FTTx networks.  
Figure 7 shows a pedestal with an 8.5/6mm HDPE microduct being 
prepped for use in a live FTTH installation in a rural residential 
community. 

 

 
Figure 7. Microduct feeding into a pedestal in FTTH 

network 
 

Cable bending and kink performance were critical considerations 
during development.  It was imperative that introducing a new 
jacket material would not adversely affect the bending and cable 
kink performance. Comparative cable kink test results between 
Design A and Design B are shown in Table 4.  Both designs have 
excellent kink results – less than 12mm maximum.  Design B, with 
the higher modulus jacket material, surprisingly outperforms Design 
A – measuring a kink diameter of 5.0mm maximum and 4.0mm 
average, less than half the kink diameter of Design A.  Results for 
Low/High Temperature Bend testing conducted on the qualification 
test samples of Design B were also excellent with very minimal 
max attenuation values observed at the installation temperature 
extremes (see Table 7).  Based on the cable kink and low/high cable 
bend performance, these microduct cables are specified with bend 
radii as listed in Table 5. 

 

 
Table 4. Cable kink results comparison 
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Table 5. Cable bend radius specifications 

 

 

 

3. Qualification Test Data 
A qualification cable representing Design B with improved bending 
stiffness and blown installation performance, 24F cable 2021-146, 
was tested for mechanical and environmental performance in 
accordance with ICEA-744 Standard for Optical Fiber Outside Plant 
Microduct Cables.  Flexible ribbons used in the cable were 
constructed using ITU G657.A1+ fiber.  Table 6 summarizes the 
qualification test results. 

 

 
Table 6. Qualification test results summary                    

24F cable 2021-146 (Design B) 
 

3.1 Environmental testing 
Temperature cycling and cable aging tests were conducted on the 
qualification cable in accordance with optical fiber test procedure 
FOTP 3B.  The 600m test sample was spooled onto a 42” drum in 
a loose coil (slack between cable wraps and drum surface so that 
cable contraction was not restricted). Attenuation measurements 
were recorded using a Photon Kinetics 6500 OTDR operating at 

1550/1625nm.  The temperature cycling and cable aging results 
are shown in Figure 8 (1550nm) and Figure 9 (1625nm).  At 
1550nm, the cable demonstrates performance meeting the 
customer requirements with good margin throughout the operating 
temperature range (-30C to 70C).  The cable also displays 
performance in the 1625nm window to 2x the 1550nm customer 
required limits, shown in Figure 9. 
 

 
Figure 8. Temperature cycling & aging results (1550nm)            

24F cable 2021-146 (Design B) 
 

 
Figure 9. Temperature cycling & aging results (1625nm)          

24F cable 2021-146 (Design B) 
 

3.2 Test data summary 
Table 7 summarizes the test data for the Design B qualification 
cable 2021-146 compared to data for Design A qualification cable 
2020-112.  The results illustrate excellent mechanical 
performance including low fiber strain at a 25 lb. installation load 
and an 8 lb. residual load.  A 25 lb. installation load meets the 
ICEA-744 Microduct minimum requirement for a tensile rating – 
equivalent to the cable’s weight per km of length (17.5 lb.) and is 
an appropriate tensile rating for such a small cable that is intended 
for installation into a duct by jetting/blowing.  No attenuation was 
observed at the tensile residual load which indicates the design 
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remains robust and will perform well while withstanding the 
typical installation forces that it will experience in the field. 

 
 

 
Table 7. Test data summary                                              

24F cable 2020-112 (Design A) vs.                                       
24F cable 2021-146 (Design B) 

 
 

4. Conclusions 
New round fiber optic microduct cables featuring flexible ribbon 
technology with 250um bend insensitive fibers are enhanced 
through jacket material selection.  The cable construction has been 
optimized for cable bending stiffness and blown installation 
performance by utilizing a higher modulus jacket material.  The 
advantage in performance over the incumbent design has been 
verified through cable blowing installation trials and laboratory 
bending stiffness testing.  Cable kink performance is excellent, 
making these cables highly suitable for FTTx network deployments 
where ease of cable handling in tight spaces is desirable.  

Environment and mechanical testing performance have also been 
demonstrated in accordance to industry standard FOTP test 
procedures and the requirements of ICEA-744 Standard for Optical 
Fiber Outside Plant Microduct Cables. 
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Abstract  
  
By adapting the latest flexible ribbon technology accompanied with 
the use of a RICT structure, a 432f MicroDuct cable with a 10.2mm 
outer diameter that is intended for a 13mm microduct installation 
was qualified. It met not only the industrial standards, but also 
performed well in a blowing trial. To enhance the handling 
experience and further extend the blowing distance, later 
development of this cable involved using a higher flexural modulus 
material for the outer jacket along with optimizing the cable 
structure to increase its outer jacket wall thickness. These changes 
result in a much stiffer cable which greatly increases its capabilities 
of resisting kinking during handling and field installation. In the 
field blowing trial, the improved cable blows near 80% farther than 
the original design. It also performs superbly in the mechanical and 
environmental tests per ICEA-744 requirements. 

 

Keywords: Fiber Optic Cable Design, Flexible Ribbon, RICT, 
MicroDuct Cable, Material, Cable Stiffness 

  

1. Introduction and Background 
 

MicroDuct cables are light in weight, low in cost, and efficient in 
installation. They are commonly used as a distribution cable in 
FTTH/FTTX (Fiber To The Home/Fiber To The Desk) projects 
and other regional or small networks. They can be installed by 
blowing through preinstalled ducts, which provides great 
flexibility in network planning and design. Due to the size 
limitations of MicroDuct cables, they were previously limited to 
designs with 432f or less fibers. With the rapid development of 
new technologies and processes, particularly the use of flexible 
ribbons in cable designs, the fiber density of a MicroDuct cable 
has reached its highest level ever for cables compatible with mass 
fusion splicing. MicroDuct cables are no longer limited to low 
fiber count designs, with some designs containing as many as 864 
fibers being available in the market today. The quick increase of 
the fiber density in MicroDuct cable designs has extended the 
applications of MicroDuct cables from regional and small 
network development to backbone and data center deployments. 
 
In recent years, the rapid development of data centers and cloud 
services in North America has further enhanced flexibility 
requirements in network planning and design. This is forcing 

developers to make decisions with future network growth in mind. 
The capacity of a network is often planned with plenty of room 
for future development. Network development is often phased 
into different stages with various data transmitting capacity 
targets in each stage. This new development model not only 
requires the use of high fiber count cables with hyper scale data 
transmission capacity, such as Prysmian’s Hyper-link 6912f  
RILT cables, but also increases the demand for more compact 
and more efficient fiber optical cables that can handle medium 
scale data transmission. Due to their versality, MicroDuct cables 
have become a good choice in this new model of network 
development. High fiber density MicroDuct cables accompanied 
with the use of multi-way MicroDucts are becoming prevalent in 
network development.  
 
Figure-1 is a cutaway of a typical 7-way MicroDuct that is being 
widely used in field installations. Each multi-way MicroDuct 
provides great potential for future development.  Developers can 
make partial use of a multi-way MicroDuct to install one or more 
MicroDuct cable(s) to handle their current data transmission 
needs. If data transmission capacity needs increase in the future, 
more high density MicroDuct cables can be installed in the 
preinstalled multi-way MicroDuct.  
 
The use of MicroDuct cables in data center applications is 
becoming a new trend in North America. The industry is facing 
the challenge of further increasing the fiber density of MicroDuct 
cables while still maintaining the key features of MicroDuct 
cables, which include being light, compact, and easy to install. 
 

 
Figure-1. Dura-Line’s FuturePath 7-way 16/13mm 
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Two methods are commonly used to increase the fiber density in 
MicroDuct cables. The first is to switch from a traditional S-Z 
stranded loose tube structure to a central loose tube structure 
which eliminates the CSM (Central Strength Member) and the 
extra wall thickness from the multiple tubes. This method stands 
out as a direct approach, as the number of buffer tubes is 
decreased from several to just one. When this method is used, the 
robustness of the cable needs to be carefully considered, as the 
cable no longer has a CSM to support its structure. 
 
The second method is to use flexible ribbons in the cable design 
to achieve the maximum fiber density per unit cross sectional 
cable area while maintaining the benefits of mass fusion splicing. 
Figure-2 is a comparison between outer diameter for the cables 
made with traditional flat ribbons versus flexible ribbons. A size 
reduction of at least 10% can be achieved through the adoption 
of flexible ribbons in these cable design. Certain designs with flat 
ribbons, for example, 6912f is not even possible to make as the 
size of the cable would be too big for the field installation. 
 

 
Figure-2: Cable OD Comparison for the 5 RILT Designs  
 
In this paper, the design and development of a 432f Dry RICT 
MicroDuct cable that is intended to be installed in a 13mm ID 
duct for data center applications is discussed. The first version of 
the 432f MicroDuct combined the use of Flexible ribbon 
technology and a central loose tube structure to reduce cable size 
and maximize fiber density. Although the cable performed well 
in field installation trials and met all design requirements, 
incremental improvements in cable stiffness and kink resistance 
were desired. This led to research for a better material for the 
outer jacket and the subsequent optimization of cable structure to 
ultimately yield a stiffer 432f Dry RICT MicroDuct cable which 
can be blown 80% farther into a 13mm duct than the previous 
version. 
 
2. The Design of The Early 432f MicroDuct 
Cable 
 

The main concerns in the design of the first version of the 432f 
Dry RICT MicroDuct cable were to make the cable small enough 
to be suitable for a 13mm duct installation, as well as meeting all 
mechanical and environmental requirements defined in ICEA-
744 (Standard for Optical Fiber Outside Plant MicroDuct Cables).  
 
2.1 Design Considerations for a MicroDuct Cable  

There are some important factors to be considered in MicroDuct 
cable design. Firstly, the ratio of the cable OD vs the duct ID 
(duct fill ratio) affects the amount of air that can flow through the 
duct in the jetting process. The lower the fill ratio, the higher the 
air flow. High speed air streams in the duct will create a viscous 
dragging force on the cable as well as further reducing the friction 
between cable jacket and the duct wall, which assists in the 
installation of a cable. For this reason, the duct fill ratio should 
be controlled under 80% of the duct ID. Since this cable is 
intended to be used in a 13mm ID duct, the maximum OD of the 
cable therefore should be limited at 10.4mm. Secondly, the COF 
(Coefficient of Friction) of the outer jacket of the cable should be 
low.  A low COF outer jacket material will limit the friction 
generated between the cable and the duct wall, and the drag back 
force created from the duct wall will be low. However, too low 
of a drag coefficient will limit the pushing force generated from 
the jetting caterpillar belts. An optimum COF for the outer jacket 
should allow the jetting caterpillar to apply a sufficient pushing 
force on the cable while keeping the friction from the duct wall 
relatively low. Thirdly, a MicroDuct cable needs to be stiff 
enough to withstand the pushing force from the jetting caterpillar. 
An overly flexible cable will increase the chance of buckling, and 
the blowing distance will be significantly reduced due to the 
limited pushing force which can be applied to the cable. It will 
also increase the chance of kinking and bending damage in 
handling and installation. In addition to the factors mentioned 
above, a MicroDuct cable must be in compliance with ICEA-744 
industrial standards in terms of its mechanical and environmental 
performance. 
 
2.2 Cable Structure Selection 
 
The traditional S-Z stranded loose tube structure has been used in 
MicroDuct cable designs for over two decades. This structure has 
been proven to be reliable, economical, easy handling, and 
excellent for blowing installation. However, a S-Z stranded cable 
requires the use of a CSM as a backbone to support the structure 
of the cable. Fibers in the cable are divided equally into several 
groups and packed into individual loose tubes. Each individual 
loose tube is configured with an adequate amount of free space 
inside the tube for the fibers to move freely. The sizes of the CSM 
and multiple tube add up, often making the cable size relatively 
large. The trend in recent years has been to dramatically reduce 
the size of the buffer tubes and CSM to reduce the cable diameter 
and increase the fiber density of multi loose tube MicroDuct 
cables. These small buffer tubes are typically gel filled to achieve 
good attenuation performance and water blocking. A gel-filled 
tube is not preferable in field installations, as more time and labor 
are needed to clean off gel from fibers before splicing. These 
small buffer tubes are also not conducive for containing 
ribbonized fiber units for mass fusion splicing, which is 
especially valuable with the higher fiber counts as compared to 
single fiber splicing. In contrast, a central tube design uses only 
one buffer tube to encapsulate all fibers. The larger single tube 
can be designed to be gel free, water blocked with dry materials 
and of a size to accommodate flexible ribbons to allow mass 
fusion splicing.  If the stiffness of the cable is a concern, smaller 
sized RSM (Radial Strength Member) can be used in the structure 
to increase the cable’s stiffness and tensile strength, rather than a 
CSM.  
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This development was a result of a customer wanting a 432F 
MicroDuct design for a 13mm ID microduct with Flexible 
ribbons for mass fusion splicing.  
 
2.3 Flexible Ribbons in MicroDuct Design 
 
Ribbon cables have great advantages over traditional loose tube 
cables when packing density, fiber splicing, and splice enclosure 
arrangement are major concerns. The invention of the flexible 
ribbon further advances the benefits of optical ribbons. Unlike 
conventional flat ribbons, in which all 12 fibers are encapsulated 
in matrix to form a rigid array, these flexible ribbons use 
intermittent bonds between fibers. This makes the ribbon 
extremely flexible, and the shape of the flexible ribbon can be 
changed freely without having a preferential bending axis.  
 

 
Figure-3. Flexible Ribbon Provides Great Flexibility in Cable Design 

When bundling and twisting flexible ribbons together, the cross 
section of the ribbon bundle is nearly a circular shape, which is 
perfect for fitting into the cylindrical space of a buffer tube. The 
ratio of the cross-sectional area of the ribbon bundle to the cross-
sectional area of the buffer tube can be maximized, resulting in a 
higher fiber density per unit tube area. A smaller central tube will 
make a smaller cable.  In addition, mass fusion splicing for 
Flexible ribbon is just as easy as it is for conventional flat ribbons. 
The time and effort required to splice flexible ribbons and flat 
ribbons is roughly equal, and the closure space needed for 
splicing is about the same or even smaller since flexible ribbons 
are easier to route and handle. 
 
Figure-4 shows the size differences among the three 432 fiber 
RICT tubes: one made with traditional flat ribbon with 250μm 
fibers, one made with 250μm flexible ribbons, and one made with 
200μm flexible ribbons.  A significant size reduction of 28% can 
be achieved when switching from traditional flat ribbons to 
250μm flexible ribbons. Another 16% of size reduction can be 
achieved if 200μm flexible ribbons are used in the tube.  
 

 
Figure-4. Tube Size Reduction When Different Types of Ribbons and 
Different Size of Fibers Are Used in Cable Designs 

To maximize fiber density and minimize cable size, we used 36 
pieces of 12-fiber flexible ribbons in this 432f Dry RICT 
MicroDuct cable design. Each ribbon consists of twelve 200μm 
bend insensitive fibers. Thirty-six 12f flexible ribbons with WS 
(Water Swellable) yarns are twisted together, a WS tape then is 
applied longitudinally on the ribbon bundle and inserted into a 
tube. The size of the tube is configured so that fiber density in the 
ribbon buffering stage reaches ≥15 fibers per square millimeter. 
The EFL (Excess Fiber Length) of the buffering tube is controlled 
to be under 0.2% to prevent excessive attenuation elevation due 
to cable expansion or shrinkage at extreme temperatures.  To 
increase the tensile strength of the cable as well as prevent water 
from penetrating the space between the outer jacket and the 
buffer tube, semi-rigid water swellable RSMs are applied 
helically around the buffer tube. The cable then is insulated with 
a layer of low COF, low shrinkage polyethylene material to yield 
a final OD of 10.2mm.  This final OD gives a 78.5% duct fill ratio 
when a 13mm duct is used for installation. Figure-5 is a 
schematic drawing showing the structure of the first version of 
the 432f Dry RICT MicroDuct cable upon its completion. 

 

Figure-5. Structure of the First Version of the 432f RICT MicroDuct 
Cable 

2.4 Internal Test Results 
 
The first version of the 432f MicroDuct cable was tested 
mechanically and environmentally per the requirements of 
ICEA-744 industrial standards.  
 
Table-1 lists the mechanical tests that were conducted on this 
cable. The cable performed well and passed all the required tests 
without any issues. 
 
Table-1: Summary of Mechanical Test Results 
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Table-2 is a list of environmental tests that were conducted on the 
cable. The cable performed well at extreme temperature 
conditions. The maximum attenuation elevation and average 
attenuation elevation at the 2nd -30°C cycling were 0.08dB/km 
and 0.04dB/km, respectively. The maximum attenuation 
elevation and average attenuation elevation at the 2nd 70°C 
cycling were 0.05dB/km and 0.01dB/km, respectively. The 
maximum residual attenuation elevation after the aging test was 
only 0.06dB/km. 
 
Table-2: Summary of Environmental Test Results 

 
 
2.5 Field Blowing Installation Trials 
 
A field trial was conducted to validate the performance of the 
newly developed cable in blowing installation. An indoor track 
was used for blowing trials.  The test track consists of a 1000-
foot long Dura-Line 4-way 16/13 FuturePath MicroDuct. 4 
microducts were then connected to make a combined 4000ft long 
test track. The test track was built to represent the relatively 
worst-case scenario in field applications. It starts from a floor 
level with vertical rise and routes 20 ninety-degree bends. A 
Condux Gulfstream 350 jetting machine (see Figure-6) and a 
Kaeser M17A Compressor and Air Dryer were used in the trials. 
The compressor can produce 207 psi and 35 CFM, which is ideal 
for these tests.  
 

 
Figure-6. Condux Gulfstream 350 Jetting Machine 
 
As per standard procedures, prior to the installation trial, two 
sponges were soaked with Microjet Lube lubricant and then 
pushed through the track using compressed air.  
 
The temperature of the indoor test track was about 45°F. A 
standard blowing procedure was used in the trial. The first 300ft 
of cable was fed into the duct by the pushing caterpillar alone 
without using blowing air. When the feed speed started 

decreasing, blowing air was turned on to assist with the feeding. 
The cable feed speed was maintained at an average of 210fpm 
through the entire trial. It passed at least twelve 90-degree bends. 
Over 2480 feet of the cable was continuously fed into the duct 
without stopping. This distance was above the common 2000 foot 
blowing distance in real-world installations.  
 
To insure there were no kinks or jacket damage due to blowing 
installation, the cable was pushed out from the duct using 
compressed air after the trial. The cable was rewound and 
inspected. No issues were noticed during the rewind. Fiber 
attenuation measurements were made after the removal. None of 
the fiber traces showed breaks, steps, or reflections. 
 
2.6 Improvement Opportunities 
 
Although the first version of the 432f Dry RICT MicroDuct cable 
met all the mechanical and environmental requirements of ICEA-
744, and the performance of the cable was satisfactory in the field 
blowing trial, there was interest in improving the blowing results.  
A comparison was made to a 432 S-Z stranded Loose tube 
Microduct cable with excellent blowing performance.  Stiffness 
tests show that the S-Z stranded cable is still over 45% stiffer than 
this RICT cable. A hypothesis was made that increasing the RICT 
cable stiffness would improve the blowing performance. A stiffer 
cable with better kink resistant capabilities would be favorable 
for all the installers. It would also allow a higher pushing force to 
be used on the jetting caterpillar, which would eventually extend 
the blowing distance. 
 
3. The Improvement of the 432f Dry RICT 
MicroDuct Cable 
 

Many methods were considered to further improve the stiffness 
of the cable. The first method is to increase the wall thickness of 
the buffer tube. This is not feasible as any increase in tube size 
will result in a larger cable which would violate the 80% duct fill 
ratio rule for blowing installation. The second method is to use 
rigid RSMs to replace the existing semi-rigid RSMs, for example, 
by applying low profile GRP (Glass Reinforced Plastic) helically 
around the central tube. This would instantly increase the 
stiffness and tensile strength of the cable. However, use of small 
GRPs in these designs increases manufacturing complexity and 
cost. The third method is to use a stiffer jacket material to 
improve the stiffness of the cable. To meet this requirement, the 
modulus of the jacket material should be higher while the COF 
should remain low. In addition, expansion and shrinkage of this 
material at extreme temperatures should not cause additional 
attenuation elevation. The fourth method is to improve the cable 
wall thickness by optimizing the cable structure.  

After carefully evaluating the pros and cons of all these methods, 
the project team decided to approach the stiffness improvement 
through methods 3 and 4. The combined solutions involve using 
a stiffer jacket material and optimizing the structure of the cable. 

3.1 The Selection of Outer Jacket Material 
 
The stiffness of plastic is often represented by its flexural 
modulus. The higher the flexural modulus of a plastic, the harder 
it is to bend. Conversely, the lower the flexural modulus is, the 
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easier it is to deform under an applied force. However, materials 
with a higher modulus often come with a higher shrinkage force. 
Higher shrinkage force could cause excessive attenuation 
elevation under extreme temperature conditions, particularly in 
low temperatures. An ideal material for this application would be 
high in its flexural modulus while the shrinkage force remains 
relatively low when the material is brought to a low temperature 
environment. In addition, the modulus of the new material should 
be less sensitive to temperature changes such that its modulus 
will not degrade fast even in the hot summer when the cable is 
exposed to outdoor installation conditions where sun light is 
strong. 
 
Several materials were selected for comparison. Figure-7 shows 
the material modulus for 5 different commonly used jacket 
materials at different temperatures, including 3 polyethylenes, a 
Nylon, and a new jacketing material A. 
 

 
Figure-7. Modulus of Different Jacket Materials 

At room temperature, the modulus of Nylon-12 is a little better 
than that of MDPE or HDPE, but not as good as material A. The 
modulus of material A is about 25% higher than Nylon-12 and 
39% higher than HDPE. Most importantly, material A is much 
easier to process than Nylon-12. At 60°C, the differences 
between these materials remain significant. The modulus of 
material A is 2.1 times the modulus of Nylon and 91% higher 
than the modulus of HDPE.  
 
Figure-8 shows the change in modulus between the original PE 
jacket and the new jacket material A at different temperatures. It 
is clear that material A is stiffer at both room temperature and 
higher temperatures and is overall less sensitive to temperature 
changes.  Even at the worst installation temperature, which is 
60°C, the modulus of material A is still about 4 times higher than 
the original Polyethylene jacket material. 

 
Figure-8. Modulus vs. Temperatures for the Original Jacket and 
Improved Stiffness Jacket Materials 

 
Figure-9 shows the modulus improvement at different 
temperatures when comparing material A to the original PE 
jacket material. At 20°C, the increase in jacket modulus is about 
96%. The relative difference at 40°C goes to about 181%, and at 
60°C, it reaches 312%. It can be predicted that if material A is 
used for the outer jacket, when the outer jacket thickness remains 
constant in the design, a noticeable stiffness increase will be 
achieved at both room temperature and high temperatures.  

 
Figure-9. Improvement of Modulus of Material A at Different 
Temperatures 

The increased modulus difference at higher temperatures provide 
great benefits in installation. It guarantees that the cable with the 
new jacket will be always stiffer than the older design even at the 
worst installation temperatures. The material A thus was selected 
to be used to make the next 432f Dry RCT MicroDuct cable. 
 
The increase of the outer jacket wall thickness was accomplished 
by optimizing the cable structure and changing the type of tooling 
used in the jacketing process. 
 
3.2 Stiffness Comparison 
 
To understand how the change in jacket material, as well as the 
modification of cable structure, would impact the cable in terms 
of its stiffness and ability to resist kinking, a series of tests was 
conducted on the improved 432f Dry RICT MicroDuct cable. 
 
Figure-10 depicts the stiffness differences among the first version 
of the 432f Dry RICT MicroDuct cable, the improved 432f Dry 
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RICT MicroDuct cable, and a 432f Dry RICT MicroDuct cable 
with multiple aramid radial strength elements at room 
temperature. Even without any improvement, the  first version of 
the 432f MicroDuct cable was 18% stiffer than a 432f cable with 
multiple aramid radial strength elements. The stiffness of the 
improved 432f MicroDuct cable  was increased by over 46% after 
the changes discussed above were implemented. 
 

 
Figure-10. Stiffness Comparison in Three Cables at Room Temp. 
 
The improved MicroDuct cable also demonstrates a better spring 
back capability after bending. Figure-11 shows the improved 
432f MicroDuct cable (top) and the 432f MicroDuct cable with 
multiple aramid radial strength elements (bottom). Both cables 
were bent to an equivalent radius. The improved cable returned 
to the original conformation after the bending force was removed. 
The cable with multiple aramid radial strength elements, however, 
remained bent after the bending force was removed. The ability 
of the cable to return to being straight after bending provides 
substantial benefits in installation. The cable will retain its 
straight shape after being rewound off the reel. Undulance will 
be minimized during installation, which will extend the 
installation distance. 
 

 
Figure-11. Straightness Comparison Between the Prysmian Cable 
and a Competitor’s Cable 
 
Figure-12 is a stiffness comparison between the first version of 
the 432f MicroDuct cable and the improved version the 432f 
MicroDuct cable at different temperatures. At room temperature 
(23°C), the stiffness of the improved 432f MicroDuct cable is 46% 
higher than that of the first 432f MicroDucts cable, at 50°C, the 
improvement increases to 92%, and at 60°C, the improvement is 
still over 81%.  

 
Figure-12. Stiffness Comparison Between Prysmian’s Initial and 
Improved 432f MicroDuct Cables 
 

Stiffness improvements also further enhance the cable’s 
capability to resist kinking. Table-3 is a summary of kink test 
results for these two cables. It requires as much as 2.5 times the 
force to bend the improved cable to the same bend radius. In 
addition to requiring a higher force, the minimum bend radius for 
the improved 432f MicroDuct cable also changed from 7” to 6.5”. 
The cable now is tougher and has better capabilities to resist 
kinking, and can bend to an even smaller radius before kinking 
happens. 
 
Table-3: Kink Test Results 

 
 
 
Figure-13 and Figure-14 demonstrate the kink test processes for 
the two cables using a Tensile tester. 
 

 
Figure-13. Kink Test for the First Version of the 432f MicroDuct 
Cable 
 

 
Figure-14. Kink Test for the Improved Version the 432f MicroDuct 
Cable 
 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum211



3.3  Performance at Extreme Temperatures 
 
The same mechanical and environmental tests were conducted on 
the improved version of the 432f Dry RICT MicroDuct cable 
against the ICEA-744 industrial standards. The cable performed 
well in both types of tests, and the test results for the improved 
cable are comparable to those of the first version of the cable.  
 
Table-4 summarizes the test results for the mechanical tests 
performed on this cable. The cable passed all the tests. 
 
Table-4: Summary of Mechanical Test Results for the Improved 432f 
RICT MicroDuct Cable 

 
 
Table-5 summarizes the environmental tests conducted on the 
improved 432f RICT MicroDuct cable. The cable passed all tests. 
 
Table-5: Summary of Environmental Test Results for the Improved 
432f RICT MicroDuct Cable 

 
 
Figure-15 depicts the attenuation changes of the improved 432f 
Dry RICT MicroDuct cable at the second -30°C and second 70°C 
temperature cycling. The maximum attenuation elevation at -
30°C was 0.104dB/km, and the average attenuation increase was 
only 0.026 dB/km. Max and Avg Attenuation elevation at 70°C 
were 0.06dB/km and -0.01dB/km respectively. 

 
 
Figure-15: Attenuation elevations of the Improved RICT MicroDuct 
Cables at the Second -30°C and Second 70°C Temperature Cycling  
 
In the aging test, changes in the residual attenuation after the 
aging are far below the max attenuation elevation allowed by 
ICEA-744 specifications, which is 0.30 dB/km. The highest 
attenuation change was only 0.042dB/km. Figure-16 shows the 
distribution of the residual attenuation changes after aging for the 
improved 432f MicroDuct design. 
 

 
Figure-16: Residual Attenuation Elevation After Aging 
 
3.4 Field Blowing Installation Trials  
 
The changes made to the 432f  Dry RICT MicroDuct cable 
greatly improved the cable’s stiffness and its ability to resist 
kinking. To verify whether the blowing distance can be extended 
to a higher level, the cable was tested in a 3300-foot long 
16/13mm test track similar to the one used for the first version of 
the 432f Dry RICT MicroDuct cable. A Plumett Intellijet CH-
1880 BEX jetting machine and a Sigma 35CFM/200psi air 
compressor were used for the blowing trial. An Intellibox 
recorder was also used to record all the test parameters 
 
As in the previous trial, the internal wall of the MicroDucts were 
lubricated by pushing two lubricant-soaked sponges through the 
track using compressed air. Standard blowing procedures were 
used to operate the jetting machine. The first 165 feet of the cable 
was fed into the duct at a speed of 230-279fpm by the caterpillar 
alone. Once the feed speed started decreasing, air was supplied 
to the duct to assist with feeding.  
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The cable was fed into the duct at a speed of 70-80mpm (230-
262fpm). The feed speed eventually slowed down about 1000 
feet of cable was blown into the duct. The engineers manually 
adjusted the blowing air pressure to keep the feed speed at around 
40-50mpm (130fpm-164fpm). The trial ran very well, and the 
cable was fed into the duct continuously without any stops.  
  
About 3300 feet into the blowing trial, the cable came out from 
the exit end of the long test track. This is a much better result than 
the previous trial already. To find out how much more distance 
the cable can be further blown in, an extension piece of 16/13mm 
duct was connected to the exit end of the original test track. No 
lubricant was used in the extended piece. It did not take too much 
air pressure before the caterpillar started moving again. The 
entire 4460 feet of cable was fed into the duct. This blowing 
distance is 80% longer than that of the first version of the 432f 
RICT MicroDuct cable. This blowing distance is also comparable 
to that of the S-Z stranded loose tube structure 432f MicroDuct 
cable.  
Upon completion of the blowing trial, the cable was pushed out 
from the duct using compressed air and then rewound onto a reel. 
The cable was inspected while rewinding and no kinks, buckling, 
or other kinds of jacket damage were found throughout the entire 
length of the cable. Optical tests were also conducted on all the 
fibers in the cable, and no broken fibers were found. The fiber 
attenuation of the cable after the blowing trial was identical to 
that before the blowing trial. 
 
4.  Conclusions 
 

Stiffness is one of the most important properties of MicroDuct 
cables. It not only affects the cable’s capabilities of resisting kink, 
but also greatly impacts the cable’s performance in blowing 
installation. By adapting flexible ribbon technology 
accompanied with the use of RICT cable structure, a compact 
432f Dry RICT MicroDuct cable can be made which is small 
enough to fit in a 13mm duct. This design performed well in the 
blowing trial and met all industrial standards.  To further improve 
its kink resistance, handling and, most importantly, to extend its 
blowing distance, several changes were made for the first version 
of the 432f RICT MicroDuct cable. By selecting an outer jacket 
material with a higher flexure modulus and combining this with 
the optimization of the cable structure, an improved version of 
the 432f Dry RICT MicroDuct cable was made. It is 40% to 81% 
stiffer than the first version of the 432f cable at various 
installation temperatures. The cable is tough and can be bent to a 
smaller radius before it kinks. It performed just as good as the 
prior version of the 432f MicroDuct cable in both the mechanical 
and environmental tests and met ICEA-744 requirements. Most 
importantly, the changes have made the cable more suitable for 
blowing installation. It can be blown over 80% farther than the 
first version of the cable as shown in the field blowing trial.  
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Abstract 
Productivity of optical cable manufacturing can be increased with 
higher line speeds. Higher line speeds call for precise process 
control. The Smart Buffering automatic process controller is an 
Artificial Intelligence based system that can optimize a running 
process to desired end-quality metrics. 
The vibration sensor based predictive maintenance module 
enhances Smart Buffering systems process monitoring 
capabilities. The predictive maintenance system is able to detect 
which parts of the line equipment are soon likely to wear out. This 
allows the Smart Buffering system to inform operators about 
required maintenance actions in advance. 
Maintenance actions can be planned and taken before tear and 
wear of machinery affects normal line operation or product end-
quality. Line downtime is reduced as the system helps in pin-
pointing the parts of line equipment that require maintenance. 
Smart Buffering based automatic line control equipped with 
predictive maintenance leverages the line productivity to new 
levels. 

Keywords: Extrusion, polypropylene, predictive maintenance, 
artificial intelligence, buffering process, secondary coating line, 
excess fiber length, process optimization. 

1. Introduction 
The global demand for optical fiber cables is increasing at a growing 
rate. At the same time this market has seen very tight competition 
between the margins. The key to this problem is in increasing the 
efficiency of cable manufacturing lines. As an optical fiber cable 
consists of a bundle of buffer tubes, each potentially covering 
multiple optical fibers, it is evident that to produce one kilometer of 
optical fiber cable, multiple kilometers of loose buffer tube is 
required. Thus the need to improve loose tube production is obvious 
to enhance the overall efficiency gains. In addition to this the buffer 
tube properties have high impact on the optical fiber cable 
performance.   

The efficiency of an optical cable manufacturing line can be mainly 
improved by increasing the line speed. In order to reach higher line 
speed, the manufacturing process itself must be highly robust and 
withstand abnormalities and changes in the manufacturing 
environment. In optical fiber cable manufacturing, more specifically 
the loose tube manufacturing process, this means that the excess 
fiber length and post-shrinkage must stay well under control during 
the whole production batch.  

The problem with high line speeds in loose-tube process is that the 
higher the speed, the larger the speed difference of the fiber bundle 
and the plastic tube itself becomes, which in turn increases EFL 
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(Excess Fiber Length) values of the product. In the current system 
the speed difference of the tube and the fiber bundle is countered by 
clinching the tube. Put it simply clinching increases the tube’s speed 
without affecting the fiber bundle inside. However if the fiber 
bundle and the tube are coupled for some reason, clinching will 
have no effect. With the traditional loose tube manufacturing lines 
being designed for speeds of around 300 m/min, and the current 
high speed lines reaching speeds as high as 1000 m/min, it is evident 
that requirements for manufacturing process control increase. There 
is no room for uncertainties and unknowns as the line speeds are 
tripled [1-3].  

Sensor data is difficult for humans to analyze in detail, especially in 
real-time during the production. Interpreting the sensor data is 
difficult due to complex interactions in the manufacturing process. 
Also, the wear and tear of equipment causes drift in absolute sensor 
values. This causes the ideal process state window, defined by 
process sensor values, to change over time.  

 

Control of the buffering process can be greatly improved using 
automated line control. Smart Buffering [5] is an Artificial 
Intelligence (AI) based process controller that uses stream 
processing to process the raw sensor data into information, and then 
utilizes that information together with process state models and 
quality prediction models [4] to control the clinching and the 
buffering process. 

Smart Buffering can optimize a running process to its optimal 
production window by adjusting the clinching parameters. 

While Smart Buffering is able to optimize the running process, 
time to converge to the optimal state can be long if the initial 
process state is far away from the optimal state. The configuration 
optimizer tool helps in defining the initial line state by recipe 
calculation and sensitivity analysis. 
Configuration optimizer is used to calculate process parameters that 
allow production of the designed product, i.e., the line recipe that 
defines the starting parameters of the process. Smart Buffering is 
then used to optimize the running process to tolerate internal process 
variations, wear and tear of equipment, etc. 

Better position of the CCA (and other capstans) leads to a more 
stable process and a more robust overall production. This also leads 
to a more rapidly converging Smart Buffering based automatic 
process control, as the internal changes of the process are varying 
less due to better positioning of the caterpillar and capstans. 

2. Buffering process 
2.1 Secondary coating line 
The loose tube properties are important for a finished optic fiber 
cable quality. Mainly because a faulty loose tube causes excessive 
additional attenuation to the fibers running inside it, preventing light 
travelling inside the cable, making the cable unusable. Additionally 
the loose tube must have a suitable and stable EFL and post-
shrinkage values. All these properties can be affected through the 
loose tube manufacturing process parameters, yet it becomes 
increasingly difficult with increased line speeds. A typical loose tube 
manufacturing line setup is shown in Figure 1.  

 
Figure 1.  Secondary coating line with clinching concept 
 
The loose tube manufacturing process can be thought of as a series 
of actions done at a fast rate, with each action building on top of the 
actions finished before it. The process begins by extruding a tube 
and guiding it through the cooling trough. The cooling water 
temperatures can be adjusted to suit the tube material and other tube 
parameters to reach the desired outcome. Fibers are guided into the 
tube through the extruder, crosshead with fiber guiding needles. 
Once the extruded polymer exits the extruder crosshead the cooling 
process starts. Depending on the cooling water temperatures and 
distance, the tube cooling initiation can be altered. However the 
thermal shrinkage of polymer during cooling cannot be avoided. 
The thermal shrinkage of optical fibers can be neglected. Difference 
in thermal expansion of the plastic tube and the glass fiber is what 
causes the EFL to the tubes being produced. Therefore the tube 
velocity at die exit has to be several percentages higher than the 
fiber velocity. Immediately after the extrusion the loose tube 
structure begins to cool down. Since the plastic tube exhibits 
shrinking during the cooling process, whereas fibers do not, EFL 
starts to increase. The speed difference increases as the line speed 
grows higher.  
The speed difference of the tube and the bundle can be altered by 
increasing the tubes speed compared to the bundle speed. If the 
bundle and the tube are not coupled together, this can simply be 
done by forcing the tube forward in the cooling trough faster. This 
can be done with clinching caterpillar (CCA) which is located in the 
cooling trough between the cross head and mid-capstan (SWC). 
The suitable clinching speed difference compared to the line speed 
depends on the line speed, tube structure and other process 
parameters. If the bundle is coupled with the tube, clinching will not 
have any effect, since it will force the whole loose tube structure to 
move faster rather than increasing the tube speed separately.  
Some level of coupling will always take place. With suitable 
process conditions the level of coupling can be made small 
enough to allow stable processing at high line speed.  
After matching the proper tube speed with the clincher, the loose 
tube structure is run around the mid-capstan. When the tube runs 
multiple loops around the center capstan, the fiber bundle and the 
tube are intentionally coupled together to “lock-in” the clinching 
effects. However since the plastic tube, in most cases, has not 
reached room temperature at this stage, the tube will continue 
cooling through the multi-pass. Depending on the plastic matrix’s 
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polymer chains state when spooled around the center capstan, 
internal forces due to thermal expansion, or cooling shrinkage to be 
more precise, may be formed to the tube. If the polymer chains 
inside the plastic matrix are not in their relaxed state, post-shrinkage 
will occur after the manufacturing process. Since the polymer chains 
can be either under pulling or compressive stress, post-shrinkage can 
be also negative. This means that the tube expands over time.  

2.2 Smart Buffering  
Smart Buffering is an automated process controller, which controls 
the buffering line and optimizes the process automatically to desired 
product end-quality. Internally its operation is based on three main 
elements: data pre-processing module, process state estimation and 
quality prediction system, and the process controller. 
Overview of the Smart Buffering system is presented in Figure 2. 
The pre-processing module turns raw sensor data into more 
descriptive statistical sensor values, such as running average values 
and standard deviations. 
The process state estimation and quality prediction system operates 
on the pre-processed statistical sensor values. 
The quality prediction system uses neural network models to 
estimate the end product EFL [4]. 
The process state estimation system maintains short-term history 
values of key-process parameters, which allows it to compare the 
line state before and after micro adjustments. Changes in process 
parameter together with the process models allow it to estimate the 
state of the process. 
The process controller is the main control unit that makes decisions 
on actions to be taken, i.e., what process parameter to adjust and 
how much. It also triggers possible alarms and sends feedback 
messages to the line operator.  
 

 
Figure 2. Smart Buffering forms a control loop to the 

buffering process, information extracted from line sensor 
data allows intelligent process parameter adjustments 

 
The Process state estimation and quality prediction module requires 
feedback on finished production runs in the form of measured 
offline quality values. This allows the Smart Buffering system to 
optimize the running process to a desired quality target despite 
inevitable tear and wear of machinery and possible changes in 
material qualities. [7] 

The automated line operation by Smart Buffering system is based 
on estimating the state of the currently running process. The state 
estimation is based on using micro adjustment of the CCA control 
parameters and observing the changes in line sensor values. 
Optimal process state is when the CCA grip is firm but not too 
tight and the CCA speed difference is correct. Other process 
parameters depend on the recipe, and are defined separately for 
different products and materials. 
The optimal state is defined using long term history buffer values. 
Long term history values are averaged process parameter values,, 
that represent the optimal process state window. These values are 
incrementally fine-tuned based on feedback from the end-quality of 
the production runs. 

Non-optimizable state refers to situations when the line process 
parameter corrections cannot return the process back to normal 
operation. The line can become non-optimizable for example when 
CCA belts have worn out and cannot provide enough friction for 
normal operation. Alternative, the process can go into the non-
optimizable state also due to, e.g., malfunctioning equipment or 
wrong alignment of the line equipment. 

When production is started for the first time for a new recipe or 
after major line maintenance actions, then the Smart Buffering 
system is reset and an initialization run has to be made. 
An initialization run is setup with base process parameter values, 
which are retrieved from the product recipe. After starting the 
initialization run, Smart Buffering searches the optimal CCA gap 
and speed difference parameters, and production is completed 
using the found values. 
After the first production run is finished, offline quality 
measurements are taken. If the quality is acceptable, then Smart 
Buffering can continue operating the line with the found 
parameters. 
In case that the offline quality is not within acceptable range, then 
checks on line condition need to be taken and a new initialization 
run will be made. 
Depending on how close to the initialization parameters are to the 
optimal values, the system takes approximately from 7 to 15 
minutes to find an optimal process state. 
After the initialization run, the next production runs start from the 
previously found state. An initial check is then made whether the 
process can be further optimized, and to adapt to possible changes 
in the process. 

3. Vibration analysis based predictive 
maintenance 
 

Our Condition Monitoring System (CMS) module, uses vibration 
analysis to detect faulty bearings and other dynamic components in 
critical line equipment. Vibration analysis is based on monitoring 
vibrations of line equipment in proper locations and directions.  

Vibration analysis determines behavior of each component which is 
working in periodic motions using mathematical techniques. By 
monitoring the overall vibration amplitudes along with contribution 
of each component’s vibration levels, the system is able to perform 
automatic fault and defect diagnosis. Our system uses few 
techniques including time domain techniques along with Frequency 
domain tools such as Spectrum analysis for most of the components 
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and HFRT1 or Envelope analysis, which is suitable for bearing 
specific fault monitoring. 

Depending on the type of a defect and its location inside a bearing, 
the pattern of vibration changes. By calculating the repetition rates 
of each specific bearing, the defected one can be identified, and a 
warning with diagnosis information can be issued to the line 
operator for further investigation. 

Figure 3 shows raw vibration data from of a fault-free bearing, a 
bearing with an outer-race fault, and a bearing with an inner-race 
fault. The vibration data from a fault-free bearing is random with 
low vibration amplitudes, whereas faulty bearings include either 
periodic or modulated impulses depending on type and location of 
the defect. 

 
Figure 3. Raw vibration sensor data from fault-free and 

faulty bearings. 

 

Figure 4 shows the envelope signal of a bearing in critical 
condition. The defect in the bearing has developed to a size which 
caused the resonance phenomena, and as the result multiple 
harmonics of the critical frequency appeared on the frequency 
spectrum. The appearance of multiple harmonics holds generally 
true for all components and their harmonic fault frequncies.  

When a defect reaches a critical condition and causes the system 
to vibrate severely, it becomes dangerous for the system, and 
usually leads to immediate system failure, or deformation or 
damage in system elements. Using condition monitoring in the 
system, such problems can be avoided, so that the probablity of 
unwanted system failures is reduced. 

 

 

                                                                 
 
1 High Frequency Resonance Technique 

 
Figure 4. The repetition rate of an abnormal signal in 

frequency domain is used to detect a defect and 
identify the fault source.   

 

For monitoring the conditions of specific components in the system, 
Spectrum analysis along with selective frequency monitoring is 
utilized.  

 

4. Smart Buffering and Predictive 
Maintenance 
Smart Buffering contains a guided maintenance functionality, 
which is capable of identifying most likely maintenance needs in 
cases when the line becomes non-optimizable. 
Predictive maintenance further increases Smart Buffering systems 
capability by actively monitoring the condition of key devices on 
the line. When a fault is detected preventive actions can be taken 
before the fault propagates into a failure affecting normal line 
operation or the product end-quality. 

Guided and Predictive Maintenance 
Smart Buffering is able to optimize the process as long as the 
sensory feedback of line equipment after micro adjustment of 
process parameters is in accordance to the process models. 
The ideal process parameter window, i.e., the range for good process 
sensor values, changes slowly over time. This change in parameter 
values is due to wear and tear of mechanical devices and changes in 
raw material batches. 

Normal line operation can be interrupted in three different ways: 

1. Smart Buffering is unable to optimize the line. 

2. End-quality measurements reveal that the product quality 
is outside of specifications. 

3. The predictive maintenance module detects a fault which 
is in a critical status in line equipment. 

Diagnosis of maintenance needs is based on which way the normal 
line operation was interrupted. Figure 5 presents an overview of 
normal line operation and transitions to the guided maintenance. 
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Figure 5. Overview of line operation with the Smart 

Buffering process control system 
 

If the process became non-optimizable during the production, then 
Smart Buffering is able to give the most likely reasons that caused 
the process to become non-optimizable. 

If the product end-quality measurements reveal that the quality is 
outside of good product specifications, and the line is otherwise 
functioning normally, then the line needs a new initialization run. 
This kind of scenario is possible, for example, when there are large 
variations between material batches, or significant changes in 
ambient conditions. 

The predictive maintenance module can reveal faults in line 
equipment before the fault affects process control or product end-
quality. The predictive maintenance module monitors the vibration 
data from bearings of key devices on the line. It is able to 
automatically detect when abnormal signals appear in the processed 
vibration data. 

4.1 Process not-optimizable 
Smart Buffering is able to optimize a running process as long as the 
line equipment and the process are working as expected by Smart 
Buffering systems internal process models. 

When a process becomes non-optimizable, it is detected by Smart 
Buffering systems process state estimation module. In practice, a 
process is non-optimizable, when Smart Buffering is unable to 
correct the process values back to the optimal process parameter 
range. 

When the process is outside of the ideal process window, then the 
direction and distance of process parameters outside the window are 
used to derive the most likely causes for the line to be non-
optimizable. 

Smart Buffering suggests maintenance actions, which should be 
checked before restarting production. Table 1 lists all possible 
maintenance actions that Smart Buffering can suggest. Number of 
actions and their order is dictated by how the process became non-
optimizable.  

Table 1 also presents coarse estimates on expected duration of the 
maintenance actions. 

 

Table 1. Maintenance actions that Smart Buffering can 
suggest when the line becomes non-optimizable. 

Maintenance action Expected task duration 

Check Multi-pass condition Check and replace bearings 1.5-3 h 

Check and maintain water system 1-
2 h 

Check crosshead alignment 1.5 h 
Check needle alignment 1 h 
Check CCA and SWC 
positions to match recipe 

0.5 h 

Check CCA belt condition Check 0.5 h 

Clean and replace 0.5 h Check CCA alignment 4 h 
Check SWC alignment 3 h 
Check Gel feeding system Check and clean 2.5 h 
Check exit dancer function Check and maintain 1-2 h 
Check exit Capstan 1-2 h 
Check extruder condition 2-4 h 

 

Significant time can be lost to troubleshooting and finding out the 
issue without the assistance of guided maintenance. Depending on 
the operator presence at the time of the problem, troubleshooting 
may take up to several days. Guided maintenance reduces the time 
required to find the problem. 

Depending on the level of required maintenance item, a reset of 
Smart Buffering process control is required. In some cases soft reset 
(rest of CCA control parameters) is sufficient allowing return to 
production without new initialization of the Smart Buffering AI 
system. If the problem requires larger maintenance work on the line, 
then a hard reset (re-initialization of Smart Buffering system and 
reloading of recipe process values) and new initialization of the 
system is required. Smart Buffering guided maintenance instructs 
the user to proceed with the correct reset procedure. 

In the rare occasion, that the guided maintenance system cannot 
point towards the root cause, or a problem cannot be found with the 
action items listed by the system, then the problem is likely related 
to the base recipe. In such case, the quality and stability of incoming 
material and related recipe must be checked. 

 

4.2 End-quality measurement 
End-quality measurements are performed regularly for finished 
products (reels) to ensure that the product meets quality 
specifications. End-quality measurements include per fiber EFL and 
per-fiber attenuations (at different wavelengths). 

Smart Buffering allows the operator to set a target EFL value, which 
is then used automatically to calculate the optimal process parameter 
window for the targeted end-quality.  

If the end-quality measurements reveal that the end-product EFL or 
attenuation values or are outside of specifications, and the line 
appears to function normally, then the Smart Buffering system needs 
to be reset and a new initialization run is to be made. This scenario 
can be encountered, for example, when there are large variations 
between material batches, or if the line has not been in production 
for a longer period of time.  
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Smart Buffering system reset and a new line initialization allows 
Smart Buffering to adapt to changes in materials and ambient 
conditions. 

4.2.1 Attenuation delta 
Attenuation delta is the difference between incoming fiber 
attenuation and end-product per-fiber attenuations. It is thus a 
measure for how much increase in fiber attenuation the buffering 
process is causing.  

Smart Buffering uses attenuation delta values to monitor the overall 
condition of the process and to balance possible errors that might 
occur in the manual EFL measurements. Using both EFL and 
attenuation in adjusting the Smart Buffering systems optimal 
process window stabilizes the process and allows it to run 
automatically for longer periods of time. 

Figure 8 represents attenuation data from multiple production runs. 
X-axis shows the average incoming fiber attenuation, calculated 
from individual fiber attenuations. Y-axis shows the attenuation 
delta, that is the average increase in attenuation during the process. 

 
Figure 6. Attenuation delta measured at 1310nm 

wavelength from multiple production runs. 

From Figure 6 it can be seen, that on average the attenuation 
increase during the buffering process is about 0.005 dB. Typically, 
when the increase in attenuation is higher than on average, the line 
equipment is starting to wear out, or some process control 
parameters are not in the optimal range. 
 

4.3 Predictive maintenance 
Tear and wear of machinery is inevitable due to mechanical forces 
acting in moving and rotating elements of line equipment and 
machines. Tear and wear can lead to physical damage, i.e. fault, in 
some part of line equipment. This can be for example some damage 
inside a bearing or a scratch in a motor belt. 
A faulty piece of equipment does not necessarily affect the overall 
machine functionality, but as the fault becomes more severe over 
time, it can lead to failure of that part of the machine. This can then 
lead to malfunctioning or breaking of larger parts of the machine or 
the line. 
Depending on the fault type and location in a machine, it can be 
detected from vibration sensor data. The CMS module allows 

monitoring of specific vibration patterns and amplitudes together 
with preset warning and alarm limits for the data. 
When the CMS module detects that the component is soon likely to 
fail, then a warning to the line operator is issued. The system also 
pinpoints the part of line equipment that is in need of maintenance 
actions. 
As the line is still functioning normally even when an alarm is made, 
it is a good indication that the component under investigation is 
nearing its end. It is then up to the operator to decide whether to 
continue with production or to start corrective maintenance actions.  

Detection of potential faults and prediction of failures allows short 
term planning of maintenance actions to reduce production down-
time. 

5. Condition monitoring experiment 
We present results from a condition monitoring experiment, where 
two vibration sensors are used to monitor the state of the CCA drive 
side belt. 

Figure 7 show the installation location of the two sensors and the 
monitored drive side belt. 

For monitoring the conditions of the drive side belt, spectrum 
analysis along with selective frequency monitoring is utilized.  

 

 
Figure 7. Drive side belt and vibration sensor installation 

locations. 

 

The two vibration sensors are attached to the CCA enclosure, and 
they are used to measure the vibration data during a series of test 
runs at a line speed of 800 m/min. In the experiment three 
consecutive measurements are done: 

1. Running the line with a fault free drive side belt 

2. Running the line with a small artificially generated defect 
in the drive side belt 

3. Running the line with a large artificially generated defect 
in the drive side belt 

The figures 8 and 9 show the amplitude of vibration data from the 
experiment in the frequency domain. Figure 8 represents data 
measured by sensor 1 and Figure 9 data measured by sensor 2. 
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Figure 8. Data from vibration sensor 1 in frequency 

domain. Topmost graph represents data from fault free 
belt. Middle graph represents data from belt with small 
artificial defect, and bottom graph from large artificial 

defect. Leftmost signal peak represents the amplitude of 
the drive side belt pass. 

 

The topmost graph in Figures 8 and 9 represent data from the test 
run with the fault free drive side belt, the middle graph represents 
data with a small defect in the drive side belt, and the bottom graph 
represents data with a large defect in the drive side belt. 

 

 
  

Figure 9. Data from vibration sensor 2 in frequency 
domain. Topmost graph represents data from fault free 
belt. Middle graph represents data from belt with small 
artificial defect, and bottom graph from large artificial 

defect. Leftmost signal peak represents the frequency of 
the drive side belt pass. 

 
The leftmost signal peak in Figures 8 and 9 represents the amplitude 
of the drive side belt pass. Figure 8 shows the measurements done 
with servo 1. Initially the amplitude of the drive side belt frequency 
is about 2.0 mm/s, with a small defect it increases to about 3.5 
mm/s, and with a large defect the amplitude is about 4.5 mm/s. 
Figure 9 shows the amplitudes measured by the servo 2, with a fault 
free belt the amplitude is about 2.2 mm/s, with a small defect the 
amplitude grows to about 4.1 mm/s, and with a large defect the 
amplitude is about 5.7 mm/s. 

The fault frequency of the belt pass is completely unique and 
remains repetitive for different tests. The amplitude of the vibration 
frequency of the defected belt increases, and makes it clearly 
distinguishable from other vibration frequencies. 

Based on the results of the experiment, automated condition 
monitoring of the drive side belt is possible. For example, setting 
condition monitoring warning limit to 3.0 mm/s and alarm limit to 
4.0 mm/s, would allow early detection of defects in the belt. 

Similar approach can be used to monitor other line devices and their 
sub-parts. 
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6. Discussion 
A secondary coating line equipped with Smart Buffering is able to 
optimize the production to desired end-product quality. It 
optimizes the process constantly and for long periods of time. 
Tear and wear of line equipment is inevitable, but the Smart 
Buffering system detects when the line can no longer be 
optimized. In such situations, the most typical maintenance needs 
are automatically detected and reported by the Smart Buffering 
system. The Smart Buffering guided maintenance can drastically 
reduce time in line maintenance, especially in situations when 
finding the root cause of problems is challenging. 
Condition monitoring is a powerful tool that further increases 
Smart Buffering systems capabilities. Faults in the production line 
equipment can be detected before they affect normal line 
operation or product end-quality. 
Changing defective machine parts before complete machine 
failure saves time and costs. Instead of unplanned line down-time, 
predictive maintenance allows pre-planning of maintenance 
actions, for example to target suitable hours, for reduced line 
down-time. 
The predictive maintenance system together with the Smart 
Buffering system brings buffering to a new next level. Guided 
maintenance combined with automatic process control increases 
productivity, and allows the line to produce stable and high-
quality end-product at maximal throughput. 
 

7. Conclusions 
In this paper, we have presented the Smart Buffering automated 
process controller equipped with a condition monitoring system. 
The condition monitoring system extends Smart Buffering 
systems automatic guided maintenance system by predictive 
maintenance capabilities. 
We present results of an experiment where artificial defects on 
CCA drive side belt are detected by the Condition Monitoring 
System. Based on our evaluations the Condition Monitoring 
System allows automation of predictive maintenance based 
warnings. 
Future of cable production relies on automated tools and 
advanced computational methods. Combining Smart Buffering 
automated process control with predictive maintenance takes fiber 
optics secondary coating processes to a new level. 
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Abstract 

Continuous production of top-quality wire and cable, undersea 
umbilicals, high-pressure hose, tube, pipe, and similar products 
require constant outer diameter (OD) and ovality measurement, and 
monitoring for flaws. Traditional measurement methods, such as 
laser micrometers, hand micrometers, offline optical systems, and 
camera inspection systems, are inadequate for inspecting tight-
tolerance and high-speed applications. Furthermore, many industry-
standard defect detection systems, such as eddy current testers, spark 
testers, and vision inspection systems, face serious challenges with 
reliability, usability, and accuracy when attempting to perform 100% 
continuous inspection. 

Ultimately, a dependable inspection system must be able to detect 
surface flaws while ignoring surface variations that are normal during 
production. The inspection method must also accurately measure OD 
and ovality at any part orientation. Advancements in laser line 
triangulation have made it possible to automate inspection and 
measurement with one technology, eliminating reliance upon 
operators while increasing production efficiency and safety.  

Keywords: Inline; inspection; detection; flaw; defect; vision; 
laser micrometer; laser line triangulation; camera; accurate; 
repeatable; measurement; non-contact; quality; outer diameter; 
OD; ovality. 

1. Introduction 
There are advantages and disadvantages to every type of inspection 
method. When it comes to tight-tolerance, high-speed, continuous 
production of round, opaque, and translucent product, laser line 
triangulation is the superior inspection method. Other inspection 
methods simply cannot perform at the required level due to the 
variety of challenges they face when attempting in-process 100% 
surface inspection. 
 
In order to obtain accurate OD and ovality measurements, and in 
order to detect flaws at any orientation on the product, the 
inspection method must examine the entire 360° contour of the 
product. When this is achieved, orientation of the part in the field 
will have little to no effect on measurement or flaw detection.  

2. Measurement Methods 
OD and ovality are typical measurements made during continuous 
production of round product. During startup of a production line, 
operators attempt to tune equipment parameters to obtain the 
correct OD and ovality. Once the line is stable and the product is 
within specifications, the goal is to continuously run until the 
desired length has been created. Periodic checking of OD and 
ovality is required to ensure the process is running smoothly. 
Tighter tolerances necessarily require better measurement 

accuracy. Also important is the method being used to measure OD 
and ovality, as different methods present different levels of 
accuracy and repeatability.   
 
The most common method used to measure OD and ovality gives 
the Minimum Circumscribed Circle (MCC) and Minimum 
Circumscribed Ellipse (MCE) of the product. The MCC is the 
smallest circle that contains the entire profile of the measurement 
target within it. Hand micrometers, laser micrometers, and camera 
inspection systems can only measure MCC and MCE. MCC/MCE 
is affected by the presence of small outliers that could drastically 
affect the measured OD and Ovality. All three of these inspection 
methods also suffer from inaccuracies based on the orientation and 
shape of the part, relative to the measurement device. Laser line 
triangulation can also measure MCC and MCE, but is unaffected 
by orientation of the product in the field. This makes laser line 
triangulation the most accurate and repeatable method to measure 
MCC and MCE.  
 
Maximum Inscribed Circle (MIC) and Maximum Inscribed Ellipse 
(MIE) are other types of OD/ovality measurements. MIC is the 
circle that is contained inside the outer surface of the measurement 
target. An MIC measurement is not equivalent to the inner diameter 
of a tube. This measurement type is not often used, as it requires 
seeing 360° around an object, including any pits or slits that may 
be present. However, laser line triangulation is capable of 
measuring the MIC and MIE at any orientation.  
 
The Best Fit Circle (BFC) and Best Fit Ellipse (BFE) are the most 
stable forms of OD/ovality measurements. Ideally, best fit 
measurements will have an equal amount of the contour of the 
product above and below the best fit measurement. Best fit 
measurement methods are significantly more robust to outlier 
points that could drastically change the measurement. If a small 
outlier is observed (e.g. a braid break on the product), the BFC or 
BFE may show a small increase in OD, but this will more 
accurately reflect the true OD of the part. This is in opposition to 
the MCC or MCE, which might show a massive change in the 
measurement over the braid break. These more-stable best fit 
measurements, robust to outliers, also improve flaw detection 
capabilities. The BFC and BFE are the most stable and accurate 
forms of OD and ovality measurement.  
 
The MCC/MCE, MIC/MIE, and BFC/BFE methods are illustrated 
in Figure 1 below. 
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Figure 1: Product profile (top left), BFC (top right), MIC 

(bottom left), MCC (bottom right) 
 
All three measurement types (MCC/MCE, MIC/MIE, and 
BFC/BFE) could be used together to get a detailed understanding 
of a product’s true dimensions. Laser line triangulation is the only 
technology on the market that can simultaneously measure your 
product using all three measurement types, regardless of the 
orientation of the part in the field.  

3. Inspection Methods 
3.1 Offline Hand Micrometer and Pi Tape 
Before non-contact measurement systems hit the market, offline 
measurements were periodically made with mechanical/hand 
micrometers or pi tape to check whether the production process was 
stable and yielding product of the correct size. This process is 
destructive, involving an operator periodically cutting a sample of 
product from the line, measuring it with hand micrometers or a pi 
tape, and then adjusting production parameters accordingly until 
the product specs are satisfied. From there, the operator may 
periodically check the diameter by cutting more pieces out of the 
product throughout production, or checking the OD at the end of a 
spool.  
 
There are many issues with offline hand micrometer and pi tape 
diameter checks. They can be disruptive tests, potentially requiring 
that the product be cut then measured, the line adjusted accordingly, 
and then the whole process repeated until the line is running 
smoothly. The section being measured may not be representative of 
the entire product either. Variation in OD or ovality over length 
may be missed, since only a small section of product is measured 
offline. Hand micrometers and pi tapes are also contact 
measurement devices, which could result in product being 
deformed while being measured, potentially reducing the accuracy 
of the measurement. Hand micrometers also require an operator to 
make multiple measurements around the part to get a sense of 
ovality, which is time-consuming and prone to variability operator-
to-operator.  
 

3.2 Offline Optical 
Offline optical systems have been used to replace hand micrometers 
for measuring product during startup. A similar process to hand 
micrometer measurements takes place when using offline optical 
systems, including tuning the production settings, cutting product 

out, measuring the cut section, etc.. Offline optical systems require 
that a very short piece of product be cut, so the part can be placed 
on a glass surface for a camera to view. The product is then 
compared to the ideal shape and size of that product (typically an 
engineering drawing) for comparison. Preparing product for 
measurement is again destructive and time-consuming. Offline 
optical measurement systems do have the advantage of being a 360° 
measurement, meaning orientation is not critical when measuring 
the part. However, offline optical is still a slow measurement 
process and could occur on product that does not represent what the 
product will look like for the rest of the run. Generally, it is very 
difficult to achieve a clean cut that is free of burrs, nicks, or other 
deformation. A less-than-perfect cut causes measurement error. 
Offline optical measurements are a great improvement over hand 
micrometer measurements, but still have been superseded by inline 
measurement systems that can measure 100% of the product in-
process with no operator interaction required. 
 

3.3 Laser Micrometers 
Laser micrometers are non-contact measurement devices that may 
be placed in a production line to continuously measure product as 
it is made. A laser is projected over the product to create a shadow 
the size of the part (see Figure 2 below).  

 

 
Figure 2: Product inside a 1-axis laser micrometer 

 
For multi-axis laser micrometers, a shadow is generated per-axis, 
to produce an OD measurement for each axis (see Figure 3 below). 

 

 
Figure 3: Product inside a 3-axis laser micrometer 

 
Laser micrometers are highly repeatable measurement systems, 
typically with less than 0.0001” (2.5 µm) single-scan measurement 
variation on static product 1 inch (25.4 mm) in outer diameter. 
However, laser micrometers are not the most ideal solution when 
surface inspection and measurement accuracy are critical. Laser 
micrometers are shadow-based systems, and thus they have dead 
zones, or blind spots, where product is not measured or inspected. 
Additionally, this means that orientation of the product in the 
measurement field could make the difference between detecting 
and missing a flaw.  
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Changing the orientation of the part in the field can cause 
significant measurement variation, potentially greater than the 
accuracy required to verify the product is within specification.  The 
more the product contour deviates from a perfect circle, the more 
error there will be in the OD and ovality measurements.  
 
Take the following examples, depicted in Figures 4 and 7 below, 
with the resulting measurements illustrated in Figures 5, 6, 8, and 9 
below as well as Tables 1-4 below: 
 

 
Figure 4: A perfect ellipse with a width-to-height ratio of 
2:1 (ovality = 1” (25.4 mm)) 
 
Measuring the OD of this ellipse is typically calculated as the 
average of all axes of measurement. For a 3-axis laser micrometer 
with measuring axes A, B, and C, this would be: 
 

               OD = average(A,B,C)                                    (1) 

Ovality is often calculated as maximum minus minimum of all axes 
of measurement or:  
 
            Ovality = maximum(A,B,C) – minimum(A,B,C)          (2)                                  
 
Simulating the 2:1 ellipse show in Figure 4 above rotating 180 
degrees in a 3-axis and 4-axis micrometer using the above 
equations yields the figures listed below. The OD measurement 
data has been normalized around the true OD value. 
  

 
Figure 5: Normalized OD measurements of an elliptical 

part rotated 180 degrees 
 

 
Table 1. OD measurement range over a 180 degree 

rotation in the measurement field 

4-Axis OD range 0.0028” (71.1 um) 

3-Axis OD range 0.0134” (340.4 um) 

 

 
Figure 6: Ovality measurements of an elliptical part 

rotated 180 degrees 
 

Table 2. Ovality measurement range over a 180 degree 
rotation in the measurement field 

4-axis ovality range 0.300” (7.62 mm) 

3-axis ovality range 0.188” (4.78 mm) 
 
Notice the large variation in the 3-axis and 4-axis average 
measurements as the part rotates 180 degrees. This variation is 
substantial when compared to the repeatability of the gauge. What 
this means is, orientation of the part in the field is critical for 
measurement accuracy.  
 
Now consider a non-circular shape. This next shape represents a 
stranded cable with an extruded jacket. The strands are visible in 
the contour and will affect measurement accuracy depending on the 
orientation of the product in the field.  
 

 
Figure 7: Profile of a stranded cable with a width-to-

height ratio of 1.005:0.995 (ovality = 0.010” (0.254 mm)) 
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Running the stranded cable shape depicted in Figure 7 above 
through simulated 3- and 4-axis micrometers yields the following 
results:  
 

 
Figure 8: OD measurements of stranded part rotated 

180 degrees 
 

Table 3. OD measurement range over a 180 degree 
rotation in the measurement field 

4-Axis OD range 0.0022” (55.9 um) 

3-Axis OD range 0.0036” (91.4 um) 

 

 
Figure 9: Ovality measurements of a stranded part 

rotated 180 degrees 
 

Table 4. Ovality measurement range over a 180 degree 
rotation in the measurement field 

4-axis ovality range 0.032” (0.813 mm) 

3-axis ovality range 0.026” (0.660 mm) 

 
To conclude, laser micrometers yield large variations in OD and 
ovality depending on the orientation of the part in the field during 
measurement. For inline inspection, this is an unacceptable 
inconsistency that most users are unaware of. Ovality measurement 
results could be inaccurate as much as +0.0316” (0.8 mm) when 
ovality is 0.010” (0.254 mm) and the surface is stranded. A typical 
specification for an ovality measurement on a 1” (25.4 mm) product 
is around 0.010” (0.254 mm), meaning the required ovality 
accuracy must be better than 0.001” (0.025 mm), which is 10x 
smaller than the specification. With a laser micrometer solution, the 
system may measure the ovality as 0.0416” (1.06 mm), when in 
reality the true ovality is 0.010” (0.254 mm). This incorrect 

measurement occurs due to the shape of the product and orientation 
of the product in the field.  
 
These issues translate to laser micrometer flaw detection as well. 
Since flaw detection using laser micrometers typically observes the 
change in OD and ovality measurements over a length, false 
positives will be detected as flaws solely due to the inaccurate 
nature of laser micrometer measurements on non-perfect circular 
shapes, and the product’s orientation in the field.  
 
Laser micrometers are best used for applications with less-critical 
tolerances, or in cases where the larger expense for a better flaw 
detection system cannot be justified. Laser micrometer systems are 
around 5x less expensive than laser line triangulation systems, but 
can be 50x less capable when detecting lump and bump type surface 
flaws, and infinitely worse at detecting pits and slits.  
 
3.4 Eddy Current 
Eddy current inspection is mainly used to identify cracks inside the 
walls of metal pipes. Because they monitor for changes in a 
material’s conductivity due to internal defects, eddy current testers 
are unable to detect continuous defects, nor any superficial surface 
defects, such as minor external cracking, scratching, or pitting. This 
also means that eddy current defect detection does not work on 
plastics, wraps, or any other non-conductive materials. Even on 
metal products, deeper surface defects are often missed due to the 
low detection resolution of eddy current devices. Inspection speed 
is also fairly slow for these devices, requiring slower line speeds 
for detecting smaller flaws. Eddy current inspection is typically 
visualized as a waveform on a graph with spikes in the graph 
indicating a flaw is present. This limited feedback can make it hard 
to verify the presence of a flaw. 
 
Eddy current devices are for defect detection only; they do not 
measure OD or ovality. Therefore, other devices or checks are 
typically needed to supplement eddy current testing to ensure 
quality product is supplied to the end user. 
 

3.5 Spark Testing 
Spark testers are used to detect breaks or thin spots in the jacket of 
a wire. Products being inspected by spark testers must be 
electrically conductive on the inside and electrically insulated on 
the outside, meaning that spark testers are mostly used in specific 
wire & cable applications. 
 
Spark testers rely on metal chains hanging around a product, 
touching the surface. A high voltage electrical cloud is generated 
around the product. When a thin or missing section of an insulating 
jacket is run through the device, a spark will be generated, 
indicating a flaw is present. Product must be cured or set before 
entering the spark testers to prevent permanent deformation due to 
the necessary contact with the chains. Spark testers will miss lump- 
and bump-style flaws and do a poor job of detecting indentations if 
the insulation is still thick enough to prevent a spark. Gels, lumps, 
and scratches in the jacket extrusion are all undetectable with spark 
testers. 
 
Spark testers are for defect detection only; they do not perform OD 
or ovality measurements. Therefore, additional inspection 
equipment is typically needed to supplement spark testers. 
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3.6 Camera Inspection 
Camera inspection has gained popularity in recent years as image 
analysis capabilities have advanced and prices have dropped. 
Multiple cameras can be used together to surround an object and 
achieve a 360° view of the product, potentially allowing for 100% 
inspection. However, when it comes to flaw identification, 
measurement accuracy, and system reliability, camera systems 
have significant limitations. 
 
In terms of measurement accuracy, camera systems rank behind 
laser micrometers. Camera inspection systems measure OD by 
detecting the edges of the product in the camera image and 
measuring the distance between the edges. Multiple cameras at 
different orientations allow for ovality to be measured. These 
measurements are similar to micrometers in that they measure from 
one edge of the part to the other. Camera systems also have lower 
measurement resolution, making the measurements less repeatable 
than those made by laser micrometers.  
 
Regarding flaw detection, one critical limitation in a camera 
inspection system is their inability to distinguish between flaws and 
changing surface colors due to labels or text on the product. 
Classification and recognition are required in order to distinguish 
between a flaw vs. text when analyzing a camera image. This is an 
extremely challenging task, often performed by artificial 
intelligence algorithms, which have not yet been vetted or widely 
distributed. Oftentimes camera systems are placed inline before 
labels or text are added in order to avoid this problem, however this 
means that the final product is left uninspected, which could result 
in flaws making their way to a consumer. 
 
Camera systems are notorious for being difficult to set up and 
maintain, as they are very susceptible to changes in ambient 
lighting as well as image blur due to the relatively long time 
required for cameras to capture an image of the product. 
Furthermore, they must include image classification, or place the 
inspection unit in a location to avoid text and labels triggering false 
positives. It is due to these significant limitations that many 
production environments find camera systems cannot meet their 
needs. 
 

3.7 Operator Inspection (Tactile and Visual) 
A common theme in continuous production environments is to have 
operators check for defects with their hands and/or eyes. This is 
either used to verify that a laser micrometer or vision system did 
not trigger a false positive, or as the main source of defect detection 
due to the inadequacies of the aforementioned inspection methods.  
 
There are clearly some major downsides to checking product by 
hand. If the check is being done during a secondary process (after 
production), such as rewind, it can be extremely time-consuming 
and costly to perform the inspection. If the inspection is done inline 
by running product through an operator's hands, it can be extremely 
dangerous - especially if the product contains metal braids that 
could protrude through the jacket. Hand detection is also extremely 
subjective and tedious. Wearing protection like gloves could 
prevent injury, however it also dulls the operator’s senses and could 
prevent them from detecting flaws. In terms of visual inspection, an 
operator’s ability to see small defects will diminish over time as eye 
strain and fatigue increases. Inevitably, flawed product will slip 
through and make its way to the customer.  
 

3.8 Laser Line Triangulation 
Laser line triangulation works by projecting a plane of laser light 
onto the cross section of a measurement target. A portion of the 
laser light is reflected off the target and focused onto a sensor (see 
Figure 10 below).  

 
Figure 10: A laser line triangulation device projecting a 

red laser onto product 
 
The gauge triangulates the depth of the target to create a point cloud 
representing the profile or surface of the target being measured (see 
Figure 11 below).   
 

 
Figure 11: A point cloud generated from a laser line 

triangulation device measuring a round product 
 
Laser line triangulation has been used for decades for object 
detection, part picking, and basic 3D measurements. With multiple 
triangulation gauges arranged in a ring, it is possible to measure 
360° around an object in the field of view. Stitching successive 
profiles together enables 3D inspection and visualization of the 
product. Recent improvements in laser line triangulation 
technology have allowed for processing of many thousands of 
points at speeds in excess of 10,000 Hz, enabling detection of flaws 
as small as 5 µm on moving product. 
 
Triangulation technology enables true 360° defect detection and 
measurement, regardless of the product’s orientation in the 
measurement field. There are no dead zones with laser line 
triangulation. This means that regardless of the shape and 
orientation of the product in the field, the measurement will remain 
the same (see Figure 12 below). 
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Figure 12: An elliptical profile with an overlayed best fit 

ellipse (BFE) measurement 
 
Due to its use of high-intensity laser light, laser line triangulation 
has significantly less motion blur as compared to camera systems. 
This is due to the fact that less time is required for triangulation 
systems to see their measurement target, as compared to the time 
required for camera systems to see LEDs or other lower-intensity 
light sources. This ultimately results in a quicker snapshot of 
product for laser line triangulation, allowing for smaller flaws to be 
detected. This also makes laser line triangulation less susceptible to 
changes in ambient lighting conditions when compared to camera 
inspection systems. Since laser line triangulation uses a brighter 
light source than LED-based camera inspection systems, lower 
exposure times can be achieved, reducing the risk of detecting 
ambient light and disrupting detection capabilities.  
 
It is often most desirable to inspect a product after its final stage 
of production, including after text or labels are applied. Laser line 
triangulation measures the contour/outline/profile of the product 
and inspects for physical surface variation associated with flaws; 
color changes go unnoticed. This is an advantage that allows for 
laser line triangulation to perform inspection on finished product, 
after labels and text have been applied, without triggering false 
positives due to the presence of text or labels. Albeit, this also 
means that laser line triangulation cannot be used to identify colors, 
text, or errors in text as it’s simply ignored by the system.   
 
When a flaw is detected, a 3D image of the flaw can be presented 
in real time for scrutiny by the user (see Figures 13 and 14 below).  
 

 
Figure 13: 3D visual (left) of a slit flaw (right) 

 
Figure 14: 3D visual (left) of a wire loop flaw (right) 

 
Laser line triangulation makes it possible to remove operator hands 
and eyes from the product, without worry that defects are slipping 
through. 
 

4. Conclusion 
Laser line triangulation is capable of providing defect detection at 
rates up to 10,000 Hz, allowing for detection of flaws as small as 5 
µm. In time, inspection rates will only go up as technology 
continues to advance. A laser line triangulation defect detection 
system can be placed at the very end of a production line, even after 
labels and text are on the product.   
 
When quality is critical, laser line triangulation provides a robust 
solution. If line operators are known to turn off alarm systems 
because inspection systems produce too many false positives, laser 
line triangulation will bring trust and reliability back into the 
inspection process. When laser micrometers are inadequate to 
detect defects, laser line triangulation will fill in the dead zones to 
detect pits, slits, and flaws up to 50x smaller. If camera systems 
prove too inaccurate for OD and ovality measurements, laser line 
triangulation will perform at any product orientation. When camera 
defect detection struggles with false positives or defects being 
detected due to challenging ambient conditions, laser line 
triangulation will prove to be more reliable with its faster sampling 
rates and insensitivity to ambient lighting changes.  When operators 
spend time manually checking product, inline or offline, laser line 
triangulation could replace this difficult and subjective job, letting 
operators focus on more important tasks.  
 
Laser line triangulation can be used to detect defects and accurately 
measure OD and ovality, all in one system. Detected flaws can be 
reviewed in 3D for operator verification. Laser line triangulation is 
the most capable defect detection and measurement technology on 
the market. 
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Abstract 
In this study, physical, mechanical, and thermal properties of glass 
FRP, aramid and low bend FRP rod were evaluated and compared. 
It is observed that minimum bend diameter of low bend FRP rods 
and aramid rods are similar i.e. ≤ 16 D. (D is diameter of rod), 
whereas glass FRP rods showed higher minimum bend diameter of 
≤ 22 D. Tensile properties were observed to be the highest for ARP 
followed by low bend FRP and the least for glass FRP. Moreover, 
all strength members exhibited excellent resistance to heat, water 
and mechanical stress as evaluated by heat aging and underwater 
bend tests. Cable testing is also performed for comparative study. 
Owing to its flexibility, low bending characteristics and cost-
effectivity, low bend FRP rod is a better option to ARP rod, in 
making FTTH cable more flexible and cost effective, ultimately 
leading to lower network cost.  

Keywords: Low bending radius, aramid replacement, FTTx, 
optic fiber cable, tensile properties 

1. Introduction 
Recent years have seen the wide-scale deployment of optical fiber, 
with the rapid adoption of fiber-to-the-x (FTTx) and the fiber cable 
extended closer to end-users. Fiber-to-the-home (FTTH), as the 
technology for broadband access, has seen significant deployments 
in Asia-Pacific region, North America, and Northern and Western 
Europe. The global market for Fiber-to-the-Home/Building 
(FTTH/B) estimated at US $14.1 Billion in the year 2020, is 
projected to reach a revised size of US $29.7 Billion by 2026, 
growing at a CAGR of 13.1% over the analysis period. [1-5] 
The fiber optic technology is finding increasing adoption across 
households, businesses and industries owing to its several benefits 
over traditional connectivity solutions. The technology is 
particularly suitable for organizations using the cloud for storing 
data and apps. Based on its enhanced bandwidth and speed, 
FTTH/B networks are used in companies for transmission of heavy 
files and video streaming. The technology is a suitable option to 
support tasks such as video or web conferencing and 
teleconferencing for employee training, sales, and marketing. The 
FTTH/B connection allows companies to push investments in video 
conferencing as an effective business platform without 
compromising over bandwidth and speed. Be that as it may, the 
hunger for increased internet speed is widespread, and this has 
prompted a fierce competition between telecommunication 
companies (and their copper networks) and cable companies (in 
conjunction with their coaxial networks). The competition has 
brought out the truth that access to the internet via copper wires had 
reached its limits, and the only hope for increased bandwidth in the 
future is the installation of optical fiber. [6-7] 
Along with scientific and technical progress, optical cable has 
entered all trades and professions. For FTTH/B applications, it is 
crucial to have cable that has certain tensile properties, is flexible, 
thin, light weight and possess low bending diameter so that it can be 

installed in small, narrow, and confined spaces. Traditionally 
phosphatized steel wire has been used as a strengthening core for 
optical cables. However, under humid environment, corrosion of 
steel wire is to take place releasing hydrogen that affected the 
transfer function of signal. Such cable designs, containing steel wire 
and optical fiber also have high processing cost with poor 
mechanics, decay resistance and prone to accidents due to earthing 
issues. 
In recent years, non-metallic strength members have started gaining 
attention as they possess advantages such as light weight, corrosion-
resistant, high tensile strength etc. At present, the central 
reinforcement of non-metallic optical fiber cables is majorly 
composed of glass fibre and/or aramid fiber. Though traditional 
glass fiber reinforced cable core (FRP) has high tensile strength and 
light weight as compared to the steel wire, it suffers poor bending 
characteristics. Whereas aromatic polyamide (ARP) optical cable 
reinforcing core is very flexible due to the presence of inherent 
polyamide linkages in aramid fibers. Along with this, aramid fiber 
has better mechanical and physicochemical property than glass fibre 
such as low bending diameter, tensile strength, and anti-fracture 
characteristics. [8-10] Despite these advantages, cable 
manufacturers are reluctant to use aramid rods in the cable because 
these rods absorb moisture and are sensitive to environment as 
compared to glass or carbon composites. Moreover, aramid rods are 
expensive than regular glass FRP rods. [11,12] This is the major 
influential factor for manufacturers to utilize glass FRP instead of 
ARP, forcing them to compromise on flexibility and bending 
characteristics of entire cable network as glass rods are rigid and 
have high bend radius. Hence, there is a need of a strength member 
which is light weight, has required tensile properties and insensitive 
to bending, along with lower cost. 
In this study, we have attempted to produce a composite strength 
member for optical fiber cable that has all the mechanical and 
thermal properties as that of ARP but at the same time, is 30 % cost-
effective than ARP. Low bend FRP rod, has very good tensile 
properties, modulus, and low bending diameter. It holds great 
potential and can easily replace aramid rod especially in FTTH 
cable applications in the near future. 

2. Materials 
0.5 mm aramid rod is produced using aramid fibers (density 1.44 
g/cc and Young’s modulus 81 GPa) and heat curable polyester-
acrylic resin. 0.5 mm E-glass FRP rod is manufactured using glass 
fibers (Density 2.56 g/cc and Young’s modulus 81 GPa) and 
radiation curable resin formulation containing epoxy acrylate, 
diacrylate monomer and ketone based photo initiator. Similar 
technique is followed for preparation of 0.5 mm low bend FRP rod 
only difference is the resin formulation.  Fiber volume fraction 
(FVF) for glass FRP rod is designed in the range of 59-62 %, and 
that of low bend FRP rod is 35-40 %. For aramid rods, the fibre 
volume fraction is kept at around 62-65 % All strength members 
have smooth and defect free surface. The samples of rods are 
conditioned for 24 hrs at 25℃ and 40% RH before testing. All tests 
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are performed in duplicates to ensure repeatability and 
reproducibility. 

3. Instrumentation and Testing 

Dimensions of all FRP rods are measured using micro-meter screw 
gauge. Measurement is performed at 4 points on FRP surface of 
length 500 mm, in two perpendicular directions for each point. 
Average of three FRP samples i.e. 24 readings are considered for 
calculating minimum and maximum diameter, ovality etc. 
Minimum bend diameter is measured by making a loop of FRP 
sample that is gradually reduced until the sample breaks. The 
diameter of loop at which failure occurs is considered as minimum 
bend diameter. Density of FRP rods is evaluated as per ASTM D 
792. Tensile strength and Tensile modulus are evaluated as per 
ASTM D 3916. Heat stress test is performed by bending the FRP 
rods in such a way that the diameter equals to 30 x D (where D is 
diameter of FRP rod) and radius is 15 x D. The rods are then kept at 
85℃ for 24 hrs, 105℃ for 1 hr and 125℃ for 1 hr. The samples are 
observed for delamination, breakage, or kink. In a similar fashion, 
heat ageing test is carried out only difference being the samples are 
bent in 50 x D and kept at 100℃ for 120 hrs. The samples are 
analysed for visual defects and reduction in tensile modulus. 
Underwater bend test is carried out by keeping FRP samples in bent 
conditions (80 D-balloon shape) in underwater bath operating at 
80℃ for 120 hrs. After aging tests, samples were analyzed for 
surface defects as well as reduction in modulus. Kink test is 
performed by wrapping and unwrapping 4 turns of FRP rods on 10 
mm mandrel (20 D) for 5 such cycles. Water absorption test is 
carried out as per ASTM D 570. Glass transition temperature of 
composite rods is evaluated using dynamic mechanical analyzer in 
three-point bending geometry with heating rate of 2K/min and 
heated from 30℃ to 200℃ as per ASTM D 7028. 

 
Figure 1. Representative image for heat stress test and 

heat aging test fixture 

4. Results and Discussion 
 
4.1 Physical properties  
All strength members had good dimensional stability along the 
length as the diameter values were in the range of 0.50 +/- 0.05 mm 
as shown in Table 1. Circularity or ovality of the rods were also 
observed to be very good i.e. < 3%. Surface of all FRPs was 
observed to be glossy, smooth, and free from any defects. 

Table 1: Dimension of composite strength members 
Dimensions Glass FRP 

rod 
ARP rod Low bend 

FRP rod 
Max. diameter (mm) 0.474 0.480 0.480 
Min. diameter (mm) 0.488 0.492 0.490 
Avg. diameter (mm) 0.481 0.486 0.485 

Ovality % 2.8 2.4 2.0 
 

4.2 Minimum bend diameter 
In case of regular FRP rod, the average minimum diameter value 
was found to be 11 mm i.e., 22 D. On the other hand, ARP and low 
bend FRP rods both, exhibited much lower value of minimum bend 
diameter i.e. 8 mm (16 D). Bending behavior of composites is 
mainly associated with the nature of fibers and its FVF in 
composites. Glass fibers contain silicon oxide linkages in its 
structure that are hard and rigid in nature. While aramid fibers 
contain flexible organic cyclic structures that are responsible for 
high bending strength or flexibility. In case of low bend FRP rod the 
FVF of glass fibers is less, that reduces the hardness of composite 
structure and improves flexibility resulting in lower minimum 
bending diameter. Therefore, it can be concluded that ARP and low 
bend FRP rod possess low bending diameter as compared to that of 
glass FRP rod. 

4.3 Kink test 
Kink test results are observed to be in compliment with the 
minimum bend diameter values. Wherein, glass FRP rods resulted 
in breakage when wrapped on 10 mm mandrel while low bend FRP 
and ARP rods withstood 5 cycles of wrapping and unwrapping on 
mandrel. No damage whatsoever was observed onto both ARP and 
low bend FRP after the test, suggesting excellent flexibility of both 
the rods. 

4.4 Density 
Density values evaluated as per ASTM D 792 suggested that aramid 
rods are the lightest amongst all, followed by low bend FRP and 
then glass FRP. Composite density is a function of FVF and density 
of fibers. Density of glass fibers (2.56 g/cc) is much higher than that 
of aramid fibers (1.44 g/cc) hence glass FRP rods exhibited the 
highest density of 2.15 g/cc, and the lowest was observed for aramid 
rods 1.25 g/cc. In case of low bend FRP rod, the value of density 
lies in between that of ARP and glass FRP rod i.e. 1.75 g/cc, and is 
23 % lighter than the glass FRP rod. 

4.5 Mechanical properties  
Tensile strength of all composite strength members is measured on 
universal tensile machine and results are shown in Fig.2. As can be 
seen, the highest tensile strength of 1511 MPa was exhibited by 
aramid rods owing to its high FVF and tensile modulus. On the 
contrary, glass FRP rod exhibited only 1409 MPa, though Young’s 
modulus of glass fibers and aramid fibers used in this study are 
similar. The difference in FVF in individual FRPs were responsible 
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for different tensile strength and tensile modulus values. It is 
remarkable to see that even after lowering the glass FVF in low 
bend FRP rod, it showed excellent mechanical properties that lies 
between glass FRP and ARP rod. Low bend FRP rod exhibited 
tensile strength of 1451 MPa and tensile modulus of 52 GPa.(as 
shown in Fig. 3) 

 
Figure 2. Tensile strength of composite strength 

members 

 

Figure 3. Mechanical properties of composite strength 
members 

4.6 % Water absorption  
% Water absorption of all FRP samples is evaluated after 24 hrs, 48 
hrs and 96 hrs at 25 ℃ and expressed in Fig. 4. The major drawback 
of aramid fibers is that they are moisture sensitive and similar 
behavior is observed in water absorption experiments. Aramid rods 
absorbed more than 1 % water just after 24 hrs exposure to water. 
Compared to this, glass FRP and low bend FRP showed only 0.32 
% and 0.42 % of water absorption respectively even after 96 hrs 
exposure. Water absorption in composites is affected by type of 
fibers. FVF, presence of polar groups in resin system and crosslink 
density of the polymer network. For glass FRP and Low bend FRP. 
epoxy acrylate system was used that had excellent water resistance 
due to the presence of aromatic rings in its structure, while ARP is 
composed of polyester-acrylic resin containing polar hydroxyl 
groups which along with aramid fibers provide easy path for water 
molecules to penetrate through the composite structure increasing 
overall % water absorption. [13-15] 

 

Figure 4. Water absorption of composite strength 
members 

4.7 Glass transition temperature (Tg): 
Glass transition temperature of all FRP rods were measured on 
DMA and modulus curves are shown in Fig.5. As per ASTM D 
7028, onset of storage modulus is considered as a glass transition 
temperature in all cases. Tg mainly depends on the resin or polymer 
matrix contained within the composite. Tg is a point at which 
polymer matrix transits from glassy phase (hard) to rubbery phase 
(soft). Generally, low Tg materials are soft in nature while high Tg 
signifies hard and brittle material.  As can be seen from the figure, 
glass FRP rod exhibited Tg of 146 ℃ followed by low bend FRP 
142℃ and the least for ARP rod 115℃. Both low bend and glass 
FRP were prepared using UV curable formulations but the addition 
of flexible resin component in low bend was responsible for 
reducing the Tg of low bend FRP. On the other hand, in case of 
ARP, the lowest Tg value is attributed to the flexible carbonyl 
linkages present in the acrylic-ester matrix system. Overall, it can be 
concluded that glass FRP is the hardest and ARP is the softest 
material amongst three, while low bend FRP possesses balance of 
hardness and flexibility.  

 
Figure 5. Glass transition temperature of composite 

strength members 

4.8 Heat stress test and aging test: 
Thermal stability of strength members is evaluated by heat stress 
test performed at various temperatures under mechanical stress. 
Both ARP and Low bend FRP strength members exhibited excellent 
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thermal stability as no delamination or breakage observed when 
kept in 30 D fixture at 85℃ for 24 hr. (as shown in Fig.6b) Whereas 
hard and rigid nature of glass FRP rod could not withstand high 
mechanical stress and heat treatment for long duration and 1 sample 
kinked suggesting failure of glass FRP. Nevertheless, no sample 
breakage observed in glass FRP rod when heat stress test is carried 
out for 1 hr at 105℃ and 125℃. Accelerated thermal stress tests 
conducted at 105℃ and 125℃ revealed that glass FRP and low 
bend FRP remained stable till 125℃ however breakage occurred in 
ARP rod at 125℃. (as shown in Fig.6c) From glass transition 
temperature data, it can be deduced that the Tg of ARP rod is only 
115℃ which may be responsible for the failure in heat stress test 
carried out at 125℃.  

Table 2: Tensile modulus values before and after heat 
aging test 

Tensile Modulus Glass FRP 
rod 

ARP rod Low bend FRP 
rod 

Before aging (GPa)  51.2 55.8 54.5 
After aging (GPa) 49.2 54.5 53.9 

% Reduction 3.9 2.3 1.1 

 

 
Figure 6a. Heat stress test samples (before aging) 

 
Figure 6b. Heat stress test samples (after aging-30 D, 

85℃ for 24 hrs) 

 
Figure 6c. Failure in ARP rod samples after heat stress 

test at 125℃ for 1 hr 

Furthermore, the heat aging test studies revealed that all strength 
members survived 100 ℃ for 120 hrs in 50 D fixture. However, 
reduction in tensile modulus was observed to be higher for glass 
FRP rod, followed by ARP rod and the least for low bend FRP rod. 
(as expressed in Table 2) From above results, it can be concluded 
that low bend FRP rod has excellent thermal stability owing to its 
high Tg matrix and outstanding flexibility associated with the low 
glass FVF. Glass FRP rod has good thermal stability, but its hard 
structure could not withstand stress for longer period and failed 
when tested at 30 D at 85℃ for 24 hrs. In case of ARP rod, low Tg 
matrix was responsible for poor thermal stability and hence samples 
failed when stressed at 125℃. 

4.9 Underwater bend test: 
To evaluate simultaneous action of water, heat and mechanical 
stress on FRP strength members, underwater bend test was carried 
out. The samples are prepared in a balloon shape with a diameter 
equal to 40 mm. 5 such samples were kept underwater at 80℃ for 
120 hrs. The samples were monitored on daily basis for failure, 
delamination, and breakage. Sample pictures after the test are 
shown in Fig. 7. As can be seen, all strength members exhibited 
excellent resistance to water, heat and mechanical stress and showed 
no delamination even after 120 hrs of the exposure. Although, 
composite samples showed no delamination or breakage, tensile 
modulus values for ARP and glass FRP reduced drastically after the 
exposure. It can be related to the glass transition temperature of 
polymer matrices, when samples are heated in presence of water, 
polymer matrix softens and allows water molecules to flow into the 
crosslinked structures. These water molecules impart plasticizing 
effect to the composite structure and reduces the mechanical 
properties of the coating. [17-22] In case of ARP rod, reduction in 
tensile modulus is the highest i.e 7.7 %, which can be attributed to 
the low Tg of resin matrix as well as polar linkages present in 
acrylic-polyester resin that offer poor water resistance. In case of 
low bend FRP, polymer matrix is composed of water-resistant 
epoxy acrylate having Tg values above 140℃ as well as the 
reduction in volume fraction of hydrophilic glass fiber is responsible 
for retaining tensile modulus > 96 %. 
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Figure 7. Composite rod samples after underwater bend 

test at 80℃ for 120 hrs 

Table 3: Tensile modulus values before and after heat 
aging test 

Tensile Modulus Glass FRP rod ARP rod Low bend 
FRP rod 

Before aging (GPa)  51.2 55.8 54.5 
After aging (GPa) 48.1 51.5 52.7 

% Reduction 6.05 7.7 3.28 

 

4.10 Repeated bending test: 
To evaluate difference between ARP rod and Low bend FRP rod in 
more detail as well as to study the effect of individual strength 
member at application stage, FTTH cables were prepared in 3 km 
length as per design shown in Fig. 8. Dimension and attenuation of 
each cable is provided in Table 4. 

 
Figure 8. Cross-section of FTTH cables prepared using 

strength members 

Prepared cables were analyzed for repeated bending test as per IEC 
60794. As per standard, it is mentioned to perform testing on 40 
mm mandrel/pulley. However, to evaluate the performance of 
cables at extreme bending conditions, mandrel diameter reduced to 
20 mm and test was conducted for 30 cycles and results are 
tabulated in Table 5 and 6. Bending test results revealed that there is 
no significant difference in the attenuation of cables irrespective of 
mandrel size. In both cases the maximum attenuation values at both 
wavelengths were far less than the specification of ≤ 0.05 dB/Km 
suggesting that ARP rod can be easily replaced by low bend FRP in 
FTTH cables. 
 

Table 4 : Test report for FTTH cables prepared using ARP 
and Low bend FRP 

Description ARP rod Low bend FRP rod 
Cable diameter  2.10 mm x 3.11 

mm 
2.07 mm x 3.09 

mm 
Fiber identification Blue and Orange Blue and Orange 
Strength members 2 nos. 2 nos. 
Outer sheath type & color LSZH-white LSZH-white 
Cable description 2F SM Flat Drop 

O.F. Cable 
2F SM Flat Drop 

O.F. Cable 
Attenuation @1310 nm 
Blue (dB/Km) 

0.334 0.330 

Attenuation @1310 nm 
Orange (dB/Km) 

0.331 0.327 

Attenuation @1550 nm 
Blue (dB/Km) 

0.228 0.191 

Attenuation @1550 nm 
Orange (dB/Km) 

0.200 0.189 

 

Table 5 : Repeated bending test results performed on 40 
mm mandrel 

Type 
of 

cable 

Fiber Initial 
Attenuation 

Final 
Attenuation 

Change in 
attenuation 

1310 
nm 

1550 
nm 

1310 
nm 

1550 
nm 

1310 
nm 

1550 
nm 

Cable 
with 
ARP  

Blue 0.334 0.228 0.336 0.229 0.002 0.001 

Orange  0.331 0.200 0.333 0.202 0.002 0.002 

Cable 
with 
Low 
bend 
FRP 

Blue 0.330 0.191 0.329 0.192 0.001 0.001 

Orange  0.327 0.189 0.330 0.193 0.003 0.004 

 

Table 6 : Repeated bending test results performed on 20 
mm mandrel 

Type of 

cable 

Fiber Initial 

Attenuation 

Final 

Attenuation 

Change in 

attenuation 

1310 

nm 

1550 

nm 

1310 

nm 

1550 

nm 

1310 

nm 

1550 

nm 

Cable 
with 
ARP 

Blue 0.338 0.229 0.339 0.232 0.001 0.003 

Orange  0.335 0.202 0.334 0.206 0.001 0.004 

Cable 
with 
Low 
bend 
FRP 

Blue 0.321 0.182 0.323 0.186 0.002 0.004 

Orange  0.329 0.183 0.331 0.191 0.002 0.008 
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5. Conclusion  
In this study, three composite strength members namely, glass FRP, 
ARP and low bend FRP were produced and evaluated for their 
physical, thermal, and mechanical properties. Minimum bend 
diameter and kink studies disclosed that the bending characteristics 
of ARP and low bend FRP are identical as both exhibited 16 D 
bending diameter and did not kink on 10 mm mandrel. Further, heat 
stress, accelerated heat stress and aging tests showed that being hard 
and rigid in nature, glass FRP failed to sustain bending stress of 30 
D for 24 hrs under hot environment. Similarly, ARP rod is also 
failed when stressed at high temperature. On the other hand, 
optimized balance of hardness and flexibility was responsible for 
excellent thermal and mechanical stability of low bend FRP. Tensile 
strength and modulus values was observed to be the highest for 
ARP rod followed by low bend FRP and the least for glass FRP. 
Underwater bend test results unveiled that all strength members 
exhibited excellent resistance to water, heat and mechanical stress 
and no delamination or breakage was observed. However, tensile 
modulus values were found to be reduced dramatically for ARP rod 
and glass FRP. Furthermore, FTTH cable samples were prepared 
using low bend FRP and ARP rod and compared for bending 
performance. Repeated bending test results showed that the 
difference in attenuation values measured at 1310 nm and 1550 nm 
is insignificant and independent of strength member as well as 
mandrel used for the testing. Owing to its flexibility, low bending 
characteristics and cost-effectivity, low bend FRP rod can be a 
better option to aramid rod, in making FTTH cable more flexible 
and 30 % cost effective as compared to ARP rod, ultimately leading 
to lower network cost.  
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Abstract 
In this work we have identified different types of induced losses 
which are found in 30-year-old land-based fibre cables using a 
three-wavelength analysis method based on OTDR measurements 
at 1310 nm, 1550 nm and 1625 nm on individual fibres. Local hy-
drogen induced losses are found in directly buried cables due to 
their light armouring which will decrease with increasing cable age. 
Microbend induced losses are found in less than 5 % of the meas-
ured fibres. There are no signs that the microbend induced losses 
increase with increasing fibre age. We believe that the observed 
micro bend losses may be caused by some mechanism in fibre pro-
duction causing poor microbend resistance in sister fibres.  

Keywords: Old cables, fibre attenuation, true splice loss, OTDR  

1. Introduction 
The first optical fibre cables were installed in late 1980’ies, and 
they still are working well together with more modern cables. At 
that time, one important design criterium was that the fibre cables 
should have an optical and mechanical lifetime of at least 30 years. 
The oldest cables are now more than 30 years old, and we may con-
currently ask if there are any signs of degradation of their optical 
quality, a question which needs close attention. 
For sure, it is difficult to find old cables with fibres available for 
measurements, since the old cables had few fibres, and today they 
are all usually carrying traffic. Another general problem is that we 
do not have available any initial reference attenuation measure-
ments made shortly after installation.   
We have earlier investigated the optical quality of fibre attenuation 
and splice losses in up to 30 years old cables [1]. In that work, we 
analysed OTDR measurements taken at different cable ages, and 
we applied mainly a statistical evaluation at 1550 nm to reveal the 
concurrent optical status. The statistical data at 1310 nm and 1625 
nm were also evaluated to some extent. Higher spreads and average 
values were found in fibre attenuations and splice losses compared 
to modern fibres, although not of alarming magnitudes. However, 
the statistical approach does not give any clues about what may 
have caused increased values. 
Recently, an additional OTDR survey was performed on 33 years 
old land-based cables which offered substantial amounts of new 
data, showing a more pronounced increase in fibre attenuations 
than earlier observed. 
In this work, we outline and apply a more refined method for inves-
tigating our data for old cables. As for individual fibre length, as 
well as for each individual splices, we have gathered loss data at 
three different OTDR wavelengths 1310 nm, 1550 nm and 1625 nm 
and built the corresponding attenuation and true splice loss vs 
wavelength plots. Subsequently, all plots have been interpreted in-
dividually and as a whole. 

2. Field measurements on 33-year-old 
cables - statistical results 
Recently, we measured with OTDR more than 70 km of directly 
buried old land-based cables in several links at the wavelengths 
1310 nm, 1550 nm and 1625 nm. Up to four fibres in the cables 
were available for measurements and a substantial amount of new 
data was collected. The OTDR data were analysed by a method ear-
lier described in [2]. For the detailed analysis of fibre attenuation, 
we selected only fibre lengths which contained data with accurate 
readings at all three wavelengths. In Figures 1 to 3 are shown the 
calculated statistical values for fibre attenuations at 1310 nm, 
155nm and 1625 nm. We note that the number of data points is 
larger than in earlier investigations.  
 

 
 Figure 1: Fiber attenuations 1310 nm 

 

 
 

Figure 2: Fibre attenuations 1550 nm 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum240



The calculated average attenuations and standard deviations at all 
three wavelengths are clearly higher than found earlier on old ca-
bles [1], and we also note several greatly elevated values. 
 

 
Figure 3: Fibre attenuations 1625 nm 

 
To extract more information from the data, we need to study the 
wavelength dependence of the individual attenuations, which will 
be done in the following Chapters.  

3. Characteristics of losses in old     
cables - three wavelength perspective 
3.1 Fibre attenuation 
3.1.1 Overall 
The overall losses in old cables have proved to be slightly higher 
than in modern cables due to the relative immature fibre production 
technology at that time. As an example, we show in Figure 4, the 
three wavelengths plot of 24 fibres in an in situ aerial cable from 
1988, as measured in 2013. The average attenuation values and 
spread show values which are typical, and slightly higher than in 
more modern fibres [1].  
 

 
Figure 4: Typical 3w-plots of individual fibre attenuations 

   

3.1.2 Water peak 
The water peak at 1383 nm in optical fibres has a historical back-
ground, referring to the fact that a low water peak fibre was not 
adapted in the ITU-T Recommendation G.652, until 2003.  

Therefore, in the old fibres, the height of the water peak could vary 
substantially between a single vendor’s production batches, as well 
as from one vendor to another. 
We have earlier measured and modelled the water peak in our old 
fibres [4]. In that work we found individual fibres with maximum 
observed strength at 1383 nm of approximately 1.1 dB/km. The 
modelled corresponding values at 1310 nm and 1550 nm was cal-
culated to 0.003 and 0.001 dB/km, respectively, and less than 0.001 
dB/km at 1625 nm. The variable water peak will thus not affect any 
OTDR measured fibre attenuation values at 1310 nm, 1550 nm, and 
1625 nm. 

3.1.3 Induced attenuation 
Microbends and macrobends are referred to as longitudinally dis-
turbances of fibre cores and may induce extra attenuation in cabled 
fibres. Also, hydrogen generated inside the steel reinforcement in 
armored cables without hydrogen protection will induce extra at-
tenuation in the fibres.  

3.1.3.1 Microbends 
Microbends are typically distributed and have bending radii much 
less than the fibre diameter 0.1 mm. From our earlier work, we have 
shown that losses due to microbends increase with increasing MAC 
number of the individual fibres. In addition, we have found that the 
MAC number in old fibres are notably higher than in modern fibres 
[3]. Finally, we acknowledge that microbend losses are greatly af-
fected by the quality of the primary coating, which have improved 
substantially through the years. 
The total integrated effect on microbend losses appears from test 
results shown in Figure 5 [3]. In this standard test, old and modern 
fibres have been subjected to the microbend test in IEC TR62210, 
Method B.  
There are several notable features evident from Figure 5. Firstly, 
we note that the microbend losses are significant at all wavelengths 
1310 nm, 1550 nm and 1625 nm, and increase with increasing 
wavelength. Secondly, the old fibres show much higher microbend 
losses than the modern fibres. Thirdly, the magnitude of the in-
duced loss in old fibres varies significantly between individual fi-
bres.  
Real life examples that may lead to microbend losses, would be a 
degraded primary coating or fibres reaching the inner walls of 
stranded tubes/slotted cores during tensioning of the cable. 
 

 
Figure 5: Microbend loss - old fibres vs modern [3] 
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3.1.3.2 Macrobends 
Macrobend(s) may be single or distributed. A single macrobend has 
bending radius much larger than the fibre diameter 0.1 mm, but less 
than 30 mm.  
Tests results for individual fibres, old fibres as well as modern, us-
ing the standard macrobend test in ITU-T Recommendation G.652, 
with 1turn-20mm radius, are shown in Figure 6. In general, we note 
that the induced attenuations at 1310 nm are very small. Also, we 
find that the induced attenuations increase rather strongly with in-
creasing wavelengths at 1550 nm and 1625 nm.  
The key observation from this standard test is that the magnitude of 
the induced macrobend loss in old fibres varies greatly between in-
dividual fibres.  
Also, in real life, induced macrobends patterns in a cable, single or 
distributed, are likely to be different between fibres, thereby intro-
ducing even greater differences in the actual observed induced loss 
in different fibres. 
Real life examples that may lead to macrobend losses, would be a 
local cable damage (single), or fibres buckling against the outer 
wall in stranded tubes/slotted cores at extremely low temperatures 
(distributed). 
 

 
 

Figure 6: Macrobend loss - old fibres vs modern 
 

3.1.3.3 Hydrogen 
In old armored underwater cables without hydrogen barriers, cer-
tain levels of hydrogen built up in the fibres, levels which proved 
to be varying with time as well as the amount of steel armor in the 
cables, the source of hydrogen generation. We monitored these ca-
bles through 25 years, and characteristics regarding the hydrogen 
levels and their effects at different wavelengths were established.  
Figure 7 shows how fibre attenuation is being affected at 1310 nm, 
1550 nm and 1625 nm, by different hydrogen levels in old under-
water cables. We note generally that the added losses at 1310 nm 
are small, while the added losses at 1550 nm and 1625 nm increase 
fairly strongly. As well known, the hydrogen induced losses in-
crease proportionally with increasing hydrogen level, at all wave-
lengths [5].  
Obviously, since fibres are situated in the cable center, they are all 
affected equally by the existing hydrogen level, and all fibres in a 
cable exhibit the same added loss at one specific wavelength, which 
is highlighted in Figure 7. This contrasts with macro and microbend 
induced losses in a cable, which would vary between fibres due to 
the different fibre bend sensitivities.  
 

 
Figure 7: Hydrogen induced losses in armored cables without 

hydrogen barrier 

3.2 Splice losses 
Assuming perfect core alignment during splicing, the true splice 
loss generally decreases slightly with increasing wavelength since 
the mode field diameter increases with increasing wavelength.  
Furthermore, the true splice loss depends inherently on the mis-
match in mode field diameters. Since variations in mode field di-
ameters are found to be greater in old fibres than in modern fibres 
[6], one would expect greater splice loss average values as well as 
spreads. 
As for imperfect splicing conditions, such as lateral and angular 
misalignment of fibre cores during fusion, these would result in ad-
ditional splice loss which increases with increasing wavelength due 
to bending of the fibre core(s) in the splicing region.  
 

4. Field measurements - three        
wavelength results 
Old land-based cables have been measured historically at different 
times in their life courses. In this Chapter we demonstrate the char-
acteristics of the found induced losses and their concerned types of 
allocation.  It should be noted that for each age category, additional 
links have been measured showing similar results, thus adding data 
to each category. 
It should be noted that hydrogen levels in old underwater cables 
without hydrogen barriers have been studied earlier [5]. Basically, 
the hydrogen levels decrease with increasing cable age. Further-
more, in these underwater cables we have not registered any micro-
bend or macrobend induced losses. 
 

4.1 33-year-old cables 

4.1.1 Fibre attenuation 
Figure 8 shows 93 individual fibre attenuations versus three wave-
lengths as measured in one link of the 33-year-old directly buried 
cables. Different colours are indicating different cable lengths. 
There are several features to be noted.  
Firstly, we find 8 fibres which show elevated, but different values 
of induced losses which are nearly equal at all three wavelengths. 
This is a characteristic feature for microbend induced losses. Spe-
cifically, we find that 6 (of 8) are found in fibres in subsequent ca-
ble lengths in the field, while 2 (of 8) are neighbour fibres in the 
same cable length. This is an indication that “bad” fibres are 
grouped together, possibly as a result of some mechanism in fibre 
production causing poor sister fibres. 
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Secondly, we identify specific cable lengths in which all the meas-
ured fibres show the same magnitude of induced losses, in which 
the induced losses increase fairly strongly with increasing wave-
length.  
Referring to Chapter 3.1.3.3, this is a characteristic feature for hy-
drogen induced losses. We register two levels of hydrogen induced 
losses, referred to as “weak” hydrogen and “strong hydrogen”. The 
magnitudes of hydrogen levels can be deduced from the established 
data as shown in Figure 7.  
Evidently, at the same time, some of these fibres are subjected to 
microbend induced losses as well.  This would be by coincidence 
since one would not expect the hydrogen gas to introduce micro-
bend losses. 
Finally, we note that most fibres have normal fibre attenuation at 
all wavelengths, but slightly higher than in modern fibres.  
 

 
Figure 8: 33-year-old directly buried cables 

 

4.1.2 True splice losses 
In Figure 9 is shown the true splice losses of 61 splices in one link. 
We register, except for one poor splice, that the wavelength re-
sponses are weak decreasing, flat, or weak increasing with wave-
length. These are the characteristics of nearly perfect splices. The 
calculated average values are very low compared with other old 
splices [1], thereby confirming their high quality. 
 

 
Figure 9: 33-year-old true splice losses 

For one single poor splice, the splice loss increases strongly with 
wavelength, as expected. 
 

4.2 25-30-year-old cables 
In Figure 10 and Figure 11 are shown many wavelengths plots of 
individual fibre attenuations measured in 2018 on duct cables and 
other land-based cables, respectively, from the period 1989-1993. 
There is evidence that several fibre lengths show microbend in-
duced losses with magnitudes which are similar as in the 33-year-
old cables. We find that 6 (of 9) are specific cable lengths neighbour 
fibres, while 2 (of 9) are found in subsequent cable lengths in the 
field. We note again that “bad” fibres are grouped together. 
The great majority of fibres have normal attenuations at all wave-
lengths which are slightly higher than in modern fibres. 
 

 
Figure 10: 25-30-year-old duct cables 

 

 
Figure 11: 25-30-year-old land-based cables 

 

4.3 15-18-year-old cables 
In Figure 12 is shown three wavelength plots of individual fibre 
attenuations measured in 2004 on different land-based cables from 
the period 1986-1989. One fibre length shows microbend induced 
loss with magnitude which are similar as in the 33-year-old cables.  
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Two fibres show induced losses with macrobend characteristics 
(not hydrogen), which have not been observed in any other fibres 
in this investigation. 
The remaining fibres have normal attenuations at all wavelengths 
which are slightly higher than in modern fibres. 
 
 

 
Figure 12: 15-18-year-old land-based cables 

 

5. Discussion 
We have in Chapter 4 identified two main categories of induced 
fibre attenuation in the old land-based cables; microbend induced 
losses and hydrogen induced losses. When it comes to macrobend 
induced losses, the observed number of affected fibres is extremely 
low.  
The hydrogen induced losses are due to the very light steel armour 
used in directly buried cables. The steel armour produces a small 
amount of hydrogen which create a local hydrogen level surround-
ing all the fibres in the cable. From earlier work we conclude that 
hydrogen levels will decrease with increasing age of the fibres. 
Microbend induced losses are found in a limited number of scat-
tered fibre lengths along the cables. The magnitudes of the loss in-
creases have been nearly equal at all wavelengths, and maximum 
0.30 dB/km, 0.41 dB/km and 0.44 dB/km, at 1310 nm, 1550 nm 
and 1625 nm, respectively.  
In Figure 13 are shown the found number of fibres with microbend 
losses at 1550 nm versus year after installation. There is no trend 
that magnitudes increase with increasing number of installed years. 
Equally important, for all fibre ages, the corresponding calculated 
percentage of fibres with bend losses is very small. In Figure 14 are 
shown calculated percentages of found fibre lengths with bend 
losses versus years after installation. We note that the percentage of 
fibres with bend losses are less than 5 % for all fibre ages. There is 
no trend that the percentage of fibres with bend losses increases 
with increasing number of installed years. 
We have reason to believe that the observed microbend losses may 
be a result of some mechanism in fibre production causing very 
poor microbend resistance in sister fibres. 
As a general overall observation, we find that approximately 95 % 
of the measured old fibres have normal values of fibre attenuations 
at all wavelengths with average values and spreads which are 
slightly higher than in modern fibres. 
 

 

 
Figure 13: Microbend losses at 1550 nm 

 

 
Figure 14: Percentage of fibres with bend losses 

 

6. Summary and conclusion 
In this work we have outlined the characteristics of induced losses 
in old fibre cables in a three wavelength perspective. We have used 
3w OTDR measurements to identify different types of additional 
losses, such as microbend, macrobend and hydrogen induced 
losses.  
Analysing new data and reviewing earlier field data have revealed 
that microbend and hydrogen induced losses appear in the old land-
based cables. 
Hydrogen induced losses are due to the light armour in directly bur-
ied cables and appear with varying strength along the cables de-
pending on the local conditions. The hydrogen levels will generally 
decrease with increasing cable age. 
Microbend losses are found in less than 5 % of the measured old 
fibres and are nearly equal at all wavelengths. Maximum found fi-
bre attenuation value at 1550 nm including microbend loss is ap-
proximately 0.62 dB/km. There are no signs that microbend losses 
increase with increasing fibre age. Fibres with microbend losses are 
grouped within the cables, which is probably as a result of some 
mechanism causing failure for sister fibres.   
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Abstract 
As line rates increase to 50 Gb/s and higher, optical transceivers in 
data centers are encountering signal integrity issues due to the re-
timing required for long electrical traces.  One proposal to overcome 
this issue is to utilize co-packaged optics in which fibers are used to 
transport data to and from the front panel.   These embedded modules 
utilize arrays of VCSELs or silicon-photonic (SiP) transceivers, and 
in both cases, the capacity may be limited by the density of the optical 
connections on the chip.  One way to increase this connectivity 
density is to utilize smaller fibers with reduced cladding diameters 
and thinner coatings.  We explored this design space by fabricating 
optical fibers with 80 and 100 m cladding diameters and several 
different coating geometries. Our modeled and measured data 
indicate that for a fixed outer diameter (OD) of 160 m, a cladding 
diameter of 100 m provides low microbend sensitivity while still 
maintaining acceptable protection against puncture of the outer 
coating. 

Keywords: Optical fiber; reduced-diameter fiber; reduced-
cladding diameter; microbending; puncture load resistance. 

1. Introduction 
Miniaturization of cables and associated hardware has spurred the 
adoption of smaller-diameter optical fibers, with 200 m fibers being 
well-established in terrestrial communication systems. 
Enhancements in both glass and coating technologies have enabled 
smaller-diameter fibers to feature nearly-equivalent optical 
transmission and mechanical properties to fibers with 250 m ODs.  
These fibers retain the conventional cladding diameter of 125 m, 
which is compatible with current fiber manufacturing, handling and 
connectorization processes.  However, for fiber-chip coupling 
applications, a smaller cladding diameter can enable higher-density 
connectivity, while a smaller coated diameter alleviates routing 
constraints inside co-packaged modules.  Figure 1 compares the 
geometry of fibers with outer/cladding diameters of 200/125, 160/80 
and 160/100 m, respectively.  The 160 m OD offers a 20% 
reduction in the overall diameter compared to the 200/125 m fiber, 
while the reduced cladding diameters of 80 and 100 m correspond 
to total coating thicknesses of 40 and 30 m, respectively, which are 
comparable to the 37.5 m value for the 200/125 fiber.  

One of the key concerns in the utilization of these smaller-diameter 
optical fibers is greater susceptibility to glass damage through 
perforation of the protective polymer coatings during fiber 
processing and handling.  In Section 2, we analyze this mechanical 
failure mode by utilizing the methodology developed by Glaesemann 
and Clark [1] to measure the puncture load required to rupture the 
high-modulus outer (secondary) coating. A second concern with 

these smaller diameter fibers is microbending sensitivity, which can 
lead to elevated losses when these fibers are routed in small form-
factor optical devices.  This optical failure mode is the focus of 
Section 3, which summarizes modeled and measured data for optical 
fibers with 80 and 100 m cladding diameters and several different 
coating geometries, as summarized in Tables 1 and 2, respectively.  
These experimental single-mode fibers are G.675.A1-compliant, 
with 22 m cutoff wavelengths less than 1260 nm and 1310 nm mode 
field diameters of around 9.5 m.  They have two-layer coating 
systems comprising an inner (primary) coating with a low elastic 
modulus and an outer (secondary) coating with a high elastic 
modulus.  The secondary coating diameters of the small-OD fibers 
are fixed at 160 m, and the thickness of this outer coating layer 
ranged from 10 to 25 m.  Reference “thick-coated” fibers with 
primary and secondary coating diameters of 190 and 242 m, 
respectively, were made for both sets of reduced clad fibers (80 and 
100 m).   

 
Figure 1. Geometry of fibers with coating/cladding 
diameters of 200/125, 160/80 and 160/100 m. 
 

Table 1. Coating geometries of experimental fibers with 
80 m cladding diameters. 

 

Fiber 1 2 3 4
Cladding diameter (m) 80 80 80 80
Outer (secondary) coating 
diameter (m) 160 160 160 242
Cross-sectional area of 
secondary coating (sq. m) 10603 7834 4712 17643
Inner (primary) coating 
diameter (m) 110 125 140 190
Primary coating thickness 
(m) 15 22.5 30 55
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Table 2. Coating geometries of experimental fibers with 
100 m cladding diameters. 

 

2. Puncture-Load Resistance 
The measurement designed by Glaesemann and Clark [1] to 
characterize resistance of the protective coating on optical fibers to 
perforation is performed by driving a wedge indenter into the coated 
fiber and recording the maximum load when the secondary coating 
ruptures.  The schematic of an indented fiber in the Figure 2 illustrates 
three mechanisms for strain energy absorption: (1) plastic 
deformation of the secondary coating, (2) fracture of the secondary 
coating, and (3) fracture of the glass/primary coating interface.  

 
Figure 2. Schematic of the coating indentation by the 
diamond wedge indenter. 
In the schematic shown in Figure 2, the pressure from the diamond 
indenter creates a hoop stress on the secondary coating. The coating 
is fractured when the stored energy exceeds a puncture load 
resistance that depends on the modulus and cross-sectional area of 
the outer coating.  Glaesemann and Clark modeled the secondary 
coating as a thin annulus that is subjected to an internal pressure Pi 
from the soft (low-modulus) primary coating.  This approach yields 
a puncture load at failure that is proportional to the square of the 
thickness of the secondary coating; however their data was better 
represented by a puncture load that is proportional to the cross-
sectional area (As) of the secondary coating.  This discrepancy can be 
resolved by using the thick-walled version of Lamé’s equation for the 
hoop stress on a cylinder. 

In this scenario, the diamond indenter exerts a puncture load and 
corresponding external pressure Po, as shown in Figure 3 [2]. In the 
limit where the external pressure from the indenter is much greater 
than the internal pressure from the soft primary coating, the 
maximum hoop stress is given by: 

𝝈𝒉 =
−𝟐𝑹𝒔

𝟐𝑷𝒐

(𝑹𝒔
𝟐−𝑹𝒑

𝟐)
=

−𝟐𝝅𝑹𝒔
𝟐𝑷𝒐

𝑨𝒔
  (1) 

where Rs and Rp are the radii of the secondary and primary coatings, 
respectively. 

 
Figure 3. Schematic of hoop stress induced on the 
secondary coating annulus by the diamond indenter. 
Equation (1) indicates that the maximum hoop stress that the 
secondary coating can withstand before it ruptures is inversely 
proportional to As. The puncture load at failure should then be 
proportional to As, which is what has been observed. [1].  Figure 4 
shows that this linear dependence on As was also exhibited by the 
reduced-clad fibers in our experiment, with the solid shapes 
representing the 160 m fibers and the open shapes the thick-coated 
242 m reference fibers.  Note that there are two data points per 
sample that correspond to the locations on the circumference of the 
fiber where the secondary coating thickness has minimum and 
maximum values. 

 
Figure 4. Dependence of the puncture load resistance of 
the experimental fibers on the cross-sectional area of the 

secondary coating. 

3. Microbend Sensitivity 
Microbending is a phenomenon that results in a loss of the signal 
intensity due to small, distributed lateral (shear) forces on the 
coated fiber.  These deformations can occur when there is pressure 
exerted on the fiber by other fibers or elements such as strength 
members in an optical cable or fiber guides in a photonic device.  
These shear forces compress the coatings of the fiber, which 
changes the strength of the optical coupling between the signal 
guided in the fiber core and the weakly-guided higher-order modes 
in the cladding.  Microbend losses occur when this coupling 
becomes strong enough for the cladding modes to siphon energy 
out of the core of the fiber and transfer it to the coating, where it 
dissipates through scattering or absorption. 

Fiber 5 6 7 8
Cladding diameter (m) 100 100 100 100
Outer (secondary) coating 
diameter (m) 160 160 160 242
Cross-sectional area of 
secondary coating (sq. m) 10603 7834 4712 17643
Inner (primary) coating 
diameter (m) 110 125 140 190
Primary coating thickness 
(m) 5 12.5 20 45
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These shear forces are sometimes modeled as very small radius 
bends of the fiber, and a random distribution of the amplitude and 
spacing of these perturbations can be mapped into a power spectral 
density that can be correlated with the microbending response [3]. 
However, this picture is not completely consistent with the elastic 
moduli of the glass, primary coating and secondary coating of a 
dual-coated fiber, which are on the order of 70 GPa, 0.0002-0.0003 
GPa and 1.5-2.0 GPa, respectively.  The high modulus glass is 
extremely rigid compared to the coating system, and any small 
perturbation of the secondary coating will cause the low-modulus 
primary coating to compress and dissipate the shear stresses. As a 
result, very little mechanical force is transferred to the glass portion 
of the fiber, so the fiber will not physically bend where there are 
small perturbations creating lateral stress on the outer (secondary) 
coating.  However the resulting compression of the primary coating 
does impact the attenuation of the cladding modes, and this plays a 
key role in determining the microbending response. 

3.1 Microbend Power Spectrum 
A model for microbending losses in dual-coated fibers was 
developed by Baldauf et al. [4], who assigned a spring constant to 
the primary coating to represent the elastic coupling between the 
secondary coating annulus and the glass fiber.  This spring constant 
parameterization provides qualitative guidance that a thick primary 
coating with a low elastic modulus is beneficial for mitigating 
microbending losses, but it does not include the role of the 
refractive index profile in either inhibiting or enhancing the 
microbend sensitivity.   For example, a low index trench in the inner 
cladding can help isolate the optical signal guided in the core from 
perturbations from the external environment, and this will decrease 
the microbend sensitivity. 
Baldauf et al.  obtained the following expression for the microbend 
power spectrum (MPS): 

Φ𝑀𝑃𝑆 ∝
𝑓0𝜎𝜒𝑝

2

𝐻𝑔
2𝐷𝑐

1.125−0.25𝜇
𝐻𝑠
0.25𝜇−0.125 ,  (2) 

where f0 is the lateral pressure,  is the standard deviation of the 
roughness of the surrounding environment,  
𝜒𝑝 = 2𝐸𝑝

𝑅𝑔

𝑡𝑝
 is the effective spring constant of the primary coating 

(see Fig. 1), which has thickness tp, modulus Ep and couples the 
secondary coating to the glass fiber with cladding radius Rg. Hg is 
the flexural rigidity of the glass fiber, Dc is the lateral rigidity of the 
dual coating system, Hs is the flexural rigidity of the secondary 
coating and  is a parameter of order unity that is related to the 
surface deformation spectrum. 
The stiffnesses of the glass fiber and secondary coating are found 
by integrating 𝐻 = 𝜋∫𝐸 𝑟3𝑑𝑟, which gives 𝐻𝑔 =

𝜋

4
𝐸𝑔𝑅𝑔

4 and  
𝐻𝑠 =

𝜋

4
𝐸𝑠(𝑅𝑠

4 − 𝑅𝑝
4). The Dc term in Eq. (2) is related to the moduli 

of the primary and secondary coatings by 

𝐷𝑐 = 𝐸𝑃 +
𝑡𝑆
3

𝑅𝑆
3 𝐸𝑆,   (3) 

which rapidly approaches the low elastic modulus of the primary 
coating when the thickness of the secondary coating becomes 
small. Consequently, with the surface deformation value of  = 3 
recommended in reference [3], the MPS becomes quite large when 
the secondary coating thickness is less than about 15 m.  We have 
not observed this behavior in our measurements of thin-coated 
fibers and instead find that a  value of 4.5 provides a more accurate 
prediction of relative microbend sensitivity.  The MPS is then 
independent of Dc, and equation (2) becomes 

Φ𝜇𝑏𝑒𝑛𝑑 = 𝐶0𝑓0𝜎
[

1

𝐸𝑔
2𝑅𝑔

6 ][
𝐸𝑝
2

𝑡𝑝
2 ]

[𝐸𝑠(𝑅𝑠
4−𝑅𝑝

4)]
,  (4) 

which indicates that the MPS can be deconstructed into terms that 
are related to the external environment (𝐶0𝑓0𝜎), the glass fiber 
(𝐸𝑔2𝑅𝑔6), the primary coating (𝐸𝑝2/ 𝑡𝑝2) and the secondary coating 
(𝐸𝑠(𝑅𝑠4 − 𝑅𝑝

4)). 

 
Figure 5. Modeled MPS as a function of the cladding 
diameter for a fixed outer diameter of 165 m and equal 
thicknesses of the primary and secondary coatings. 
The MPS given by Eq. (4) is plotted in Figure 5 for cladding 
diameters ranging from 75 to 125 m.  In this calculation, the outer 
(secondary) coating diameter was fixed at 165 m, and the 
thicknesses of the primary and secondary coatings were equal.  This 
latter condition is not a requirement – the relative thickness of the 
primary coating can be reduced or increased in favor of a thicker or 
thinner secondary coating, respectively.  Figure 5 shows that the 
modeled MPS has a low value when the cladding diameter is 
greater than 95 m, and the modeled MPS for an 80 m cladding 
diameter is about a factor of two higher than for a 100 m cladding 
diameter. 

3.2 Spectral Attenuation 
A qualitative measure of microbend sensitivity can be obtained by 
measuring the spectral attenuation of reasonably long-length 
samples of fibers which have been wound onto shipping spools.  
The winding is typically performed at a sufficiently high tension to 
ensure that each layer of fiber is uniformly wrapped onto the spool 
but at a low enough tension to minimize the pressure exerted on the 
fiber in the adjacent layers.  This pressure will exert a small level 
of shear stress on the fiber, and this can increase the average 
attenuation of fibers which have elevated microbend sensitivities. 
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Figure 6. Measured spectral attenuation of the 80 m 
cladding OD fibers described in Table 1. 
Figures 6 is a plot of the spectral attenuation of 10 km lengths of 
the experimental 80 m cladding OD fibers summarized in Table 
1. The attenuation of the thick-coated reference fiber (Fiber 4) is 
less than 0.2 dB/km at 1550 km and increases only slightly with 
increasing wavelength.  In contrast, the fibers with smaller outer 
diameters exhibit elevated attenuations that increase as the 
thickness of the primary coating decreases.  The attenuation of 
Fiber 1, which has a primary coating thickness of only 15 m, is 
0.5 dB/km at 1550 nm and increases rapidly with increasing 
wavelength.  This behavior may preclude an accurate prediction of 
the insertion loss when the fiber is routed in small-form factor 
optical devices. 

 
Figure 7. Measured spectral attenuation of the 100 m 
cladding OD fibers described in Table 1. 
The results for the 100 m cladding OD fibers are very different, 
as shown by Figure 7.  The attenuation at 1550 nm is less than 0.25 
dB/km for all four samples, and there is only modest increase in 
attenuation for longer wavelengths, even when the thickness of the 
primary coating is only 10 m.  Although these measurements only 
offer a qualitative measure of microbending sensitivity, they 
indicate that a cladding diameter of 100 m will likely provide 
much lower sensitivity to the coating geometry compared to the 80 
m cladding OD fibers.  Note that the attenuation spectrum for 

Fiber 7, with a primary and secondary coating thicknesses of 20 and 
10 m, respectively, is very close to the thick-coated reference fiber 
(Fiber 8), which is consistent with the modeled MPS plotted in 
Figure 5. 

3.3 Measured microbending response 
Microbending has been studied since the first low-loss optical 
fibers were made in 1970, yet there is still no industry standard 
specification or test method to characterize this phenomenon.  The 
IEC has published TR 62221 Optical Fibres – Measurement 
methods – Microbend sensitivity, which lists several test methods 
used for evaluating comparative microbend performance: Method 
A (expandable drum), Method B (fixed diameter drum), Method C 
(wire mesh) and Method D (basketweave).  The common 
denominator in these tests is that they apply a distributed lateral 
force on the fiber as a means for simulating perturbations such as 
those that can occur in an optical fiber cable.  The microbend 
response is determined by measuring the change in transmitted 
power or increase in attenuation when the external load is applied. 
We used Method B for characterizing the microbend sensitivity of 
the fibers listed in Tables 1 and 2.  In this test, the fiber is wound 
on a sandpaper-coated drum at varying tension to induce different 
levels of lateral stresses on the coated fiber. The contact force 
between the fiber and the sandpaper is calculated based on the drum 
radius and fiber wind tension.  Figure 8 shows the measured 
attenuation spectra for the 80 m reduced clad fibers for a wind 
tension of 60 g, which corresponds to a force of 0.4 g/mm.  The 
reference fiber with 190/242 m primary/secondary coating 
diameters exhibits very little response, as expected when there is a 
thick primary coating to help isolate the cladding of the fiber from 
perturbations induced by the sandpaper-coated drum.  However the 
thin-coated 80 m fibers have very large attenuation increases that 
are qualitatively consistent with the shipping spool attenuation 
spectra shown in Figure 6, although we note that the relative 
positions of the 160/125/80 and 160/140/80 are switched.  Figure 9 
show that this reversal also occurs for the highest wind tension of 
90 g (0.6 g/mm force), but not for the lowest wind tension of 30 g 
(0.2 g/mm force).  This cross-over was unexpected, but could be 
due to variability in the test. 

 
Figure 8. Change in attenuation of the 80 m cladding OD 
fibers when a 60g load is applied. 
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Figure 9. Change in 1550 nm attenuation of the 80 m 
cladding OD fibers as a function of the force applied. 
Figure 10 shows the measured attenuation spectra for the 100 m 
reduced clad fibers for a wind tension of 60 g, which corresponds 
to a force of 0.4 g/mm.  Note that the vertical scale is 75% smaller 
than the one used in Figure 8 to plot the data for the 80 m cladding 
diameter fibers. The reference fiber with 190/242 m 
primary/secondary coating diameters again exhibits very little 
response, and the thin-coated fibers all have lower responses than 
the best-performing small diameter fiber with an 80 m cladding 
OD (Fiber 3).  We again see an unexpected switch in the order of 
the relative positions, with the fiber with the thinnest primary 
coating (Fiber 5, dashed line) exhibiting a lower response than 
Fiber 6 (solid line) with the 12.5 m thick primary coating. Figure 
11 illustrates that while the relative responses are consistent with 
the primary coating thickness for the lowest wind tension, there is 
a cross-over in the responses for the intermediate and highest wind 
tension. 

 

Figure 10. Change in attenuation of the 100 m cladding 
OD fibers when a 60g load is applied.  Note the change in 
scale compared to the data for the 80 m fibers shown in 
Figure 8. 

 

Figure 11. Change in 1550 nm attenuation of the 100 m 
cladding OD fibers as a function of the force applied. Note 
the change in scale compared to the data for the 80 m 
fibers shown in Figure 10. 

4. Conclusions 
We explored the design space for fibers with reduced cladding and 
coating diameters by fabricating optical fibers with 80 and 100 m 
cladding diameters and several different coating geometries.  Our 
modeled and measured data indicate that for a fixed OD of 160 m, 
a cladding diameter of 100 m provides low microbend sensitivity 
while still maintaining acceptable protection against punctures of the 
outer coating. 
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Abstract 
Back in 1986, the Netherlands PTT was facing major problems to 
install optical cables for the backbone network into ducts. This was 
the trigger to develop the blowing technique for cables, inspired by 
British Telecom’s blown fiber technology (1982) for flexible and 
lightweight fiber members. Now with recognition that fiber 
members do not need to be lightweight and flexible at all to benefit 
from air propelling forces. In fact a certain cable stiffness is needed, 
creating synergy of pushing and blowing (often called jetting), 
doubling installation lengths. The advantages are so clear that 
blowing has become the standard method for installation of optical 
cables into ducts. Improvement of cables, ducts and lubrication 
made blowing length increase and fiber count rise. The development 
of microduct cabling, relying heavily on blowing technology, has 
also been discussed, as well as some special spin-off applications. 

Keywords: Optical fiber; cable; duct; pulling; blowing; jetting; 
compressed air; pushing. 

1. How it All Started 
Long time ago, in 1986, when the installation of optical cables into 
ducts for the backbone network began to take place on a large scale, 
the Netherlands PTT was facing major problems. Cable lengths 
were 2.1 km and they had to be pulled in one length, to avoid splices 

(at that time still a big effort). But, pulling length was limited to less 
than 300 m, so bad even that for flawless installation assistance was 
needed every 175 m, see Fig. 1. Installation was done from the 
middle, 1050 m in one direction split into 6 sections of 175 m, with 
a winch and 5 intermediate Figure-8 capstans, see Fig. 2. Then the 
remaining length from the drum was buffered into Figure-8’s (also 
another buffering technique was used) prepared for installation in 
the other direction. Needless to say that this practice was 
complicated by sync issues. It often took a full day to install in one 
direction, leaving the remaining cable length on the drum overnight. 
Then sometimes the cable drum was gone next morning (copper 
thieves were not yet aware that optical cables do not contain copper. 

Understanding why the cable could only be pulled over such short 
distances was lacking. Applying cable pulling theory, with 
gravitational friction on straights and capstan effect in bends, could 
by far not explain the limited pulling lengths. Suspect was the effect 
of cable stiffness in bends, for which no theory was found. So, the 
theory was developed at the Netherlands PTT. It turned out that 
indeed this effect contributed to pulling force build-up, but it could 
still by far not explain the limited pulling lengths [1]. Then it was 
recognized that straights were not fully straight, see Fig. 3. 
Undulations were present, and they were severe because relatively 
small 32/26 mm ducts were used (in e.g. Germany, where 50/40 mm 
ducts were used, there were no such extreme pulling issues). 

175 175 175 175 175 175

 
Figure 1. Installation of optical cables (2 x 1050 m) into ducts by pulling in The Netherlands in 1986 

 

 

Figure 2. Figure-8 capstan 

 

Figure 3. Open trench with undulating ducts 
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Figure 4. Direction changes in undulations 

Like bends, these undulations contain direction changes, see Fig. 4, 
the true cause for the capstan effect. When also a theory was 
developed for undulations, present over the entire length, the limited 
pulling length could be quantitatively explained [1]. 

Knowing that the capstan effect in duct undulations was the cause of 
all problems, the blown fiber technique, developed in 1982 by 
British Telecom [2,3], was worth studying (as already mentioned in 
[1]), because with blowing the capstan effect is mainly suppressed 
(pulling force build-up limited because propelling forces of the 
high-speed airflow locally compensate gravity friction, avoiding 
force build-up). Problem was that blown fiber members had to be 
lightweight and flexible. However, since it was now known that the 
effect of the cable stiffness was not as large as initially thought, and 
could also be quantified, it was found theoretically that blowing of 
real cables could also be an option. So, time to try it! This was done 
in a 4-loop test trajectory, previously used to evaluate functioning of 
Figure-8 capstans in tandem operation, see Fig. 5.  

 

Figure 5. Trajectory used to evaluate Figure-8 capstans 

As no equipment yet existed to blow cables, the air coupling to 
install the winch line was used, the feeding hole increased to the size 
of the cable. To overcome the backpressure force the cable had to be 
pushed in manually, see Fig. 6-middle. This was hard work, done by 
4 persons in turn (we still missed the mechanical drive of Fig. 6-
bottom, not only doing the work, but also positioned close to the 
pressure chamber, no variable free stroke with easy buckling of the 
cable). Some of them complained and did not believe it would work, 

one said it was tried already without success (but that was with a pig 
at the foremost end of the cable and no feeding force, see Fig. 6-
top). However, after reaching one loop, they became quiet, and 
when the second loop was completed they called it a miracle! It was 
not (yet) a miracle, because 2 loops (the double of pulling) was 
forecasted already theoretically. As there were more loops the hard 
work was continued. Then loop 3 and finally the end of loop 4 was 
reached, now 2 times as far as forecasted theoretically! 

 

Figure 6. Manual test to evaluate blowing of real cables 

Thinking it all over, it was found that the air propelling forces are 
not constant over the length, but increase towards the end because of 
expansion of the compressible air. If then you push harder than 
needed for compensation of the back-pressure force, the excess 
pushing forces are working in synergy with the expanding airflow 
(this synergy of pushing and blowing is often called jetting). The 
pushing force extends far, because part is taken by the air propelling 
forces, the latter increasing further in the duct and finally taking 
over. The gain in length of a factor of 2 could be explained by a 
theoretical model. This was the basis for a patent in 1987 [5], also 
supported by the fact that you need a certain cable stiffness to push 
the cable, see Fig. 7a. 

 

Figure 7a. Picture from European Patent EP 029037 [5] 
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Figure 7b. Picture from European Patent EP 029037 [5] 

 

 Figure 8. First prototype of cable blowing machine in 
operation 

The rest is history. A prototype blowing machine was made (with 
mechanical drive), see Fig. 7b and 8. After testing in the field the 
installation crew did not want to return it and ordered 4 more 
machines to try tandem operation. This also worked (the 2.1 km 
could be installed by 4 machines in tandem, see Fig. 9, without sync 
issues), machines also kept and 30 more machines ordered. After 
that all optical cable installation in The Netherlands was done by 
blowing (blowing length 700 m, but for flawless blowing 4 
machines operated in tandem taking 525 m each) within 4 months 
after the first manual trial [6,7]. Installation crews, motivated to 

compete for a daily installation record, reached up to 12.6 km in one 
day. Visitors from other countries were amazed. Soon an exclusive 
license was given to the Swiss company Plumettaz SA, introducing 
the technique worldwide. The first commercial machine is shown in 
Fig. 10 and another commercial machine, in operation, in Fig. 11. 
Today, blowing lengths are much longer (see further) and buffering 
techniques are used more than tandem operation of blowing 
machines, but still (partly) deploying several machines tandem can 
be an economical choice [8].  

  

Figure 10. First commercial cable blowing machine 
 

 

Figure 11. Another commercial cable blowing machine in 
operation 

 

 

Figure 9. Installation of optical cables (full 2100 m) into ducts by blowing in The Netherlands in 1987

2. Situation Today 
Not only the fact that long cable lengths can be installed by blowing, 
also other advantages made this technique conquering the world as 
the most used technique today. Installation is easy, one-step, no 
need to install a winch line first. Furthermore, installation can be 
done all from one side of the duct, for labor, equipment and cable 
drum. Also, the forces on the cable are low, an order of magnitude 
less than for pulling. Finally, it is now easy to blow cable overlength 
into intermediate handholes. 

2.1 Microduct Cabling 
10 years after the invention of cable blowing, it was also used to 
install microduct cables into microducts, the latter similar to the 
“bores” used for blown fiber. However, the microduct cables were 
quite stiff. The first use was with micro copper quad cables, for new 
installations of the copper access network, prepared for later 
replacement with micro optical cables [9]. The first generation of 
these micro optical cables, so-called microduct cables, contained 
steel tubes, to cope with thermal expansion of these small cables. 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum255



Later non-metallic microduct cables were used [10]. This was made 
possible due to improved cable constructions and optical fibers with 
better micro- and macro-bending properties. The microducts were 
blown in loose bundles (containing easily up to 10 microducts) into 
larger ducts (the free space offering excellent mechanical 
protection), see Fig. 12 and 13. After the bundle of microducts has 
been installed it is possible to make a mid-span branch at any time 
and any location using a dividable Y-connector, see Fig. 14, with 
one (or more) of the microducts coupled by push/pull-connectors to 
branch microducts [9]. In this way, optical cables can be blown 
through intricate routes, without the need to make a splice in the 
optical fibers.  

  

Figure 12. Blowing loose bundle of microducts into a 
larger duct 

Advantages of microduct cabling are 1) the ability to only install the 
fibers needed at the time of installation (pay as you grow), 2) serial 
upgradeability (extend networks later by coupling new ducts and 
microducts), 3) parallel upgradeability (later new customers can be 
connected any place any time) and 4) building redundant 
connections by clever use of empty microducts (left and right 
“woven into each other”, empty microducts beyond the branch used 
for other direction, see city ring and half rings in Fig. 15).  

  
Figure 13. Cross sectional view of duct with loose bundle 

of microducts 

 

Figure 14. Y-connector branch in microduct networks 

 

 Figure 15. Schematic view of access network, with 
redundant primary ring and redundant secondary half-

rings for business customers 

Nowadays, with the microduct technology, it is possible to put in a 
small trailer, a van or a pick-up truck: 

- Drum of FO Cables 
- Drum stands 
- Compressor 
- Blowing machines 
- Box of Tools and accessories 

A team of two people is sufficient to reach over 6 km per day.  

At present also tight bundles of microducts are used [11], often 
buried directly into the ground without a larger surrounding duct, 
see Fig. 16, more in line with the original “bores” of the blown 
fibers. Also very small cables became available, almost closing the 
gap between microduct cables and blown fibers. Care shall be taken 
that the filling ratio is not too high with these tight bundled 
microducts, as micro-undulations might limit the blowing length, 
depending on how the bundles were buried [11]. 

 
     

 
    

Figure 16. Cross sectional view of examples of tight-
bundled of microducts 

2.2 Override Blowing 
It is also possible to override existing cables by blowing cables or 
microducts on top of them [12,13]. This is done with the help of 
dividable Y-connectors, see Fig. 17. The latter leads to significant 
cost savings when upgrading cable routes without the need to dig 
again. As blowing lengths are not always long in this case, it is often 
more economic to blow short lengths of microducts and couple them 
to longer routes by simple push/pull connections (no splice). In the 
microducts then long cable lengths can be blown avoiding, or at 
least limiting, buffering of the cable. Example: the first cables blown 
in the Netherlands (in the mentioned 32/26 mm ducts) had a 
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diameter of 9.7 mm and contained 6 fibers. At that time (in the 
“eighties”) it was stated that the duct was fully used (recommended 
max filling diameter ratio of ~1/3). Many years later, an upgrade 
was needed. Recommended (diameter) max filling ratio had grown 
to 80% in this time, so the old limit was no longer there. This gave 
space to extend the duct capacity by overriding with cables or with 
microducts with optical cables. Although it was only possible to 
blow short lengths (about 200 m) of 2 microducts 10/8 mm (for the 
optical cables the blowing length was even shorter), they could 
simply be coupled to longer routes. In this way a real duct upgrade 
was made (in the old ducts the blowing length was so poor because 
besides a non-favorable geometry the paraffin oil, used as a 
lubricant when the cables were blown in, had become tacky). Better 
materials and lubricants made possible cable blowing lengths of 
1500-2000 m in the microducts (compare to 700 m in 1987), even 
though the filling ratio was much higher, and the cables contained 
96 fibers each, an upgrade by 3200%!  

  
 

 
 

Figure 17. Y-Connector, to override cables or microducts 
in ducts occupied with previously installed cables 

2.3 Cable Blowing Records 
As mentioned in the previous section better materials and lubricants 
have led to increased cable blowing lengths. Not only that, also the 
construction and quality of (micro)duct and cable contributed. First, 
the cables, usually not with metal shields anymore, became less 
heavy. In addition, the cable bending memory was minimized, 
especially important for high cable filling ratio. It was also important 
that micro undulations of cable and (micro)duct were minimized. 
Improvements on lubrication were made, by using the right 
lubrication method and by using a Cable Lubricator [14], see e.g. 
Fig. 18, top. Other improvements are the use of Compressed Air 
Coolers and Sonic Heads (Fig. 18, bottom).  

   

 
 

Figure 18. Example of Cable Lubricator (top) and Sonic 
Head (bottom) 

As the first cables blown reached maximum 700 m per shot, today 
we reach much longer distances (also with higher filling ratio). A 
big step was made in 2004 [10], where for the CERN Large Hadron 
Collider project many parallel microduct cables had to be blown, 
from above ground down into the 28 km long tunnel to connect the 
individual  dipole and quadrupole superconducting magnets (placed 
every 50 m), see Fig. 19. Because of that it was required that the 
maximum cable length of 2.5 km could be blown in one shot. Later, 
in the same project, a maximum blowing length of even 3.6 km was 
reached. Today the record for a single blow is 5.3 km in a single 
blow, reached in the mountains of Switzerland [15], see Fig. 20. 

 

Figure 19. Large Hadron Collider at CERN 

 
 

Figure 20. Blowing record (5.3 km) in Swiss mountains 
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2.4 Today’s Benefits 
Today’s benefits of cable blowing summarized: 

• Faster to install (80 -150 m/min & about 10 km per day)  
• Less people needed (team of 3 people can install 8-12 km per 

day) – Easier to manage, quick answer to the market 
• Less machinery (1 small blowing equipment and compressor can 

replace multiple winches and multiple people) = Much easier to 
handle, and quick start = Better ROI  

• Safer for the Fiber Optical Cable (Low stresses during cable 
installation) = Longer life 

• Thanks to the technique of blowing optical cables have been 
made lighter over time, and new constructions/design have been 
built to make them easier to install and with considerable 
economic advantages for the Telecom industry 

• Less disturbance during installation / keep the roads opened  
• Faster to deploy a network 
• Taking advantage of existing HDPE duct in the local 

infrastructure 
• Possible to override, generating significant savings because you 

don’t have to dig and install another duct 
• Easier to create cable overlength in handholes 
• Easier to maintain. When it is a matter of maintenance or cable 

replacement, there is no better way than blowing to refurbish 
quickly a damaged network 

2.5 Cable Blowing Limits 
Where in the beginning it was thought that only special cables can 
be blown, today we know that all kind of cables can be blown, most 
of them originally meant (and still specified) for pulling. However, 
as already mentioned the blowing technique led to lower stresses on 
the cable during installation, allowing for less heavy cable 
construction / design, easier to install. Cables with different fiber-
counts are blown today, ranging from 1 to 6912. To make the latter 
cable compact enough to be blown into traditional ducts special 
techniques are used, like rollable fiber ribbons [16], bend insensitive 
fibers and miniaturization of the fibers (fiber core still 125 μm, but 
coating reduced from 250 μm to 200 μm, recently even 180 μm). 
Even large copper quad telecom cables (150x4) were blown into 
63/50 mm ducts, where a record weight of 3.8 tons (2x1.9 tons) of 
35 mm cable was blown (in tandem) [17], see Fig. 21. The limits of 
cable blowing are defined by compressor size and, most importantly, 
safety. The maximum size of a duct (usually HDPE) recommended 
is 63/50 mm (2 inch).  

 

Figure 21. Blowing record 2x1.9 tons of 35 mm copper 
telecom cable 

2.6 Cable Blowing Spin-Off with Water 
Instead of air, also water can be used as a propelling fluid, called 
floating. The principles are the same as with blowing, but an 
additional benefit is buoyancy, which reduces the effective weight 
and hence gravity friction. This allows even longer installation 
lengths. The record today of 12.4 km in one flush, again reached in 
Switzerland, was done with a standard optical cable [18] floated 
with help of a triplex Jet, see Fig. 22. This was reached easily, the 
cable arrived almost immediately after the water, indicating that this 
cable could have flown further when the duct had been longer [19]. 
When using buoyancy balanced cables, and/or “tuned” brine as 
propelling liquid even much longer lengths are possible. Only one 
small friction contribution then remains (which can also be made 
small when reducing sharp bends and using flexible cables): friction 
from cable stiffness in bends and undulations. Therefore, 
expectations are that in the future still much longer floating lengths 
can be reached, why not 100 km. 

Another benefit of water above air is its higher viscosity, allowing 
use of larger ducts with relatively small pumps and still reaching 
high enough pressure [20]. This makes the technique also useful to 
install medium and high-voltage energy cables [21]. Floating has 
been successfully done in ducts up to 125/102 mm and it is expected 
that even one or two sizes larger is still possible when boundary 
conditions are good.  Note that the Floating technique is also used to 
install bare optical fibers into very small steel tubes with an inner 
diameter of a few mm using water of high pressure, see Fig. 23 [20]. 

 

Figure 22. Triplex Jet for Floating record of 12.4 km cable 
 

 

Figure 23. High pressure Jet for Floating bare fibers into 
micro steel tubes 
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When still larger cables and ducts are used, it is necessary to use a 
pig in front of the cable to limit the flow. This technique is called 
WaterPushPulling [21]. Drawback is the fact that there is no 
distributed drag force anymore from high-speed fluid flow to propel 
the cable. All force from the water pressure is now concentrated on 
the pig as a pulling force. This means that the capstan effect is back 
and the installation length will not be so spectacular anymore. 
However, as there is still the benefit from buoyancy, and there is a 
combined action of pushing and pulling and because the trajectories 
are usually rather straight, still long installations lengths have been 
reached, up to 3.3 km so far. In addition, after a cable has been 
installed by WaterPushPulling another spectacular technique, called 
FreeFloating, can be used to transport the cable to any location 
wished, lose from the machine [21]. We are still on the move! 

 

Figure 24. WaterPushPulling energy cables 

3. Conclusions 
A review is given of the history of the cable blowing revolution, as a 
replacement of the traditional cable pulling technique. It arose from 
serious installation problems in The Netherlands. The technique, 
developed by the Netherlands PTT, was soon licensed to the Swiss 
company Plumettaz SA, marketing the technique worldwide. The 
advantages are so clear that blowing has become the standard 
method for installation of optical cables into ducts. Improvement of 
cables, ducts and lubrication made the blowing length increase and 
the fiber count in a duct rise. The blowing technique was also the 
trigger to develop the microduct cabling technology. The benefits 
are manifold and several variants are used. Today the trend is 
higher-fiber counts and the sky seems to be the limit. Several spin-
off techniques can be recognized, e.g. replacing airflow by water 
flow. Now all sizes of cable can be installed by fluid flow, from bare 
optical fibers, via microduct and standard optical cables, to high 
voltage energy cables. New developments continue to challenge 
cable installation technology. 
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Abstract 
With continued advancements in fiber optic technology, cable 
manufacturers and installers have progressed installation 
methodology significantly in the last decade.  These advancements 
have led to the prevalence of blown cable installation and micro 
ducting. Now jacket materials need optimization to provide enhanced 
properties to address shortcomings in blown and pulled cable 
installations. There is a need for a stiffer material to resist bending 
within a duct that could reduce micro cracking, higher melting point 
polymers to lower the risk of frictional melting of the jacket, and a 
lower Coefficient of Friction (CoF). A lower CoF is crucial to 
improve both distance blown but also the ease and consistency of 
installation. Lubricants play a vital role in modifying the interface of 
cable jackets and the ducting wall by providing a thin area where 
frictional force is reduced; however, the properties of the cable jacket 
will still play a role. Investigations into the components commonly 
used in LSZH compound jackets can provide manufacturers and 
compounders alike valuable insight into the direction that is 
necessary to optimize cable designs for installation of fiber.  

Keywords: Coefficient of Friction (CoF); Flame Retardant 
Compounds; Blown Cable; LSZH; melting Point; Formulation; EVA 

 

1. Introduction 
As an example of the importance of the coefficient of friction (CoF), 
why are tires made of rubber and why do they have grooving in them?  
When two surfaces are in contact, to provide movement forward, a 
force needs to be applied to overcome CoF (µs). In addition, while 
the object is moving across the substrate Dynamic CoF (µk) continues 
to oppose the force.  If Dynamic and Static CoF are low surfaces are 
more likely to slip. The Static CoF describes the interaction of two 
surfaces against one another in contrast to an applied force before 
motion. The Dynamic CoF describes the interaction of two surfaces 
against one another while in motion. The rubber to asphalt interaction 
in tires illustrates the importance of a high CoF, as slipping in this 
scenario is dangerous. The addition of water ends up modifying the 
material interface with a CoF that is lower than that of the rubber and 
asphalt. This results in tires not gaining traction. To reduce this, tire 
companies add grooves/ treads to move water away from the contact 
interface.  

This concept can be reversed to provide the rationale of using 
lubricants as well as ideal jacketing surfaces for wire and cable. 
Finished wire and cable is typically installed by propelling the cable 
through a duct via pressurized air. When using lubricants, it is best to 
have very smooth surfaces so that a sufficient amount of lubricant 
remains at the cable-duct interface. This results in a lower CoF by 
creating an interfacial layer between the duct wall and the fiber 
jacket.  It is desirable for fiber jackets to have a low CoF so that there 
is optimal contact between it and the duct and minimize the force 
needed to continue movement. Tearing of the jacket can also occur if 

the force applied exceeds the tear strength of the material.  
Additionally, the frictional properties of the jacket composition itself 
will have a key role, especially if no lubricant is used. This research 
sets out to elucidate how the choice components in the cable jacket 
compound inherently impact CoF. This study focused primarily on 
properties of Ethylene Vinyl Acetate (EVA) and lubricating 
additives. 

2. Experimental Setup 
2.1 Material Sourcing & Characterization 
A variety of EVA grades were obtained from a single supplier with 
varying vinyl acetate content (VA) and melt flow index (Table 1). 
These EVAs had their MFIs verified using a Tinus Olsen MP1200. 
The EVA sample was placed in the 190°C barrel and allowed to 
condition for 60 seconds before being compressed and allowed to 
further condition for 180 seconds. Using a 2.16kg weight, the EVA 
sample was extruded from the die for 1 minute and the extrudate 
weighed.  

Differential Scanning Calorimetry (DSC) was performed from 
20°C to 200°C at a rate of 10°C/min using TA Instrument’s DSC25. 
Rheological measurements were taken using TA Instrument’s 
Discovery HR-2 hybrid rheometer. Frequency sweeps were 
completed on a 25mm parallel plate at 190°C and 1% strain. 
Temperature ramps were done on a tension geometry from -100°C 
to 70°C at 3°C/min using a strain of 0.05% and a frequency of 1Hz. 
Specific gravity of each compound was measured using a 
Micromeritics AccuPyc II 1340 Gas Pycnometer with He gas. 

EVA was combined with uncoated ATH and a small antioxidant 
package in agreement with a generic Low Smoke Zero Halogen 
(LSZH) formulation (Table 1). The ATH chosen had a surface area 
of 4.0 m2/g and a mean particle size of 1.1 microns. The antioxidant 
package consisted of two primary phenolic antioxidants and one 
secondary antioxidant. These compounds were blended using a CW 
Brabender Mixing Bowl set at 175°C, 60 rpm, and a mixing time 
of 5 minutes. The final compound's specific gravity was used to 
verify fill levels were reached. 

Compounds were also made using (98%) Sample 4 and a (2%) 
PDMS-based additive (Sample 8 and 9). These additives are meant 
to be used as direct drop-ins on the wire line in order to coat the 
surface of wires and decrease their CoF. PDMS-based additives 
were sourced from two different companies. 
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Table 1: Formulations Investigated 

Component VA% MFI 
Sample 

1 
Sample 

2 
Sample 

3 
Sample 

4 
Sample 

5 
Sample 

6 
Sample 

7 
Sample 

8 
Sample 

9 

EVA 1 9 3.2 35.00%                 

EVA 2 12 3.6   35.00%               

EVA 3 18 3.4     35.00%             

EVA 4 28 6.5       35.00%       34.30% 34.30% 

EVA 5 28 23.8         35.00%         

EVA 6 28 43.7           35.00%       

EVA 7 40 2.7             35.00%     

ATH  - - 63.62% 63.62% 63.62% 63.62% 63.62% 63.62% 63.62% 62.35% 62.35% 

Primary AO 
1010 - - 0.58% 0.58% 0.58% 0.58% 0.58% 0.58% 0.58% 0.57% 0.57% 

Primary AO 330 - - 0.30% 0.30% 0.30% 0.30% 0.30% 0.30% 0.30% 0.29% 0.29% 

Secondary AO 
168 - - 0.50% 0.50% 0.50% 0.50% 0.50% 0.50% 0.50% 0.49% 0.49% 

PDMS additive 
1 - -               2.00%   

PDMS additive 
2 - - 

                2.00% 

 

Materials in Table 1 were coated onto THHN, stranded, 6 AWG 
copper wire. The extrusion line used a 1:1 metering screw set at 50 
rpm with a three-zone temperature of 75°C, 155°C, 155°C, and a die 
temperature of 175°C. A tubing die and roller take up combination 
were used to draw down and adjust the jacket thickness.  The 6 AWG 
cable was coated with approximately 0.030 inches (0.76 mm) of 
jacketing followed by entering a circulating water bath chilled by ice.  

Cable samples coated with the compounds were then wiped down 
with warm water to remove any dust or contaminants and conditioned 
at room temperature for a minimum of 24 hours. Samples were cut 
into 8-foot (2.4 m) sections and visually inspected to ensure that each 
section had no tears or defects in their coating.  

 

2.2 Dynamic Coefficient of Friction  
The cables were pushed into a piece of HDPE conduit bent around a 
circular frame with an 18-inch (46 cm) diameter (as depicted in 
Figure 1). The entrance-to-exit of the HDPE tube swept over 270°. 
The HDPE conduit was mounted to the metal circular frame and 
backboard to prevent it from rotating as the Instron pulled the sample. 
The exiting end of the cable sample was then joined to a fine lead 

wire, wrapped around a pulley, and connected to a hook on the 
Instron 5996. The opposite end of the cable then had a 1000-gram 
weight fastened to the sample. The Instron pulled the cable sample at 
a rate of 150 mm/min for 5 inches (1.3 cm) and measured the force 
required to pull the sample. In between fresh cable samples, the 
HDPE conduit was thoroughly blown out using compressed air.  

In many samples, the load measured to pull the coated cable did not 
reach a steady value until after 3 inches (7.6 cm) were pulled. For 
each replicate, the load to pull the sample was averaged between a 
distance pulled of 3.5 inches and 4.75 inches (89 cm to 120 cm). 
The same specimen was used for these ten replicates. This 
procedure was done in triplicate for each sample, using a fresh 
cable length for each specimen. 
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Figure 1): Depiction of setup used to measure coefficient of 
friction. A sample wire (b) is placed inside of 270° arced HDPE 
conduit (a). One end of the sample wire has a load fastened 
while the other end is connected to the Instron and pulled 
forward. 

 

Dynamic CoF was calculated using a form of the Capstan 
Equation (Equation 1). Equation 2 displays the modified Capstan 
Equation for the setup used in Figure 1.   

𝑇 = 𝑇 𝑒    (1)

   

𝑇 = 𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑓𝑜𝑟𝑐𝑒 

𝑇 = 𝐹𝑜𝑟𝑐𝑒 𝑒𝑥𝑒𝑟𝑡𝑒𝑑 𝑡𝑜 ℎ𝑜𝑙𝑑 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑓𝑜𝑟𝑐𝑒 

𝜇 = 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛   

𝜃 = 𝑇𝑜𝑡𝑎𝑙 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 [𝑟𝑎𝑑] 

 

µ = 𝑙𝑛     (2) 

µ = 𝐶𝑜𝑒𝑓𝑓𝑖𝑒𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛  

𝐹 = 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐹𝑜𝑟𝑐𝑒 

𝐹 = 𝐿𝑜𝑎𝑑 𝑎𝑡 𝑒𝑛𝑑 𝑜𝑓 𝐶𝑎𝑏𝑙𝑒 

  
The Capstan Equation makes several assumptions:  

(1) The cable used cannot be rigid, as force would be lost in 
the bending of the line or cable 

(2) The cable is not elastic 

(3) The cable is always at the verge of sliding  

The Capstan Equation was originally designed for rope which lacks 
any sufficient rigidity compared to wire and cable. Due to this rigidity 
the initial replicate(s) of each sample required more force to be pulled 
through the conduit than later replicates. This is demonstrated in 
Figure 2 depicting the force pulled by the Instron for each replicate 
for a given sample. To mitigate this, the initial two replicates for 
each sample were discarded from the data set.  

The second assumption of the Capstan Equation is valid since 
neither rope nor wire and cable are elastic on a macroscopic level. 

Most samples conformed to assumption (3) of the Capstan 
Equation, with the exception of Sample 7. Initially when this 
sample was placed in the HDPE conduit with a 1000-gram weight, 
the Instron’s lead connecting to the cable sample would break from 
excessive force. The cause of this is discussed later in this paper. 
Figure 3 gives an example of the Instron’s response to specimens 
coated with Sample 7 when the lead connection to the Instron did 
not break. These cables were pulled through the HDPE conduit 
continuously until the lead wire connecting to the Instron did not 
break and a stable response was detected.  

 
Figure 2: Example of replicates for a cable specimen being 
pulled through the conduit. The first two replicates of each 
specimen required more force than the following samples due 
to the rigidity of the cable specimen to being bent. 

 
Figure 3: Example of Instron response for a specimen of 
Sample 7 (40% VA) that experienced a non-steady response as 
it was being pulled through the HDPE conduit. 

 

3. Results 
3.1 Polymer Characterization 
Polymer characterization techniques only capture a cross section of 
what characteristics are leading to specific properties.  
Intermolecular forces, density, and surface interactions all play a 
role in the magnitude of the coefficient of friction. For example, 
THHN wire and cable is coated in nylon, which has a low CoF, in 
order to protect and provide easy feeding through conduit. This 
material is crystalline and hard, but also provides little interaction 
with PE or metal conduit. These same principles are desirable in 
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LSZH compounds to lower CoF. This is often in balance with flame 
retardancy, crack resistance, and cost.  

One of the largest parameters to consider when choosing an EVA 
base resin is the resin’s vinyl acetate content [1]. The acetate unit 
provides more affinity to other polar surfaces, such as MDH or 
ATH, and provides flexibility. Ethylene based copolymers’ 
crystallinity is driven by long stretches in secondary carbons that 
can get close together and form stable structures by becoming 
organized. The more vinyl acetate in the copolymer the less tightly 
these chains can stack together. This leads to more amorphous 
space. Figure 4 shows this correlation between vinyl acetate content 
and the normalized enthalpy as measured via DSC, a consequence 
of lowered crystallinity in the system. 

 
Figure 4: Effect of Vinyl Acetate content on Normalized Melt 
Enthalpy of EVA Resins.  

 
Figure 5 displays the relationship measured between melting point 
and vinyl acetate content. Lowered melting point implies EVA 
will be less dense at higher VA contents. The lower the 
density/crystallinity of a polymer of the same chemical nature, the 
lower the melting point. This can become important when 
frictional heat occurs from cable rubbing on a conduit wall, as a 
melted polymer will streak and increase interactions. 

 

 

 

 

 

Figure 5: Peak melting point (°C) of EVA resins compared to 
Vinyl Acetate content. 

 
Figure 6: Effect of Vinyl acetate content of EVA on Shore 
Hardness A.  

   
By extension, it is suggested that hardness of a material is also 
affected by a polymer’s degree of crystallinity. A more densely 
packed material will be harder than a less densely packed material. 
Shore A hardness was measured for each compound in Table 1. As 
predicted, samples having more VA content lowered the material’s 
overall hardness (Figure 6). A soft material is more easily deformed 
and thus more likely to stick. If a material is both soft and has low 
strength it becomes prone to tearing when stress is applied. This 
deformation and sticking effectively increases the strain 
experienced by the material. Stress over strain is equivalent to a 
solid material’s modulus.  

While density is driven by crystallinity, molecular weight (MW) 
and molecular weight distribution (MWD) affect the degree of 
crystallinity, and drive modulus and viscosity. Low molecular 
weight entities do not experience as much entanglement and require 
less stress to dissociate the entangled chains. This in the application 
of cable jacketing means the jacket will be weak, but flexible as 
long as there is still entanglement. From frequency sweeps 
performed on the DHR-2 (Figure 7 and 8), it is suggested that the 
MFI of each EVA used was altered by varying the average MW of 
each resin rather than changing the MWD. As MFI varies, the 
crossover points for each sample shift in both modulus and 
frequency. Shifts in the modulus are generally correlated with 
changes in the shape of the MWD, while shifts in the frequency are 
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generally correlated with shifts in the average MW. In Figure 8, as 
the MFI increases, shifts in frequency are overwhelmingly 
dominating changes to the crossover point compared to shifts in the 
modulus.  

 

 

Figure 7: Modulus Crossover Point interpretation guide. 

 
 Figure 8: Modulus Crossover point of samples with varying 
MFI.  

 

3.2 Effects of MFI on Dynamic CoF 
It was hypothesized that the MFI of EVA may be an effective way 
to predict trends in dynamic CoF in the final cable. Whittle et al [2] 
previously investigated the effect of molecular weight of 
polystyrene and poly(methyl methacrylate) films on their 
corresponding coefficients of friction. In general, with increasing 
molecular weight, so too did the coefficient of friction increase. It 
was shown samples used here with varying MFI were achieved 
through variations in the average MW. 

This means the relationship between dynamic CoF and MFI can be 
explained by the relationship between dynamic CoF and molecular 
weight. Increasing MFI of the EVA used in each compound was 
found to decrease the dynamic CoF calculated from each material 
(Figure 9).  

 

Figure 9: Effect of Melt Flow index (190°C | 2.16kg) of EVA on 
Dynamic Coefficient of Friction. 

 

Although the result found here is congruent with Whittle, a proper 
explanation for this trend remains elusive. Whittle et al suggests 
that the CoF increases with MW due to entanglements and their 
effect on viscosity at low MW up until a critical MW is reached. 
Entanglements act as ‘soft crosslinks,’ increasing the material’s 
elasticity and reducing its viscosity. Beyond this point, CoF 
increases slower but due solely to the molecular weight’s effect on 
viscosity.  

Another explanation to consider is the orientation of the polymer 
chains. Many authors have previously found that the orientation of 
a polymer’s chains to the force being applied can affect the 
measured coefficient of friction [3-5]. High MFI materials with 
lower molecular weight would more easily be able to reorient in the 
direction of the applied force. Once this occurs, the effective CoF 
would lower for the material.  

However, it is known that as molecular weight of a polymer 
decreases, so too does the storage modulus. Materials with lower 
storage moduli have previously been found to have higher CoF 
[6,7]. As a consequence, this would provide less elastic energy 
storage to the material [8]. Reduced elasticity in a sample means 
that the material takes in less energy for deformation before 
moving, however; it may also require less energy to deform. Figure 
10 shows the dynamic mechanical analysis of resins with varying 
MFI. 
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Figure 10: Storage Modulus for Samples with varying melt flow 
index. 

 

While Sample 4 and Sample 5 exhibited similar storage modulus to 
one another, Sample 6 (the sample with the lowest MW), displayed 
a marked reduction in storage modulus past -25°C. This means that 
Sample 6 is likely to deform prior to other high MW samples. 
Deformation at the jacket-conduit interface may lead to further drag 
along a sample, increasing the amount of force needed to slide the 
surfaces past one another. While Figure 9 does show that increasing 
MFI leads to decreasing CoF, this may only be true for EVA resins. 
Further work in this area may be necessary to understand the effect 
at play.  

3.3 Effect of VA-Content on Dynamic CoF 
The samples used here had varying VA-content with a near 
constant MFI of 3. The only exception to this was the 28% VA-
sample (Sample 4), which had an MFI of 6. Figure 11 shows the 
effect of increasing vinyl acetate concentration on the calculated 
dynamic CoF. There are a number of factors that can be used to 
explain why the increase in vinyl acetate to EVA leads to an 
increase in the CoF. First, the addition of vinyl acetate as a 
comonomer naturally increases the spacing between olefinic 
chains, and by extension lowers crystallinity[9]. One consequence 
of this is the depression in melt enthalpy (Figure 4). The material 
becomes more amorphous but also gains a significant increase to 
elasticity. This leads to significantly more energy taken in by the 
material as a strain is applied and manifests as an increased 
coefficient of friction, especially at high concentrations of vinyl 
acetate monomer. 

 

Figure 11: Effect of Vinyl Acetate concentration in EVAs on 
Dynamic Coefficient of Friction 

 

Second, while the ethylene component of EVA primarily interacts 
via dispersion forces[11], the vinyl acetate groups interact by 
dispersion, polar, and hydrogen bonding forces [10, 11]. This is 
reflected in the cohesive energy density of polyethylene (262 
J/cm3) and poly(vinyl acetate) (325 J/cm3) [12]. The cohesive 
energy density describes the strength of adhesion forces between a 
material and itself. The higher these values, the more energy it takes 
to separate the material from itself. In the case of the vinyl acetate 
groups of EVA, the cohesive energy density is partially responsible 
for its ‘stickiness.’ The ethylene groups screen the interactions 
between the HDPE conduit tube and the compound on the cable, 
adhering to the non-polar surface. These groups are copolymerized 
with vinyl acetate, which then adheres to itself and the high amount 
of electronegative ATH in the compound. As the VA content 
increases, the force required to overcome the adhesion of the EVA 
to the HDPE conduit increases. For high VA-content (40%, Sample 
7), this manifests in the cable jacket sticking to the conduit wall, as 
seen in Figure 3.  

Finally, increasing amounts of VA-content leads to a significant 
depression in the melt temperature and hardness of the material 
(Figure  5 and Figure 6). A decreasing melt temperature means an 
increase in polymer chain mobility, increasing the wettability of the 
EVA to the HDPE conduit. Likewise, as the hardness is decreased, 
the material deforms more readily, increasing the contact between 
the cable and the conduit. The combination of a less crystalline 
structure, higher cohesivie energy of the vinyl acetate groups, and 
increased contact area causes an increase in the dynamic coefficient 
of friction for cable jackets with higher VA-content. 

As previously mentioned, Sample 7 (40% VA) was shown to give 
a unique response from the Instron (Figure 3). The sudden jolts of 
movement picked up by the Instron is known as a ‘stick-slip’ effect. 
This is where the cable exhibits a pattern of moving a small 
distance, sticking to the conduit wall, peeling off the conduit wall, 
and repeating. These cables were pulled through the HDPE conduit 
multiple times until the Instron lead wire did not break and the 
stick-slip phenomenom was not present. However, in the field, a 
worker would push the cable through the conduit once, not multiple 
times. This means the friction force experienced by unlubricated 
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cables would be much higher than reported here for materials 
containing resins with more than 40% VA-content.  

 

3.4 Effect of Additives on Dynamic CoF 
Some wire and cable manufacturers may choose to use drop-in 
additives that are designed to segregate to the surface of the cable 
to lower CoF [13]. The resins in these additives (sometimes referred 
to as ‘slip agents’) will give a smooth surface. Typically, these 
additives are composed of a silicone-resin, as is the case for the 
additives in Sample 8 and Sample 9 (Table 1). THERMODAN 
TP0852N is an optimized formulation that provides a benefit in 
modulus as well as coefficient of friction. Figure 12 shows the 
dynamic CoF of samples with and without slip agents and 
TP0852N. The 2% addition of these slip agents reduced the 
dynamic CoF of Sample 4 by approximately 14% for additive 1 
(Sample 8) and 21% for additive 2 (Sample 9). In comparison, 
TP0852N was found to have a lower dynamic CoF (~0.30) than 
even compounds using slip agents.   

 
Figure 7: Effects of common additives on dynamic coefficient 
of friction 

 

4. Conclusions 
A formulator’s choice in resin can affect the coefficient of friction 
of the resulting filled compound for wire and cable. Melt flow index 
was found to be correlated to shifts in average molecular weight. 
Above a certain threshold, dynamic coefficient of friction was 
found to have a weak response to changes in molecular weight. 
Below this threshold however, dynamic coefficient of friction 
sharply decreases with molecular weight. The fundamental reason 
behind this effect remains unclear and more work is required to 
describe the observed behavior.  

Increased vinyl acetate content was found to increase the dynamic 
coefficient of friction. This effect was explained by 1) a drop in 
crystallinity due to the increase in vinyl acetate groups, 2) the 
increase in cohesive energy of vinyl acetate compared to ethylene 
groups, and 3) the depression of melt temperature by vinyl acetate 
groups. Compounds using more than 28% vinyl acetate content 
EVA were found to be at risk of not only a stick-slip effect, but of 
requiring such a large amount of force that damage to the coated 
jacket could be sustained from installation.  

Two grades of drop-in PDMS-based slip agents were investigated 
at 2% loadings in jacket compounds. Both slip agents (PDMS 

additive 1 & 2) were found to reduce the coefficient of friction by 
14% and 21%. In comparison, THERMODAN TP0852N was 
found to have an even lower dynamic coefficient of friction (~0.30) 
than grades with or without slip agents.  
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Abstract 
5G, FTTH and other trends on market are driving network 
innovative solutions needs in EMEA. Standard duct and micro-duct 
optical cable installation method in rural and suburban areas 
requires significant investments, skilled labor, time, and equipment.  
Regions with low duct infrastructure will start using micro-
trenching as a deployment method. It is a process of installing 
cables within the edges of the sidewalk to house. This is a quick, 
low-impact deployment method where the cable is inserted into a 
small slot-cut trench without damaging or disrupting existing 
infrastructure. This method is gaining more interest as the 
economics now makes it more attractive. 
This new cable innovation combined with micro-trenching 
deployment method modifications allows a thin film cable bundle 
comprised of a group of several multifiber drop cables that is 
compatible with micro-trenching and direct buried installation 
method to bring value to customers. Individual drop cable can be 
separated from bundle without any special tooling and connected to 
the premise either by pulling, pushing, or jetting into duct for short 
lengths. Individual drop is also capable for direct buried and facade 
application in case duct is not prepared. 
Thin film cable bundle together with micro-trenching method of 
installation gives significant cost reduction vs. jetting, requires 
lower skilled manpower and reduces overall installation time.  
The optical fiber used in these drop cables also combines lower 
attenuation with improved bend performance that is fully compliant 
with international standards, such as ITU-T G.652.D and G.657.A1 
recommendation. 

Keywords: Micro-trenching; nano-trenching; cable bundle; 
Drop cable; FTTH; optical cable installation. 

1. Introduction 
As fiber continues to connect millions of homes to the endless 
possibilities of highspeed broadband, Corning’s thin film drop cable 
bundle solution is helping accelerate and improve the deployment of 
FTTH networks in rural and urban communities around the world. 
In combination with the fast and minimally invasive method of 
nano / micro trenching, the thin film drop cable bundle solution 
reduces the need for traditional deployment methods. 
This solution will also help limit disruption within communities, 
ease the procurement of permits, and speed up the roll out of FTTH 
in the months and years to come. 

Corning Thin film drop cable bundle is designed to meet  
IEC 60794-3-10 Optical fibre cables – Part 3-10: Outdoor cables – 
Family specification for duct, directly buried or lashed aerial optical 
telecommunication cables. 

2. Cable design 
Thin film drop cable bundle may include seven cable subunits 
configured such that six of cable subunits form an outer group of 
cable subunits concentrically surrounding a central subunit cable. 
An outer sheath is in the form of thin film and surrounds group of 
subunits. 

Each individual subunit consists of a buffer tube with 4 up to 12 
fibers, strength elements such as fiberglass yarns, aramid yarns, 
ripcord for opening and polyethylene outer sheath. 

Below figures and table present basic cable design data. 

 

Figure 1 Cable design 

 
Figure 2 Cable cross section 

Table 1 Bundle dimensions 

Fiber count 28f - 56f 84f 

Cable OD 13.7mm 14.3mm 

Subunit OD 4.6mm 4.8mm 
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3. Cable performance 
The following is a summary of the performance data collected 
during laboratory testing and cable manufacturing. 

3.1 Attenuation on the drum 
Room temperature attenuation measured on the drum (500mm 
diameter barrel) is presented on the graphs below. Subunits in thin 
film drop cable bundle comprise Corning SMF-28 Ultra optical 
fibers. 

Mean attenuation @1310nm and @1550nm in thin film drop cable 
bundle is lower than fiber max attenuation for Corning SMF-28 
Ultra optical fibers; 0.316 dB/km @1310nm and 0.176 dB/km 
@1550nm – data per qualification 28f cable. 

 
Figure 3 Attenuation on the drum @1310nm, 1550nm and 
1625nm 

3.2 Temperature cycling 
Below graph presents attenuation coefficient change @1550nm 
during temperature cycling test performed according to IEC 60794-
1-22 (method F1) [2], loose coil. Temperature ranges are as follows:  
-40°C to +70°C. As one can observe attenuation coefficient change 
is at the level of 0.02dB which can be considered as no attenuation 
change during the test. 

 

Figure 4 Attenuation change @1550nm during temperature 
cycling 

3.3 Tensile performance 
The spite the fact that the thin film drop cable bundle itself does not 
comprise any strength elements (like central element), it fully meets 
IEC 60794-1-21 (method E1) standard. 

Table 2 Fibers strain and attenuation change during tensile 
Cable 
type Force Fibers strain Attenuation 

change 

28f TM: 2000N 
(under load) 0,26 – 0,31% No change 

28f TL: 1/3 x TM 
(residual load) 0,15 – 0,21% No change 

 

Figure 5 Fiber strain during tensile performance test; cable 
type: thin film drop cable bundle; test parameter:  
F = 2000N / 670N, Hold Time = 10min, Length = 0,105km 

3.4 Additional testing results 
Additional testing results one can find below. 

3.4.1 Bend performance 
Bending performance was proved by conducting Room 
Temperature, Cold and Hot Bend tests according to IEC 60794-1-
21 E11; Meth. A [3]. The results are presented in Table 3 below. 

Table 3 Bend performance 
Cable 
type Temperature Mandrel 

diameter 
Attenuation 

change 
28f (23 ±2) °C 500mm ≤ 0.05dB 

28f -10°C 280mm ≤ 0.4dB 

28f 60°C 280mm ≤ 0.4dB 

3.4.2 Mechanical testing - Impact, Repeated bending, 
Torsion and Crush 
• IEC 60794-1-21 E4 Impact 

• IEC 60794-1-21 E6 Repeated bending 

• IEC 60794-1-21 E7 Torsion 

• IEC 60794-1-21 E3 Crush 

Table 4 Mechanical test performance 
Cable 
type Test Test conditions Attenuation 

change 

28f Impact 10Nm, 300mm 
hammer ≤ 0.05dB 

28f Repeated 
bending 

Radius 240mm, 
loads 70N No change 

28f Torsion ±180°, force 80N No change 

28f Crush Force 1000N, 
plate 100mm No change 
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4. Installation using trenching method 
Cable trenching is a popular method of laying cables into the 
ground as the alternative to duct installation. The critical part of the 
preparation is to secure the proper size, width and depth, of the 
trench for given cable. In case of 28f thin film drop cable bundle 
with OD 13.7mm the minimum width is 150mm for one bundle. 
Bundles can be stacked up to 3 layers. The thin film drop bundle 
solution is compatible with nano trenching, requiring only a thin, 
minimally disruptive 10mm trench for the drop subunit 
The market offers variety of trenching, micro and nano trenching 
machines, cutting supplies sizes etc. 

 
Figure 6 Trenching machine 

 
Figure 7 Trenching machine 

 
Figure 8 Nano trench 
Once the cable is laid the trench is being closed using soil, sand, 
filling tube (for example PU foam), BIGUMA®, concrete, or 
whatever is appropriate for given area. 

4.1 Pilot runs - installation using trenching 
method 
During development the thin film drop cable bundle was tested in 
the field three times in order to prove its functionality. All three 
pilot runs took place in the rural area and single-family houses area 
in Germany. 

 
Figure 9 Deployment scheme 

 
Figure 10 Installation, general view 

Main trench, where the thin film drop cable bundle was laid, was 
led along sidewalks. Single houses were connected by single drop 
subunit extracted from the bundle. Thin film outer layer material 
with  tailored strength and low thickness allows to be opened easily 
using ripcord, so that the single drop subunits can be accessed at 
any point in the bundle length. 
Single drop subunit can be led to the particular household either by 
additional micro / nano trench, by jetting, pushing or pulling into 
ducts on short distances. 
In the case where the connection was not required, spare cable was 
retained for future directly in the ground. 
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Figure 11 Spare drop cable length 

5. Conclusions 
The thin film drop cable bundle is a great solution for micro and 
nano trenching installation. It can bring more than 20% of cost 
saving. Main drivers for cost savings are duct laying and blowing 
operation replaced by thin film installation and coil back operation 
and in addition installing seven cables at once. The thin film drop 
cable bundle installation time is reduced by more than 20% and CO2 
emission by up to 80% comparing to traditional trenching + duct + 
jetting installation. The key value proposition is low disturbance for 
residentials during deployment. 
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Abstract 
Fiber optic identification is important for the maintenance of fiber 
optic networks. In particular, when a new line is opened in a passive 
optical network, the operator must confirm whether the optical fiber 
branched by the optical splitter is being used by the customer. 
However, if the optical splitter is not connector-connected, it is 
difficult to determine if the target optical fiber is connected to the 
optical network unit. Therefore, we previously proposed an optical 
fiber termination identification method that can detect the unpowered 
optical network unit using a temporary optical coupler and an optical 
time domain reflectometer. In this paper, we report on the minimum 
distance at which the proposed optical fiber termination identification 
method can detect an unpowered optical network unit. 

Keywords: Optical Fiber Termination Identification; Local 
Injection; OTDR; PON 

1. Introduction 
Recently, the importance of the passive optical network (PON) has 
been increasing due to the spread of global multi-viewer 
monitoring systems and over the top services. It is important not to 
cut or connect the wrong optical fiber at the work site during laying 
and maintenance work of an optical fiber in the network 
construction of the PON. To do this, it is necessary to correctly 
identify a specific optical fiber in an optical fiber cable. Thus, fiber 
identification is critical to the maintenance of fiber optic networks 
[1]. In particular, the PON has an optical splitter, so fiber 
identification at the optical splitter is important. This is because all 
ports on the optical splitter may have fiber optic connections. At 
this time, when a new line is opened in the PON, it is necessary to 
confirm whether or not the customer is using the optical fiber 
branched below the optical splitter. As a method for determining 
whether the optical fiber below the optical splitter is being used by 
a customer or not, there is a technology for detecting an upstream 
optical signal from an optical network unit (ONU) from a bent fiber 
[2] - [4]. However, when the power of the ONU is turned off, a 
signal is not output from the ONU, so that it is difficult to judge 
whether the ONU is connected to the target optical fiber. When the 
optical splitter and the optical fiber are connector-connected, there 
is a technique for identifying the ONU and the open end of the 
connector from the amount of reflection attenuation at the end of 
the optical fiber. However, it cannot be used when the optical 
splitter and the optical fiber are fused. Recently we reported an 
unpowered ONU detection technique to solve the above problem 
using a temporary optical coupler (TOC) [5] and optical time 
domain reflectometer (OTDR) [6-7]. In this method, a probe pulse 
having a wavelength of 1310/1550 nm is made incident on the 
optical fiber to be measured fiber under test (FUT), and the 
reflectance ratio at the end of the optical fiber is measured. In this 
method, it is possible to determine whether the unpowered ONU is 
connected to the optical fiber end from the measured reflectivity 
ratio. We have successfully detected an unpowered ONU at the end 
of the optical fiber 1 km away with a pulse width of 10 ns.  

However, when OTDR is used with the TOC, a long tail is 
generated due to high reflection caused by the temporary optical 
coupler. In this method[7], if the reflection from the optical fiber 
end is hidden by the long tail, the unpowered ONU cannot be 
detected. Therefore, this paper reports on the application distance 
of the optical fiber end identification method using OTDR and the 
TOC. 

2. Principle of the method[7] 
Fig. 1 shows a schematic diagram of the proposed method. The 
basic principle is that probe pulses with different wavelengths are 
incident on the target optical fiber, and the reflectance due to 
Fresnel reflection from the ONU is analyzed to detect the 
unpowered ONU. As shown in Fig. 1, the optical fiber end is mainly 
composed of the ONU or a physical contact (PC) polished 
connector. The proposed method analyzes the difference in 
reflectance between the two states. Next, the reason why the 
reflectance differs between the two states will be explained. 
Fig. 2 shows details of the optical fiber end below the optical 
splitter of the PON. Fig. 2 (a) shows the configuration of the bi-
directional optical subassembly (BOSA), which is an optical 
module of the ONU. The BOSA has a built-in wavelength division 
multiplexing filter that separates the uplink signal with a 
wavelength of 1310 nm from the downlink signal with a 
wavelength of 1550 nm. When the probe pulse having a wavelength 
of 1310/1550 nm is incident on the ONU, the probe pulses having 
two wavelengths are separated into different paths by a wavelength 
multiplexing filter, the probe pulse having a wavelength of 1310 
nm is strongly reflected by the laser diode side, and the probe pulse 
having a wavelength of 1550 nm is weakly reflected by the 
photodetector. Therefore, the difference in reflectance depends on 
the wavelength. In many cases, the connection between the optical  
 

 
Figure 1. Configuration of proposed technique. 
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 Figure 2. Configuration of reflection characteristics 

of termination. (a) BOSA module of ONU and  
(b) Open PC connector. 

 
fiber and the BOSA is reduced by an anti reflection (AR) coating 
or the oblique polishing of the optical fiber. Also, in many cases, 
the reflection of the a photo diode (PD) inside the photodetector is 
reduced by the AR coating or the oblique setting. Moreover, the 
laser diode and photodetector packages are often AR coated to 
reduce reflection. In many cases, the connector connection point 
between the ONU and the optical fiber is super PC (SPC)-polished 
to reduce reflection. On the other hand, a Fabry-Perot laser is used 
as the laser diode of the ONU for the GE-PON, and the end face of 
the laser diode is a cleaved reflection surface and no AR coating is 
applied. Many Fabry-Perot lasers are made of indium gallium 
arsenide phosphide (InGaAsP), which causes strong reflections due 
to the difference in refractive index with air. Fig. 2(b) shows the 
structure of the connector for polishing the PC installed in the 
rosette of a user's home. When a probe pulse having a wavelength 
of 1310/1550 nm enters the PC connector, a strong reflection is 
generated due to the refractive index difference between the core of 
the optical fiber and air at both wavelengths. As a result, the 
relationship between the reflectance at the wavelengths of 1310 nm 
and 1550 nm is different between the case where the optical fiber 
end is the ONU and the case where the PC connector is used. 
Therefore, the state of the optical fiber end can be distinguished 
from the two reflectances.  
Next, we describe the conventional method. First, we describe the 
reflectance measurement method using OTDR. The reflectance 
R(dB) is [8] 

R = (𝐵𝑠 − 10 log10 𝐷) + 10 log10(10𝐻 5⁄ − 1)                             (1) 

where BS is the fiber backscatter coefficient, D is the duration of 
the OTDR pulse, and H is the difference between the Fresnel 
reflected light level and the Rayleigh backscattering light level. The 
sum of the first and second terms in Equation 1 is the amount of 
reflection attenuation due to Rayleigh backscattering. For example, 
in a typical single-mode optical fiber, this value is known to be 
about 70 dB at a wavelength of 1310 nm and about 72.5 dB at a 
wavelength of 1550 nm with a pulse width of 10 ns[9]. The level 
difference H is measured by OTDR as shown in Fig. 3. Therefore, 
it is possible to obtain the reflectance from the equation by using 
OTDR. In addition, as mentioned above, the relationship between  

 
Figure 3. Image of OTDR traces. The reflections near 

the optical fiber termination with unpowered ONU. 
 

the reflectance of the 1310 nm and 1550 nm wavelengths is 
different when the optical fiber end is the ONU and when it is the 
PC connector. Therefore, reflectance measurement using OTDR 
makes it possible to identify the optical fiber end from the 
reflectance difference of each wavelength. However, this method 
requires an optical connector below the optical splitter. This 
method cannot be used if the optical fiber below the optical splitter 
is fused. Therefore, we propose a method to identify the end of the 
optical fiber using a temporary optical coupler. 
Next, we describe the method for identifying the end of the optical 
fiber using the temporary optical coupler. As the temporary optical 
coupler, we are studying a method to input and output light from 
the bent portion of the optical fiber as shown in Fig. 1. In this 
method, the optical coupler can be installed by retrofitting without 
cutting the optical fiber. However, because of inefficiency, OTDR 
measurement results using the temporary optical coupler cannot 
measure the Rayleigh backscattering light level. Since the level 
difference H cannot be measured, the method using the temporary 
optical coupler cannot measure the reflectance. Therefore, we 
propose a method to estimate the reflectance ratio from the 
difference in Fresnel reflected light levels. 
Here, we describe the principle of the proposal method. First, we 
derive an expression for the level difference H. Equation 1 is 

 R = −10 log10 𝑅𝐵𝑆 + 10 log10(10𝐻 5⁄ − 1)                              (2) 

where the reflectance of Rayleigh backscattering is 𝑅𝐵𝑆 . From 
Equation 2, the level difference H is [9] 

H = 5 log10
𝑅+𝑅𝐵𝑆

𝑅𝐵𝑆
                                                                          (3) 

Therefore, the difference 𝐻1310−1550 in level difference H between 
1310 nm and 1550 nm wavelengths shown in the Fig. 3 is  

𝐻1310−1550 = 5 log10

𝑅1310 + 𝑅𝐵𝑆1310

𝑅𝐵𝑆1310
− 5 log10

𝑅1550 + 𝑅𝐵𝑆1550

𝑅𝐵𝑆1550

= 5 log10

𝑅1310 + 𝑅𝐵𝑆1310

𝑅𝐵𝑆1310

𝑅𝐵𝑆1550

𝑅1550 + 𝑅𝐵𝑆1550

= 5log10

𝑅𝐵𝑆1550𝑅1310 + 𝑅𝐵𝑆1310𝑅𝐵𝑆1550

𝑅𝐵𝑆1310𝑅1550 + 𝑅𝐵𝑆1310𝑅𝐵𝑆1550
              (4) 

Since the multiplication term between 𝑅𝐵𝑆 is much smaller than the 
other terms in Equation 4, Equation 4 is approximately  

𝐻1310−1550 ≅ 5log10

𝑅𝐵𝑆1550𝑅1310

𝑅𝐵𝑆1310𝑅1550

≅ 5 log10

𝑅1310

𝑅1550
+ 5 log10

𝑅𝐵𝑆1550

𝑅𝐵𝑆1310
                             (5) 

Therefore, reflectance ratio 𝑅1310 𝑅1550⁄  at 1310 nm and 1550 nm 
wavelengths is 

𝑅1310

𝑅1550
≅ 10

(
𝐻1310−1550

5
−log10

𝑅𝐵𝑆1550
𝑅𝐵𝑆1310

)
                                                  (6) 
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Recalling that the level difference H is the difference between the 
Fresnel reflected light level (FRL) and the Rayleigh backscattering 
light level (RBL), the reflectance ratio at 1310 nm and 1550 nm 
wavelength is  

𝑅1310

𝑅1550
≅ 10

(
𝐹𝑅𝐿1310−𝐹𝑅𝐿1550−(𝑅𝐵𝐿1310−𝑅𝐵𝐿1550)

5
−log10

𝑅𝐵𝑆1550
𝑅𝐵𝑆1310

)
                  (7) 

In addition, 𝑅𝐵𝑆  can be measured in advance because it is obtained 
from the reflection attenuation of Rayleigh backscattering. For the 
typical single-mode fiber, this 𝑅𝐵𝑆  term is approximately -0.25 dB 
[9]. When the optical fiber below the optical splitter is short, the 
difference in the level of Rayleigh backscattering light between the 
wavelength of 1310 nm and the wavelength of 1550 nm is 
considered to be independent of the distance and can be measured 
beforehand. Therefore, the reflectance ratio can be estimated using 
Equation 7 by determining the difference between the Fresnel 
reflected light levels at 1310 nm and 1550 nm from the OTDR 
measurement results. This method can estimate the reflectance ratio 
even when the temporary optical coupler is used.  
Next, we describe how the optical fiber end can be identified from 
the reflectivity ratio. As described above, when the optical fiber end 
is the ONU, reflection at the wavelength of 1310 nm occurs at the 
boundary between InGaAsP and air, and reflection at the 
wavelength of 1550 nm occurs mainly at the connection point 
between the ONU and the optical fiber and the photodetector. As 
shown, the reflection at the photodetector occurs at least twice. The 
composition of InGaAsP used in laser diodes varies, but for 
example, the refractive index at a wavelength of 1310 nm is about 
3.2884[10]. Therefore, using Fresnel's equation, the refractive 
index of air is 1, and when the air is incident perpendicularly, the 
reflectivity is 0.285. The reflectivity of the photodetector is reduced 
by AR coating. The reflectance of the AR coating varies, but for 
example, it is about 0.1 % (-C Coating, Thorlabs). If the reflection 
occurs twice, the reflectivity is about 0.002. In addition, because 
the ONU is connected by the PC connector, the connector reflects 
at both wavelengths. However, the amount of attenuation due to the 
connector is over 40 dB and can be ignored. Therefore, the 
reflectance ratio of the 1310 nm wavelength to the 1550 nm 
wavelength is 142.5. On the other hand, when the end of the optical 
fiber is the PC connector, the reflectance of the 1310 nm 
wavelength and 1550 nm wavelength is mainly reflected at the 
boundary between glass and air. The refractive index of optical 
fiber glass varies, for example, the refractive index at 1310 nm is 
1.447, and the refractive index at 1550 nm is 1.444 [11]. Therefore, 
from Fresnel's equation, the reflectance at 1310 nm is 0.0333 and 
the reflectance at 1550 nm is 0.0330. The reflectivity ratio of 1310 
nm to 1550 nm is 1.01. Since the reflectance ratio is different 
between the ONU and the PC connector, the optical fiber end can 
be identified by the reflectance ratio. 
In order to measure the reflectance ratio using the temporary optical 
coupler, it is necessary to measure the Fresnel reflected light level 
of the ONU having a wavelength of 1550 nm, at which reflectance 
is lowest. The level difference H of the ONU with a wavelength of 
1550 nm is 21 dB from Equation 3. Therefore, in the range where 
the conventional method is applicable, this method is applicable if 
the loss due to the temporary optical coupler is 21 dB or less. 
However, in the optical fiber end identification method using the 
temporary optical coupler, a long tail is generated by the reflected 
light of the temporary optical coupler. This is because the 
temporary optical coupler is highly reflective and close to the 
entrance. When the long tail occurs, the Fresnel reflected light level 
is hidden by the long tail, so that the proposed method cannot be 
applied. On the other hand, the long tail generally depends on the 

reflected light power, so it can be made smaller by narrowing the 
pulse width. Therefore, we experimentally confirmed the 
applicable distance of the proposed method for the typical pulse 
widths of 10 ns and 5 ns in the optical fiber end identification 
method. In addition, by experimentally confirming the long tail by 
using the temporary optical coupler and the Fresnel reflected light 
level of the ONU, the minimum application distance of each pulse 
width was estimated. 

3. Experimental set up 
Fig. 4 shows the experimental setup used for the proposed method. 
A commercially available OTDR (OTDR ModuleTM MU 909014 
B 1-056, Anristu) was used for 2-wavelength OTDR in the 
1310/1550 nm band. The probe pulse from the OTDR is input to 
the single mode fiber (SMF) through the TOC, propagates in the 
SMF, and then enters the terminal. The reflected light from the 
SMF enters the OTDR via the TOC. The measurement parameters 
of the OTDR were a pulse width of 10 ns (corresponding to a spatial 
resolution of 1 m), a sampling resolution of 10 cm, an signal 
average time of 10 seconds, and a measurement range of 2.5 km, 
and measurements were carried out at both wavelengths. 
Alternatively, the measurement parameters of the OTDR were 5 ns 
pulse width, 10 cm sampling resolution, 10 sec signal average time, 
0.5 km measurement range, and measurements were carried out 
both wavelengths. The signal average time was set at 10 seconds in 
order to reduce the work time in the field. The difference between 
the Rayleigh backscattering light levels at 1310 nm and 1550 nm 
was 1.7 dB. The SMF is an optical fiber conforming to ITU-T G. 
652 [12]. 
Fig. 5 shows the configuration of the TOC. An SMF with a coating 
diameter of 0.25 m was used as the bend fiber. The TOC consists 
of convex and concave blocks and the SMF consists of probe fibers 

 
Figure 4. Experimental set-up. 
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Figure 5. Details of TOC. 

 
with a gradient index (GRIN) lens. The bent fiber has a radius of 
curvature R of 1.7 mm and a bend angle of 90 degrees. Here, the 
GRIN lens with a beam waist of 25 m and a focal length of 1.2 
mm was used at a wavelength of 1550 nm. Under these conditions, 
the coupling efficiencies of the TOC at wavelengths of 1310 nm 
and 1550 nm were -15.5 dB and -14.7 dB, respectively.  
In order to confirm the length of optical fiber that this method can 
identify the end of the optical fiber, two termination states were 
prepared. Fig. 4 shows the three fiber ends. In case 1, the ONU is 
connected by an optical fiber 3 m long. This is the typical length of 
an optical fiber connecting an ONU. The ONUs used as sample 
devices comprise 12 models sold in Japan. Units 1-5 use a Gigabit 
Ethernet PON ONU (GE-ONU) with a built-in BOSA, which are 
made by a different manufacturer. Units 6-9 use a video signal 
receiving ONU (GV-ONU) with a built-in triplexer in the GE-ONU, 
which are made by different manufacturers. Units 10-12 use a GE-
ONU in a small form-factor pluggable transceiver (SFP-ONU). 
These ONU sample devices conform to IEEE 802.3 ah [13]. Three 
lengths of SMF from the TOC to the ONU were employed: 10 m, 
20 m, and 30 m. In case 2, the ONU is replaced with a PC connector. 
The number of sample connectors is 10. The SMF length from the 
TOC to the PC connector can be 10 m, 20 m, or 30 m. The SMF 
length varies, but only one SMF is used. The SMF length is 
adjusted at the position where the TOC is installed. In case 3, a long 
SMF configuration was prepared in order to confirm the long tail 
of the temporary optical coupler. The SMF length was 250 m, 
sufficient for the long tail. 

4. Experimental results 
Fig. 6 shows the experimental results for the OTDR obtained in 
terminal case 1. As shown in Fig. 6, Fresnel reflections were 
detected at all wavelengths except for the experimental results with 
a pulse width of 5 ns and optical fiber length of 10 m. Rayleigh 
backscattered light was not detected in any of the experimental 
results. In the case of OTDR measurement using the temporary 
optical coupler, it was found that the length of the long tail is shorter 
when the pulse width is narrower, as in the case of general 
reflection points. The difference in the Fresnel reflected light level 
between the 1310 nm wavelength and 1550 nm wavelength was 9 
dB to 8 dB. Therefore, the reflectance ratio of this case is 32 to 51. 
This is sufficiently large compared with the reflectance ratio of 1.01 
of the PC connector as a result of numerical analysis. We also know 
from our past work that the optical fiber end is the ONU if the 
reflectance ratio is 10 or more, taking into account the coupling 
efficiency of temporary optical couplers [7]. The reason why the 
numerical analysis and the reflectance ratio are different is thought 
to be due to fact that the reflectance of the AR coat varies depending 
on the ONU. 

 
Figure 6. OTDR traces. The reflections near the fiber 

termination with unpowered ONU. 
 

Fig. 7 shows the experimental results for the OTDR obtained in the 
terminal state case 2. As shown in Fig. 7, Fresnel reflections were 
detected in all cases. However, as in the terminal state case 1, 
Rayleigh backscattered light was not detected in any of the cases. 
The difference in the Fresnel reflected light level between the 1310 
nm wavelength and 1550 nm wavelength was from -1.3 dB to -0.6 
dB. Therefore, the reflectance ratio of this case is 0.44 to 0.62. 
Since the reflectance ratio is 10 or less, it can be seen that the optical 
fiber end is the PC connector. The reason why the numerical 
analysis and the reflectance ratio are different is that the PC 
connector is a field-manufactured connector as well as being part 
of an actual network, and therefore the wavelength dependence of 
insertion loss and connector connection loss is considered to have 
an effect. 
Next, in the case of the terminal state case 1, the type of ONU was 
changed and a similar experiment was performed. In the case of the 
terminal state case 2, a similar experiment was carried out with 10 
PC connectors serving as samples. The length of the optical fiber is 
20 m for a pulse width of 10 ns and 10 m for a pulse width of 5 ns. 
Fig. 8 and Fig. 9 show the experimental results for the reflectivity 
ratios of various ONUs and PC connectors with pulse widths of 10 
ns and 5 ns. The reflectance ratios were 10 or higher for all ONUs  

 
Figure 7. OTDR traces. The reflections near the fiber 

termination with PC connector. 

 
Figure 8. Reflectivity ratios of fiber termination with pulse 

width of 10 ns. 
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Figure 9. Reflectivity ratios of fiber termination with pulse 

width of 5 ns. 

 

and 10 or lower for all PC connectors. According to Figs. 6 to 9, in 
order to identify the optical fiber end, the optical fiber length is 
required to be 20 m for a pulse width of 10 ns and 10 m for a pulse 
width of 5 ns. 
Next, the shortest application distance at each pulse width of this 
method is examined. The shortest applicable distance is the 
distance at which the Fresnel reflected light level of the ONUs with 
the lowest Fresnel reflected light level is hidden by the long tail by 
the temporary optical coupler. This is because the Fresnel reflected 
light level at a wavelength of 1310 nm can be measured even when 
the optical fiber end is the ONU and the Fresnel reflected light level 
at a wavelength of 1550 nm and the long tail are almost the same. 
In other words, if the reflection point at the wavelength of 1310 nm 
is known, the reflection point at the wavelength of 1550 nm can be 
estimated. If the Fresnel reflection level at the wavelength of 1550 
nm is greater than the noise peak of the OTDR, the reflectance ratio 
between the wavelength of 1310 nm and the wavelength of 1550 
nm can be measured. Fig. 10 shows the experimental results for the 
OTDR at each pulse width for the lowest reflectivity ONU. This 
means that it is possible to measure the difference in Fresnel 
reflected light levels between wavelengths of 1310 nm and 1550 
nm. Fresnel reflected light levels at each pulse width were 4.02 dB 
and 7.94 dB. To confirm the distance at which the Fresnel reflected 
light level of each pulse width is hidden by the long tail, the long 
tail was measured at each pulse width. Fig. 11 shows the 
experimental results of the long tail for each pulse width. From Fig. 
11, the distance at which the lowest Fresnel reflected light level was 
hidden by the long tail was measured. The distance was defined as 
the distance from the peak of the reflection caused by the temporary 
optical coupler. This is because, as can be seen from Fig. 5, the 
transient optical coupler reflections are likely to occur at the 
junction between the probe fiber and the GRIN lens and at the 
boundary between the concave block and the SMF. The results 
show that the lowest Fresnel reflected light level is hidden in the 
long tail at 4.5 m for a pulse width of 5 ns and at 14.6 m for a pulse 
width of 10 ns. The results of 10 similar experiments were 4.2 m to 
4.5 m for a pulse width of 5 ns and 14.2 m to 14.6 m for a pulse 
width of 10 ns. Therefore, this method cannot be applied to an 
optical fiber length of 4.5 m or less with a pulse width of 5 ns, and 
14.6 m or less with a pulse width of 10 ns. However, since the 
applicable distance of a conventional connector connection type 
optical fiber end discriminating device is 10 m or more, with this 
method, it is possible to achieve the same applicable distance as the 
conventional method by using a pulse width of 5 ns. 

5. Conclusions 
In conclusion, we clarified the minimum application distance of the 
fiber termination identification method based on a TOC and two- 

 
Figure 10. OTDR traces. The reflections near the fiber 

termination with the lowest reflectivity unpowered ONU.  

 
 Figure 11. OTDR traces. The reflections near the TOC 

with long SMF. 
 

wavelength OTDR. In this method, the strong reflection caused by 
the TOC causes the long tail in the OTDR measurement results. 
The long tail limits the minimum distance this method can be 
applied to the fiber termination identification. We clarified this 
applied minimum distance experimentally. Experiments confirmed 
that the minimum distance for this method is 10 m for a pulse width 
of 5 ns and 20 m for a pulse width of 10 ns. Since conventional 
connector connection type optical fiber end discrimination devices 
on the market can be employed over a distance of 10 m, this method 
can be used in the field by using a pulse width of 5 ns. Moreover, 
by experimentally confirming the long tail generated by the 
temporary optical coupler and the minimum Fresnel reflected light 
level of the ONU, it is estimated that the minimum application 
distance in this configuration is 7.15 m for a pulse width of 5 ns and 
17.66 m for a pulse width of 10 ns. From the estimation result, it is 
considered that this configuration cannot achieve the same 
minimum application distance of 10 m as the conventional method 
when the pulse width is 10 ns. Therefore, a pulse width of 5 ns is 
required to obtain a minimum application distance equivalent to 
that of the conventional method. 
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Abstract 
UL Solutions is an independent organization that has been 
evaluating products in the interest of public safety for over 125 
years. UL Solutions staff are involved in many aspects of the 
wire and cable industry and have worked with code authorities, 
manufacturers and various technical committees to develop safety 
Standards for wire and cable.  
This paper covers the following topics: 
1. New proposals to UL Standards for wire and cable. 
2. Consejo de Armonizacion de Normas Electrotecnicas de Las 
Naciones de Las Americas (CANENA) harmonization activities, 
both binational with the Canadian Standards Association (CSA) 
and tri-national with CSA and Asociación de Normalización y 
Certificación (ANCE). 
3. Updates to other standards UL Solutions uses as part of its 
certification services. 

Keywords: wire; cable; standards; harmonization; ANCE; CSA; 
CSDS; NEC; Underwriters Laboratories; UL Standards and 
Engagement.   UL 13; UL 44; UL 62; UL 66; UL 83; UL 444; UL 
493; UL 719; UL 758; UL 854; UL 1072; UL 1277; UL 1581; UL 
1651; UL 2250; UL 2263; UL 2276; UL 4127; UL 1400-2, UL 
6288, Class 4  

1. Introduction 
A review of upcoming standards proposals and recently published 
revisions is important, so that both manufacturers and users are 
aware of the changes, understand the ramifications of the changes, 
and may take the appropriate steps to ensure that the wire and cable 
manufactured to these standards continue to comply with the 
requirements. Interested parties can also comment on proposals if 
they have a strong position on the proposed revisions.  

2. Standards writing and development 
UL Standards & Engagement uses its standards technical panels 
(STP) process for consensus standards development. STPs are a 
central part of the process by which UL Standards & Engagement 
develops and maintains its Standards. An STP is a group of 
individuals representing a variety of interests connected to the UL 
Standard, formed to review proposals for new Standards or 
revisions to existing Standards. 

The UL Solutions Collaborative Standards Development System 
(CSDS) provides online access for reviewing and submitting 
information for the UL Standards development process.  

UL Solutions is involved in the development of standards 
harmonized under the CANENA process. This process involves 
manufacturers and standards development organizations (SDOs) 
from at least two of the three North American countries. UL 
Solutions also participates in the standards writing committees of 
other organizations such as TIA and ASTM when these standards 

make up part of UL Solutions certification documents. These items 
are current as of Aug. 1, 2022.  

3. Revisions to UL Standards or Outlines 
of Investigation 
 
3.1 UL 13, the Standard for Power-Limited Circuit 
Cables   
 
3.1.1 The latest revision, published March 20, 2022, includes 
adding copper-clad aluminum as a conductor option in 18 AWG, 
Class 2 circuits used for thermostat cable in HVAC applications. 
In addition, the carbon-arc exposure was deleted as an option for 
the Sunlight Resistance test.  
 
3.2 UL 66, the Standard for Fixture Wire   
 
3.2.1 Proposal to add requirements for HF, HFF, RFH-1 HF, 
HFF, RFH-1 has been submitted through CSDS. These cable 
types are permitted in the National Electrical Code® (NEC) but 
are not currently covered in UL 66. Balloting will open Aug. 6, 
2022. 

3.3 UL 493, the Standard for Thermoplastic-
Insulated Underground Feeder and Branch-Circuit 
Cables 
 
3.3.1 A proposed revision for the push-in terminal marking was 
submitted, and the preliminary review closed on July 19, 2022. 
The revisions align the tag markings for 12 – 10 AWG copper-
clad aluminum with UL 20, the Standard for General-Use Snap 
Switches, and UL 498 as described below: 

The draft proposal stated, “For 12 – 10 AWG solid copper-clad 
aluminum ‘May be used with switches and receptacles with wire-
binding screws and in or pressure-plate push-in spring type 
connecting mechanisms that are acceptable for use with copper 
conductors.’” 
 
3.4 UL 719, the Standard for Nonmetallic-Sheathed 
Cables 
 
3.4.1 The same proposal for the push-in terminal marking as 
noted under UL 493 has been submitted, and the preliminary 
review closed on July 19, 2022.  
 
In addition, the test method for the low-temperature unwind test 
was revised for enhanced repeatability, and the requirements 
were published on March 18, 2022. 
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3.5 UL 758, the Standard for Appliance Wiring 
Material  
 
3.5.1 The optional Halogen Free (HF) and Low Smoke Halogen 
Free (LSHF) markings were added Jan. 20, 2022. In addition, the 
minimum conductivity of conductors changed from 80% to 65% 
IACS, added an allowance for smaller strand sizes of copper 
using ASTM B 3 and 33 copper, and laser printing was added as 
an option for surface marking, and the test time for the Insulation 
Resistance test was revised.  
 
The proposal to revise the thickness of nylon coverings to align 
with the methodology in UL 1063, the Standard for Machine-
Tool Wires and Cables, did not reach consensus and was 
withdrawn.  
3.6 UL 854, The Standard for Service-Entrance 
Cables  
3.6.1 A proposal for the push-in terminal marking same as noted 
under UL 493 has been submitted and the Preliminary Review 
closed July 19, 2022.  

3.7 UL 1072, the Standard for Medium-Voltage 
Power Cable 

3.7.1 A proposal has been submitted to clarify the sampling in 
the vertical tray flame rating to indicate that a single conductor 
cable, when subjected to the vertical tray flame test(s) as 
specified in the section, would only qualify the manufacturer to 
mark single conductor constructions. The revision would do the 
same for multi-conductor cables. The close date was May 24, 
2022, and the proposal did not reach consensus. The proposal 
will be withdrawn and reworked before a new proposal is 
submitted. 
3.8 UL 1277, the Standard for Power and Control 
Cable 
 
3.8.1 The revision to add EVA-based jacket material was 
published on July 12, 2021. The revisions adding type XHH 
insulated conductors were published April 12, 2021.  
A proposal has been submitted to clarify the test program 
requirements for thinner jackets and to permit laser printing of 
the surface markings. Preliminary Review closed on CSDS on 
July 21, 2022.  
 
3.9 UL 1581, the Reference Standard for Electrical 
Wires, Cables and Flexible Cords   
3.9.1   A proposal was submitted to add requirements for copper-
clad aluminum. The ballot closes Aug. 8, 2022. The requirements 
for copper-clad aluminum conductors are being revised in NEC, 
Clause 310.3(B)(3) and (4) and will be part of the 2023 NEC. In 
preparation for these changes to the NEC, the requirements are 
proposed to be added to UL 1581. 
The requirements in the NEC will indicate for copper-clad 
aluminum conductors that: 

• The copper shall form at least 10% of the cross-
sectional area. 

• The aluminum core shall be AA8000 series electrical 
grade aluminum. 

• The conductor material shall be listed. 

The proposal adds these requirements to a new section 12. 

3.9.2 Proposed requirements were submitted for Flexible 
Polyvinylidene Fluoride (PVDF) to add a new table to define the 
requirements. The proposal adds the use of flexural modulus to 
differentiate from less flexible PVDF. Balloting was opened July 
22 and closes Aug. 22, 2020. 

3.10 UL 1651, the Standard for Optical Fiber Cable 
 
3.10.1 A proposal to revise the test method for the sunlight 
resistance test to delete carbon arc exposure has been submitted.   
 
3.11 UL 2250, the Standard for Instrumentation 
Tray Cable  
 
3.11.1 The revisions published March 30, 2022, introduce new 
HF, LSHF, and ST1 Optional Markings and deletes the option for  
Limited Smoke (LS).  
 
3.12 UL 2276, Outline of Investigation for 
Recreational Vehicle Cable 
3.12.1 The Fifth Edition was published May 7, 2021. Revised to 
align with SAE J 1127 and J1128. Changes include appending 
type designation with a digit indicating the temperature class, the 
addition of a 1,500-hour heat aging test and the addition of 
crosslinking test for thermoset types.   

3.13 UL 4127, Outline of Investigation for Low 
Voltage Battery Cable 
 
3.13.1 The Second Edition was published on Feb. 3, 2021. The 
revisions were intended to align the requirements with SAE J 
1127 and included the removal of types from UL 4127 that are 
now located in J1127, appending type designation with a digit 
that indicates the temperature class, the addition of 1,500 hour 
heat aging test, and the addition of crosslinking test for thermoset 
types. 

 
4. Revisions to harmonized standards 
 

4.1 UL 44, the Standard for Thermoset-Insulated 
Wires and Cables 
 
4.2.1 A proposal to allow color coating on thermoset insulated 
wire, similar to the requirements described in UL 83, the 
Standard for Thermoplastic-Insulated Wires and Cables, was 
forwarded to the harmonization committee for disposition. 

4.2 UL 62, the Standard for Flexible Cords and 
Cables   
 
4.2.1 The 20th Edition of the Tri-National Standard is dated July 
6, 2018. Requirements for Electrical Vehicle Cables were moved 
from UL 62 to UL 2263, the Standard for Electric Vehicle Cable.  
The following proposals are in the working draft under CANENA 
at this time:  

• Deleting U.S. decorative cord types from UL 62 and 
adding the requirements to a new Standard, UL 6288, 
the Standard for Decorative Cords, and deleting 
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Canadian type decorative cords from CSA 49 and 
adding the requirements to CSA 127. 

•  24 AWG and larger sizes are being added for 
duplex/comm cables in elevator traveling cables (based 
on change expected in 2023 NEC, Table 400.4, 
footnote #2).  

• Adding requirements for shore power cable in UL 62. 
This cable is very similar to an oil-resistant, sunlight 
resistant, extra hard service cord, with the exception of 
size. 

• Permitting control and signal conductors in round-
jacketed service cords.  

• Permitting laser printing for flexible cords and cables.  

• Adding an option for 4-pair Communications Cables 
for use in hoistway cable. 

• Clarifying requirements for the cold bend test on wide 
elevator cables. 

  
4.3 UL 83, the Standard for Thermoplastic-
Insulated Wires and Cables   

4.3.1 Color coating is currently permitted by the Standard. A 
proposal to permit color coating over nylon jackets was submitted 
and is being forwarded to the harmonization committee for 
disposition.  

 
4.4 UL 444, the Standard for Communications 
Cables  
 
4.4.1 A proposal was submitted to delete the carbon arc option  
as a test method for the Sunlight Resistance test. In addition, 
a proposal to add an optional CMX Outdoor-Plenum type cables  
has been accepted through CSDS and is under review by the  
Canadian Technical Subcommittee.  
 
4.5 UL 2263, the Standard for Electrical Vehicle 
Cables  
4.5.1 The First edition was published May 9, 2022. 
The requirements were copied from UL 62 with the following 
changes: optional fluid resistance ratings, all cables, regardless of 
conductor size, shall be subjected to low-temperature impact, and 
cables using TPE rated 60 are now permitted. 

5. New service offerings   

5.1.1 Class 4 Cables  
The First Edition of UL 1400-2, Outline of Investigation for 
Fault-Managed Power Systems, Part 2 - Requirements for Cables 
was published Jan. 6, 2022. These cables are used in fault-
managed power systems as described in Article 726 in the NEC. 
A separate Task Group is currently working on adding 
requirements for outdoor use only cables.  

6. Conclusions 
UL Standards are used to assess products, test components, 
materials, systems and performance, and evaluate 
environmentally sustainable products, renewable energies, food 

and water products, recycling systems and other innovative 
technologies. Evolving technology and advancements in how to 
address safety and sustainability issues obviously require new 
standards or the revision of existing standards. Manufacturers, 
consumers, government officials, industrial and commercial 
users, inspection authorities and others must be mindful of the 
revision process and be aware of the proposed changes and 
provide relevant input by using the CSDS process. 
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Abstract

UL Solutions is an independent organization that has been 
evaluating products in the interest of public safety for more 
than 125 years. UL Solutions staff are involved in many 
aspects of the wire and cable industry and have worked 
with code authorities, manufacturers and various technical 
committees to help develop Standards for Safety for wire 
and cable.   
This paper covers activity on UL Solutions’ development of 
requirements for Class 4 Cables as described in UL 1400-
2, Outline of Investigation for Fault-Managed Power 
Systems Part 2 - Requirements for Cables.  

The requirements in UL 1400-2 cover 60-250°C (140-
482°F) single- and multiple-conductor jacketed cables for 
use as fixed wiring within buildings, which may be used 
outdoors and/or for direct burial in Class 4 circuits in fault-
managed power systems as described in Article 726 and 
other applicable parts of the National Electrical Code® 
(NEC®). Cables covered by these requirements include 
CL4P (plenum cables), CL4R (riser cables) and CL4 
(general purpose cables).

Keywords: fault-managed power; FMPS; PoE; wire; 
cable; standards; harmonization; NEC; UL Standards & 
Engagement; UL 13; UL 1400-1; UL 1400-2, Class 4  

1. Introduction

A new technology has been developed for residential and 
commercial power distribution that is purported to be 
advantageous to conventional distribution in numerous 
ways, here referred to as fault-managed power distribution. 
The concept behind this new technology is the use of 
sophisticated monitoring and control systems to limit the 
amount of energy available during a fault, such as a short 
circuit or human contact, thereby mitigating the risks of fire 
and electric shock. The objective is to allow the use of 
higher voltages and the delivery of considerably more 
power than conventional low-voltage, limited-power 
systems while maintaining an acceptable level of safety. 
There are currently several variants in development. Each 
has its distinctive characteristics in terms of energizing the 
circuit, the amount of power delivery, and fault detection. 

Similar to Power over Ethernet (PoE), the systems are 
designed to utilize cables and installation methods for 
power transmission that are more like those used for data 

or Class 2 circuits than NEC Chapter 3 branch circuit 
installations. However, where PoE is able to transmit up to 
100W of power for up to 100 m, some of these systems are 
designed to transmit up to 20 times the power over 20 
times the distance currently available through PoE.  

With some implementations designed to rapidly de-
energize the system once a fault condition occurs, the 
industry has proposed that cabling for these systems does 
not need to use conduit, armored cable, heavy jacketed 
non-metallic (NM) cable or other means of mechanical 
protection with monitoring and control providing hazard 
mitigation. The new Article in the NEC covering these 
systems was added to Chapter 7, which also covers power-
limited circuits. Uses include distributed antenna systems 
(DAS) and backbone power distribution for optical network 
terminals (ONTs), PoE switches, and Internet of Things 
(IoT) devices. There is also interest in this technology for 
powering the numerous antennas that will be needed for 
5G wireless.  
The requirements for Class 4 cables were developed to 
address the needs and installation of the fault-managed 
power systems.   

2. Standards writing and development
UL Solutions uses its Standards Technical Panels (STP) 
process for consensus standards development. STPs play 
a central role in the process by which UL Solutions 
develops and maintains its Standards. An STP is a group of 
individuals, representing a variety of interests connected to 
the UL Standard, formed to review proposals for new 
Standards or revisions to existing Standards. 

UL Solutions’ Collaborative Standards Development 
System (CSDS) provides online access for review and 
submitting information for the Standards development 
process. In some cases, Outlines of Investigation are 
prepared to evaluate cables and sometimes precede the 
development of the ANSI standard. Based on the needs of 
industry, an Outline of Investigation, UL 1400-2, was 
created for Class 4 cables. 
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3. Background

3.1 NFPA 70® – NEC 

NFPA 70 Article 726 (New) — Class 4 Fault-Managed 
Power Systems 
This new Article covers the installation of wiring and 
equipment of Class 4/fault-managed power systems 
(FMPS), including utilization equipment incorporating parts 
of these systems. 

The following is a summary of the new requirements in the 
NEC to address FMPS and excludes installation in dwelling 
units: 

• Transmitter output voltage is not more than 450 V
peak.

• Transmitter must be listed to UL 1400-1
• Cables shall be listed to UL 1400-2.
• Connecting hardware shall be listed.
• Class 4 cable shall not be placed with any Class 1

circuits unless separated by a barrier.
• Class 4 cables can be permitted in the same cable

assembly as Class 2, Class 3 and
communications circuits, provided the insulation is
at least that required by Class 4 circuits.

UL 1400-1 and UL 1400-2 are referenced in Articles 722 
and 726 as well as Informative Annex A. Class 4 cables are 
covered under the new Article 722.

3.2 UL 1400-2, Class 4 cables 

The first edition of UL 1400-2, Outline of Investigation for 
Fault-Managed Power Systems Part 2 - Requirements for 
Cables,  Class 4, was published Jan. 6, 2022. These 
cables are intended for use in fault-managed power 
systems as described in Article 726 in the NEC. 

The scope of UL 1400-2 includes: 
• Cables rated 450 Volts, 60°C to 250°C (140°F to

482°F)
• Cable sizes including 24-6 AWG.
• Single- and multiple-conductor cables
• Outdoor and/or direct burial ratings
• CL4P (plenum cables), CL4R (riser cables) and

CL4 (general purpose cables)

The requirements for Class 4 cables described in UL 1400-
2 were based on the requirements for Class 3 cables 

described in UL 13, the Standard for Power-Limited Cables 
with additional requirements developed to address the 
technology, installation, and higher voltage rating.  

The main differences between UL 1400-2 and UL 13 are: 

• An increase in the insulation thickness due to the
higher voltage rating

• Cables with integral jacket/insulation are not
currently permitted in UL 1400-2.

• Cable sizes range from 24 AWG to 6 AWG — The
committee stated that the larger conductors are
needed to limit cable loss and the most common
conductor size is 18AWG.

• CL4 cables that employ conductors 18-24 AWG
are required to comply with the cable heating test
requirements — These cables would need to be
marked with FMP-XXA where XX is the current
rating. There is no LP rating.

• The production line spark test voltages are higher.
• A cable part number is required.

4. Conclusions
Fault-managed power systems are gaining in popularity and 
the industry has been supportive of the development of 
requirements to address the systems and the installation. 
The requirements for Class 4 cables have been created 
based on current technology and will need to be updated to 
address future changes in technology. UL Solutions is 
working with the industry to develop requirements for a new 
CL4 outdoor-use-only cable type to address installations 
outside the scope of the NEC. Further research and 
collaboration with the industry will be needed.  
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Abstract

UL Solutions is an independent organization that has been 
evaluating products in the interest of public safety for over 125 
years. UL Solutions staff are involved in many aspects of the 
wire and cable industry and have worked with code authorities, 
manufacturers and various technical committees to help develop 
Standards for Safety for wire and cable.   
This paper highlights the results obtained on communications 
cables purchased in the U.S. market under UL Solutions 
Surveillance Program. In the most recent market survey, UL 
Solutions purchased cables that were surface printed as being 
plenum or riser rated with a self-declaration of compliance with 
the American National Standards Institute (ANSI) requirements. 
The installation and use of these cables are not permitted by the 
NEC. This paper is intended to outline the safety concerns with 
these cables in the market.    

Keywords: NEC, market survey; surveillance; UL Solutions; 
wire; cable; standards; UL 444; Plenum, Riser.  

1. Introduction

Several years ago in order to address issues with noncompliant 
riser and plenum rated cables in the U.S. market, UL Solutions 
enhanced the surveillance programs for these cables in a number 
of product categories.  

In addition to the analytical profiling of the cables, market 
surveys are an integral part of our overall surveillance program.  
UL Solutions purchases UL Certified products on a regular basis 
each year from e-tailers, distributors and retail outlets.  

In the most recent market survey, we  surveyed the overall 
plenum and riser cable market. In addition to UL Certified cable, 
UL Solutions purchased cables certified by other NRTLs as well 
as cables that did not bear any certification marks and had 
references on the surface printing and/or carton indicating the 
cables were suitable for use in a plenum or riser. 

This paper summarizes the concerns and results of the survey. 

2. Background

In the second half of the 20th century, changes in high-rise 
building construction methods, materials, furnishings and interior 
decorative finishes caused changes in fire loading and fire load 
distributions. This includes an evolution and proliferation of 

voice and data communications systems as well as an increase in 
the routing of voice and data cable within air handling plenums. 
Purchasers, specifiers, installers and inspectors of 
telecommunication cables placed in risers or plenums during 
building construction or upgrade must be aware that cables that 
do not meet safety requirements present a significant risk of 
hastening the spread of fire. This represents an unacceptable risk 
— and avoidable hazard — to building occupants and owners.  

Cables surface printed as plenum or riser rated without 
certification (self-declaration of compliance),have created 
confusion in the marketplace as they appear confusingly similar 
to Certified cables. It has become difficult for installers to 
differentiate these from certified cables.  

This is important because, as noted in a report by the New York 
Board of Fire Underwriters in 1975 following a fire at One World 
Trade Center, if cables are not constructed with proper materials, 
a mass of such cables supplying power and data to 
communications equipment in many offices can sustain a 
substantial fire. Cables placed in plenums and riser shafts are a 
potentially serious fire risk. Selection and installation practices 
must be followed to properly manage this risk.  

Manufacturers marketing and selling communications cables 
without certification marks face a potential fire risk, especially 
when the cable is marked as being rated for plenum or risers. 

3. NFPA70 National Electrical Code (NEC)

Several important criteria are used to differentiate and classify 
communications cables described in the National Fire Protection 
Association (NFPA) National Electrical Code® (NEC).  
When adopted by local jurisdiction, the NEC is a mandatory 
installation code enforceable by code authorities because the 
requirements have been adopted by state and local legislatures. 
The code acts as a practical safeguard against electrical hazards 
for both people and property. 

The NEC requires that communications cables comply with 
Chapter 8 – Communications Systems:  

The cable must be listed and certified by an organization that is 
acceptable to the code authorities concerned with the evaluation 
of products or services that maintains periodic production 
inspection of listed products and whose listing states that the 
product complies with the appropriate designated standard.  
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UL Solutions is a Nationally Recognized Testing Laboratory 
(NRTL) under the Occupational Safety and Health 
Administration’s (OSHA) NRTL Directive. 

The cables shall comply with the requirements outlined in 
ANSI/UL 444, the Standard for Safety of Communications 
Cables. ANSI/UL 444 is a binational consensus standard for the 
U.S. and Canada. 

4. Issues

Once installed, cable infrastructure is typically out of sight. It is 
mostly installed behind walls, ceilings or floors, and can therefore 
easily be taken for granted. However, if the cables do not meet 
the national safety requirements described in ANSI/UL 444, the 
product’s reaction in a fire event could lead to tragic loss of life 
and/or property.  

At first glance, all communications cables might appear the same. 
However, cables manufactured using deficient manufacturing 
processes and substandard materials pose a safety threat. Without 
third-party certification, which includes such activities as 
evaluation of the materials and construction, as well as testing 
and surveillance, noncompliant cables running through a 
structure can accelerate the spread of smoke and flame. 
Plenum fire safety must be strongly emphasized, as the plenum 
can accelerate flame and smoke transport throughout a building 
structure. Cables placed in plenums are a potentially serious fire 
risk, and selection and installation practices must be developed to 
manage this risk properly. Similarly, cables placed in riser shafts 
can propagate flame between floors that may go unnoticed by 
occupants.  

Communications cables intended for use in plenum spaces must 
be designed to meet rigorous requirements for fire resistance and 
limited smoke production. Safety test standard NFPA 262, 
Standard Method of Test for Flame Travel and Smoke of Wires 
and Cables for Use in Air-Handling Spaces, address these 
hazards. This standard is referenced in the NEC and NFPA 90A, 
Standard for the Installation of Air-Conditioning and Ventilating  

Systems, as a method to test that electrical wires and cables are 
required to comply for use in plenum spaces.  

Cables intended for use in a riser shaft must be designed so that 
the flame propagation does not travel from floor to floor. Riser 
rated cables are required to be evaluated in accordance with UL 
1666, the Standard for Test for Flame Propagation Height of 
Electrical and Optical-Fiber Cables Installed Vertically in Shafts. 
This Standard is also referenced in the NEC. 

Identifying a properly labeled and certified cable is critical at 
every stage of the construction or upgrade process. Those that 
select, approve or install cable should be able to trust that it is 
properly tested and certified for its use within the walls and 
ceilings of a building.  

When looking for properly labeled and marked cable, one must 
understand the information surface-printed on the cable as well as 
what is required to be included on a label, carton, reel box or 
smallest unit container. 

In the case of the UL Mark, “the UL symbol on the product and 
the Certification Mark of UL Solutions, on the attached tag, reel 
or the smallest unit container in which the product is packaged, is 
the only method provided by UL Solutions to identify products 
manufactured under its Certification and UL Solutions Follow-
Up Services.” 4 Placing the UL Mark on a product is the 
manufacturer’s declaration that the product has met our 
requirements at the time of production. If one or both are missing, 
you should be suspicious. To help deter counterfeiters, all 
products in telecommunication cable categories certified by UL 
Solutions must bear a unique holographic label carrying the UL 
Mark. 

5. Market Survey

In the most recent market survey, UL Solutions surveyed the 
overall plenum and riser cable market. In addition to UL Certified 
cable, UL Solutions purchased cables certified by other NRTLs 
as well as cables that did not bear any certification marks and had 
references on the surface printing and/or carton indicating the 
cables were suitable for use in a plenum or riser. 

Safety Requirements: 

For cables used in plenums, the pass/fail requirements for NFPA 
262 are a maximum peak optical density (POD) of 0.50 or less, 
an average optical density (AOD) of 0.15 or less, and a maximum 
flame spread distance of five feet or less.  

For cables used in risers, the pass/fail criteria for UL 1666 are 
that the flame propagation height of each set of cable shall not 
equal or exceed 12 feet, 0 inches (3 m, 66 cm) and that the 
temperature of any thermocouple in the second floor slot shall not 
exceed 850 degrees F (454.4 degrees C). 
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Plenum Cable Results 

A significant nonconformance (SNC) for plenum cables is 
defined by UL Solutions as when the flame spread distance 
exceeds 6 feet, the AOD exceeds 0.20 and the POD exceeds 0.60. 
UL Solutions market survey yielded the following data on SNCs: 
• 100% of the self-declared (unlisted) cables had
significant nonconformances; in fact, the flame spread distance
exceeded 19 feet for all the cables tested.
• 70% of cables with other marks from other NRTLs had
significant nonconformance.
• 0% of the UL Certified cables had significant
nonconformance.

Riser Results 

A significant nonconformance (SNC) for riser cables is defined 
by UL Solutions as when the flame propagation reaches the 
second floor in less than 5 minutes. 

UL Solutions market survey yielded the following data on SNCs: 
• 75% of the self-declared (unlisted) cables had
significant nonconformance; in fact, for all samples tested, the
flame propagated to the second floor in less than 2 minutes
• 53% of cables with marks from other NRTLs had
significant nonconformance
• 14% of the UL  Certified cables had significant
nonconformance

6. Conclusions
The data shows that self-declared (unlisted) cables could pose a 
serious safety risk and should not be used. Self-declared 
(unlisted) cables have surface printing that indicates they are 
plenum or riser rated, i.e., marked as CMP or CMR. They also 
are commonly found on cartons marked as “Plenum” or “Riser,” 
which can be confusingly similar to the cartons used for certified 
plenum or riser cables. These unlisted cables, once imported into 
the U.S., can now find their way into installations claiming to be 
NEC-compliant. In fact, UL Solutions has been approached by 
installers asking about the use of these self-declared (unlisted) 
cables for their installations. One of the cables shown to UL 
Solutions was simply marked as “LAN” cable. 

The hazards associated with noncompliant plenum and riser cable 
present significant risks regarding the nature and scale of a fire 
event. Installation codes, including the NEC, mitigate this risk by 
requiring compliance with critical safety standards. The UL 
Solutions robust safety certification program for cables brings 
trust and confidence that such safety issues have been assessed. 

The holographic UL label s the first point of reference for all 
suppliers, installers and end-users to know the cable has been 
tested by UL Solutions and is certified for safety. Look for the 
UL holographic label on the box of cable as well as the letters 
“UL” on the surface print. You can also consult the UL Product 
iQ® website. 

Do not buy or install cables that are not certified and remain 
skeptical of unlisted cables that are self-declared to be compliant. 

Do your due diligence in regard to NEC installation 
requirements, and verify the labeling on packaging and cable 
jackets. Only specify and purchase cabling that has demonstrated 
compliance with the applicable standards and includes the UL 
holographic label to support that compliance. Above and beyond 
knowing the risks, understand your responsibility in supporting 
this issue and how you can also help reduce the problem by 
making sure to alert industry agencies and associations any time 
you suspect use of noncompliant or counterfeit cable. 
You may very well save lives and property. 

7. Additional Information

For further information, please feel free to read the UL Solutions 
Whitepaper: “Plenum and Riser Communications Cables – The 
Importance of Third-Party Certification. It can be accessed through 
the following link:  
Plenum and Riser Communications Cables: UL Safety Research | 
UL Solutions 
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Abstract 
The Construction Product Regulation (CPR) mandates 
certification of the fire performance of cables installed in 
buildings across the European Union (EU). This is based on 
exposing a set of cables mounted on a vertical ladder, to a burner 
flame in a test chamber. The test is governed by the EN 50399 
standard, and the CPR class of the cable is primarily determined 
by vertical flame spread (FS), heat released, and smoke 
production during the test. Historically, the test results have 
shown significant deviation across different test facilities, 
potentially impacting the CPR class of the cables. 

Systematic investigation of the test procedure in the past revealed 
a dependence of the test outcome on the external air-ventilation 
system. Modifications in the geometry of the supply system, or 
leakages in the chamber were shown to impact the FS. As part of 
the ongoing investigation of the system, it was found that changes 
in the air supply system can reduce the FS by almost 0.4 m if a 
plate is introduced in the underfloor duct. Modeling and 
subsequent experimental measurements showed that this 
modification reorients the airflow towards the burner, which 
could “quench” the combustion mixture, leading to lower FS. 

In 2019 IWCS conference, it was reported that modifying the air 
supply system affects the test outcome. The modifications shown 
in that study were not as per test standard and can be easily 
identified with visual inspection of the burn chamber. The 
modifications proposed in current study are not easy to identify 
by visual inspection. Based on these observations, it may be 
useful to add guidelines on measuring airflow distribution in the 
chamber in the CPR EN50399 test documentation. 

1. Introduction
All permanently installed cables in the EU need to be tested for 
fire safety before being marketed. The fire performance of the 
cables is mainly determined based on the EN50399 standard. 
During the test, the cables are mounted on a ladder and the 
assembly is placed vertically in a test chamber. A propane-air 
burner placed in front of the ladder is ignited for 20 minutes. The 
chamber is ventilated by a fan which supplies ambient air from a 
rectangular opening at the bottom of the chamber. An exhaust fan 
at the top of the chamber removes the hot-gas mixture through a 
horizontal duct above the chamber. Parameters such as vertical 
flame spread (FS) along the cable, peak and total heat release rate 
from the cable during the test etc., determine the cable 
classification, as shown in Table 1. 

Table 1. Cable classification criteria (C) [1] on the test results 
according to EN 50399 with 20.5 kW burner flame 

 Class 

Parameter 

EN 50399 

B2ca Cca Dca Eca 

Pass IEC 60332-1 

FS   [m] ≤ 1.5 ≤ 2.0 ≥ 2.0 none 

PHRR  [kW] ≤ 30 ≤ 60 ≤ 400 none 

THR     [MJ] ≤ 15 ≤ 30 ≤ 70 none 

FIGRA [Ws-1] ≤ 150 ≤ 300 ≤ 1300 none 

For the past many years, burn tests performed at different labs 
across the EU have shown significant variation in burn results 
which have led to different cable ratings. Significant efforts have 
been made to understand the underlying causes behind these 
variations. To overcome the contribution of cable design in burn 
variation, the Corning Reference Cable has been designed which 
can be manufactured with required precision. The proof of the 
repeatability of the test results is recommended in the revised EN 
50399 standard version by using the reference cable. Further, 
variation in the burner feed may change the heat input and the 
flame shape. Thus, an acceptable flame-shape “envelope” has 
been defined and the verification of the burner flame shape has 
been also recommended in the new standard version. However, 
even with these modifications, the FS  at other test facilities is 
lower from the results obtained internally at the Corning lab by 
approximately 0.3 m.  

Continuing our investigation of the burn-test, the air-ventilation 
system was found as another important factor determining the 
cable burn. In a previous study[2], it was shown that minor 
modifications in the air-supply-system can have significant 
impact on cable burn in the following ways:  

a. Introduction of asymmetry in the flow-path leads to
asymmetric burn pattern. This is because the volatile
gases generated from the pyrolysis of the cable are
transported side-ways in the chamber than along the
cable. This leads to inefficient burning of the cable, thus
reduces the FS.

b. The FS can be reduced even while maintaining
symmetry of the setup. The rectangular air-inlet to the
chamber floor was partially blocked in the direction
towards the chamber door. This directed higher air-flow
towards the cable-ladder assembly. This leads to
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quenching of the gas mixture near the cables, which 
reduces the cable burn. 

It could be shown that changes in airflow have a huge impact even 
by keeping a constant mass flow rate (equivalent of 8000 l/min at 
NTP), although such modification do not correspond to the 
“standard” conditions. Based on these findings further 
geometrical modifications of the air flow path were investigated 
that can redirect the air-flow towards to the cable. The 
requirements of the flow path are not distinctly defined in the 
standard.   

2. Underfloor-duct modification 
a. Geometry of modification 

Figure 1 shows two modifications of the underfloor duct where a 
deflector-plate is introduced in the flow-path such that it blocks 
half of the cross-sectional area of the duct at the plenum-box. The 
plate covers the entire width of the duct and therefore the 
modification is geometrically symmetric. Two variations a) 
bottom-blocked and b) top-blocked are shown where the plate 
covers the bottom-half or the top-half of the duct cross-section, at 
the interface to the plenum-box. It is expected that these 
variations produce different air-flow distributions at the outlet of 
the plenum-box where air enters the chamber.   

 

  
Figure 1: Modification of the underfloor duct: a) Bottom-
blocked b)  Top-blocked 

b. Modeling the effect of modifications on air-
flow 

CFD-based modeling is used to study the detailed air-flow in the 
chamber for different underfloor duct configurations. 
Commercial CFD-code ANSYS® Fluent® was used for the 
model. The mass flow rate at the inlet of the underfloor duct is 
assumed constant, determined from 8000 l/min at NTP, per the 
standard. The extraction hood at the top of the chamber is 
assumed to have a flow rate of 1 m3/s, feeding into the extraction 
fan, per the standard. As the chamber geometry and flow 
conditions considered in this study are symmetric across the 
vertical plane at the middle of the chamber, only half of the 
chamber geometry is considered, with symmetry condition 
enforced at the mid-plane. Further, as we are interested in the 
impact of variation in the air-supply system on the air-flow in the 
chamber, air-fuel mixture from the burner and combustion of the 
fuel are ignored for this study. The model geometry and boundary 
conditions are illustrated in Figure 2.  

 

Figure 2: Detailed geometry and associated boundary 
conditions used in CFD modeling. 

Three variations of the model with varying geometry of the 
underfloor duct were considered, as shown in Figure 3. 

 

Figure 3: Geometry of the underfloor duct in the model for a) 
Standard b) Bottom-blocked and c) Top-blocked configurations 

Figure 4a shows the distribution of air-flow at the chamber-inlet 
for the standard configuration, obtained using the model. The flux 
in the portion of the plenum-box closer to the door is higher than 
that in the portion away from the door. This is because the flow 
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Figure 4: Flow distribution at the inlet to the chamber (outlet of 
the plenum-box) obtained using the CFD model for a) Standard 
b) Bottom-blocked and c) Top-blocked configurations 

from the blower in the underfloor duct is directed towards the 
chamber door, as shown in Figure 2. Figures 4b and 4c show the 
flow distributions for the configurations with the deflector-plate 
blocking the bottom and the top half of the underfloor duct, 
respectively. The flow distribution for the bottom-blocked case 
remains similar compared to the standard configuration. 
However, for the top-blocked configuration, the flux from the 
door-side portion of the plenum-box is higher than the standard 
case. Correspondingly, the flux in the portion away from the door 
is lower, than the standard case. 

To further understand the difference in flow behavior for the 
standard and top-blocked configurations, we consider the flow 
streamlines for these cases, viewed from the side of the chamber, 
as shown in Figure 5. Focusing on the region around the plenum-
box, it is observed that for the standard case, the airflow out of 
the plenum-box is directed vertically, along the door. In contrast,  

 

Figure 5: Flow streamlines viewed from the side of the chamber, 
obtained from the model for the standard and the top-blocked 
configurations.  

for the top-blocked configuration, the deflector plate concentrates 
the flow at the base of the plenum-box. Consequently, the flow 
undergoes a U-turn at the plenum-box and is directed towards the 
cable-ladder. Thus, more cold-air is directed towards the cables 
for the top-blocked configuration than the standard configuration. 

c. Cable burn-testing 

 

Figure 6: Cable-burn profile at the end of the burn-test for 
different configurations of the underfloor duct. 

Burn-testing of the reference cable for different configurations of 
the underfloor duct was performed at Corning Technical Center 
Berlin (CTCB). Figure 6 shows the combustion patterns for the 
a) standard b) bottom-blocked and c) top-blocked underfloor 
duct, as indicated by Figures 3a, 3b and 3c, respectively. The FS 
is comparable for the standard and the bottom-blocked ducts at 
nearly 1.74m, whereas it is significantly  reduced to around 1.3m 
for the top-blocked configuration. Moreover, the width of cables 
burnt at any given height is smaller for the top-blocked 
configuration than the standard and the bottom-blocked 
configurations.  
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d. Hypothesis for flame spread reduction for 
top-blocked duct 

As discussed previously in section 3b, CFD modeling showed that 
for the top-blocked configuration, the deflector-plate concentrates 
the airflow from the blower towards the base of the plenum-box. 
This causes the flow to reflect from the plenum-box wall and the 
flow is directed towards the cables. Due to this, there is higher 
quenching of the combustion gases for the top-blocked 
configuration than the standard and bottom-blocked 
configurations. This reduces the heat transferred to the cables and 
the FS for the top-blocked configuration.  

e. Experimental air-flow measurements 

To verify the hypothesis behind reduced FS for the top-blocked 
configuration, it was decided to perform measurements of the air-
flow at different locations in the test-chamber. A hot-wire 
anemometer (Airflow TA440, accuracy 3% of reading) was used 
to measure the flow velocity.   

First, the distribution of air-flow into the chamber at the outlet of 
the plenum-box was measured. Figure 7 shows the flow velocity 
measured at different locations at the plenum-box outlet for a) 
standard, b) bottom-blocked, and c) top-blocked configurations. 
For the standard case, the flow velocity in the portion close to the 
chamber door is higher than in the portion away from the door, as 
predicted from the model in section 3b. There is little impact on 
the flow-distribution for the bottom-blocked configuration when 
compared with the standard case. Finally, for the top-blocked 
configuration, the flow-velocity in the region close to the door is 
higher than for the standard case. These measurements validate 
model predictions discussed in section 3b, as shown in Figure 4. 
Further, the hypothesis discussed in the previous section is 
partially validated. 

After confirming the flow distribution at the plenum-box outlet, 
further measurements were performed inside the chamber. 
Measurements were performed for the standard and top-blocked 
duct configurations, as we expect a significant difference in the 
airflow for these configurations, from modeling and experimental 
burn results. Three points at the vertical symmetry plane in the 
middle of the chamber (as shown in Figure 2) were chosen, their 
position with respect to the chamber floor and door are provided 
in Table 2. 

Table 2: Position of flow measurement points  

 

 

Figure 7: Distribution of air-flow velocity experimentally 
measured at the outlet of the plenum-box for different 
configurations of the underfloor duct. 

 

Figure 8: Measurement of flow velocity in the chamber based on 
modeling results at selected measurement points:  1) near  
chamber door at height 300mm 2) above the chamber floor at 
height 150mm 3) near the ladder front at height 600mm (height 
of the burner) 
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The single-hot-wire probe records the velocity component in a 
plane perpendicular to the wire. If the flow direction is known, 
the anemometer can only be used to determine the amount of a 
one-dimensional flow. The anemometer is aligned according to 
the calculated absolute airflow streamlines (see Figure 5). 
Therefore, the anemometer is positioned in the flow field at the 
selected measuring points as follows: point 1) probe facing the 
chamber floor, 2) probe parallel to the chamber floor facing the 
door, 3) probe facing the chamber floor. The value of air-flow 
velocity so measured are shown in Table 3. 

From the standard to the top-blocked configuration, the flow 
velocity near the chamber door (point 1) drops remarkably to 
approx. 0.4m/s from 1.34m/s. Conversely the velocity increases 
inside the chamber at points 2 and 3, from 0.15m/s to 0.24m/s, 
and from 0.18m/s to 0.25m/s, respectively. These measurements 
confirm our hypothesis that for the top-blocked duct, air-flow 
from the blower takes a U-turn in the plenum-box and is directed 
towards the cables, as predicted by the modelling. 

Table 3: Measured air-flow velocity in chamber for standard 
and top-blocked configurations of underfloor duct 

 

It is to be mentioned that the flow measurements are qualitative 
and further studies are required to characterize the chamber air-
flow distribution and the resulting flow velocities more precisely. 
However, the experiments also confirm the impact of the air-
supply configuration on the FS (Figure 6), as previous 
investigations [2] have shown. 

3. Conclusion 
The results show that the airflow can impact the burn results 
according to EN 50399 causing significant FS variations. The 
airflow in the chamber was shifted by modifying the geometry of 
the underfloor duct underneath the chamber. This intentional duct 
modification has greatly reduced the FS measured on the 
reference cable. However, this duct modification is not in 
agreement with the standard EN 50399 and was chosen only to 
demonstrate its impact. It should be mentioned that such 
modification is not relevant in practice. Nevertheless, differences 
in airflow between chambers cannot be ruled out as a probable 
cause behind FS variations. Experience with airflow 
measurements above the plenum box shows that changes in the 
flow distribution can be detected under different air supply 
conditions.  

The EN 50399 standard could be improved in order to 
characterize the flow distribution in chambers. 
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Abstract 
SPE, or Single Pair Ethernet is the buzzword in our industry. 
Everybody is talking about SPE but has his own interpretation about 
what it is. 
Starting with Automotive, where SPE is originally coming from, it 
is seen as a technology to reduce space and weight for the in-car 
communication system, sensors and actors for autonomous driving. 
To make this happen speeds above 10 Gbit/s are being developed, 
reaching around 10 m. 
In the industrial area SPE is often understood as cabling for harsh 
environments, more flexible e.g., for robots. Space saving cables 
consisting of one pair only are smaller than 4 pair cables and 
therefore an important parameter, when a machine designer needs to 
decide if he must go from 2 pairs to 4 pairs or to 1 pair only. 
Even if people are talking about link lengths up to 1000 m, no one is 
discussing about the cabling structure, which is a key point to 
define. This paper will give ideas on how an efficient cabling 
structure can be realized and single pair cabling easy deployed. 
To understand the profit to do so, it requires having a look into 
today’s cabling in a building, representative for other areas. If we 
connect all the IoT devices to the cabling network, the number of 
outlets must be estimated for a successful implementation. 
Only if such a procedure is based on standards which assure that 
users, operators, commercial tenants and owners understand the 
benefits, it can be planned and applied profitable for all involved. 
To run single pair applications over a 4-pair cabling systems certain 
boundary conditions must be fulfilled that we can be sure that it will 
work finally. 
In the second part of the document different solutions are analyzed 
by a comparison based on today’s prices, estimated installation time 
and the port density. An example on how single pair cabling in a 4 
pair cabling system can look like is shown by introducing the 
IEC 63171-4 connector system, a recently publish single pair 
standard fitting well, beside others, for cable sharing. 

Keywords: Single pair ethernet; SPE; cabling structure; cabling 
efficiency; PSE; Power source equipment; PD; Powered device; 
Power over Ethernet; PoE; Power over the Data Line; PoDL; 
Traditional vs. future buildings, IEEE; ISO/IEC; IEC; WAP; SO; 
Service outlets; SCP; Service concentration point; parameter 
comparison; cable heating; cost comparison; port density; flexibility 

1. Introduction 
The term 'Single Pair Ethernet' is on everyone's lips, but every 
person means something different, like the buzzwords 'IoT' for 
'Internet of Things' and 'Smart' for any intelligence in devices or 
buildings. 

Originally, the idea for Single Pair Ethernet came from Broadcom 
for the automotive industry and is now spreading throughout the 
industrial sector. The way into the building will be the next step. 

 
Figure 1. Today’s buildings: a bunch of silos 1 

 
Figure 2. Future buildings with one unified network 2 

 
 
1 AEM 
2 AEM 
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In the cabling industry, when it comes to Single Pair Ethernet, there 
is a lot of discussion about connectors and cables but little about the 
cabling structures and how it can be connected to the existing 
Ethernet cabling. This paper will discuss about cabling structures 
and promote one solution. 

Chapter 6 will discuss the price and port density benefits of single 
pair ethernet. Chapter 7 highlights the flexibility of multipole 
connectors, able to bundle up to 4 independent single pair channels 
into one cable. With this approach, cabling can be deployed as 
described in chapter 5. 

With this preset of an installed flexible cabling system the end user 
can use plenty of applications and easily switch from one to another 
by simply changing the patchcords at both ends. 

2. The intelligent building 
The intelligent building is an excellent example to explain what will 
change during the next few years in building services. However, 
similar processes can be seen in the industrial sector. 

Today we have a bunch of silos, running independently but are not 
able to exchange information between each other. During the last 
years, each silo achieved excellence: better aps, more options but 
less compatibility, more complexity to manage all of them. 

A silo can be a data network, a voice network, power management, 
video surveillance, life safety, meeting room technology, lighting 
control and environmental to name only a few of them, there are 
even more. 

Each network has today its own individual management, 
information is not transparently available for all systems and a 
specialist for each of them is required. 

It is incredibly expensive to manage and maintain such a structure. 
Vital information might be lost because of the barriers in between 

the silos. In short term, specific hardware, able to connect all these 
services will be used to fill the gap of today’s situation. However, 
with single pair ethernet a much better solution is available, building 
a unique network and connecting all devices to provide them the 
capability to improve the building. This makes it truly intelligent, 
serving the inhabitants, the building service team, and the owners. 

If we examine one floor of a building, it might look like figure 3. 
Will a future building of 2400 m2 have approximately 750 devices, 
sensors, and actuators? That sounds like a lot.  

However, it is far from any estimation, at least 2 times more devices 
must be expected on the same area. How is it possible to connect all 
these smart devices to a unified network? 

Traditional 4-pair cabling gets to its limit as many cables and 
pathways will be needed to connect all devices. Single pair ethernet 
can serve most of them. LED lights, phones and client monitors, 
displays, occupancy sensors, shade controls, security cameras and 
access control devices can be run over single pair ethernet, as the 
required data rate is not such high that really 4-pairs are needed but 
as for today, no alternative exists. 

Another issue is the power which is limited due to cable heating 
effects resulted by voltage drop, resistance and the current in the 
wires. Only Wireless Access Points (WAPs) need higher data rates 
beyond Gbit/s and require more than 20 W of power delivered. This 
connection will remain on well-know 4-pair cabling systems. 

3. The standards 
3.1 IEEE applications 
IEEE applications are protocols according to which the 
communication of the devices is set up, including the negotiation of 
the communication speed and the power that must be made 
available by the power source equipment (PSE) to the powered 
device (PD) at the other end of the link. 
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Figure 3. A massive underestimation of future buildings 3 
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To date, there are several applications for the automotive sector 
available, which ranges from 15 m to 40 m and allows data rates of 
10Mbit/s to 10 Gbit/s. Higher data rates are currently being 
developed. 

For industry, there is only one existing application, IEEE 802.3cg 
10BASE-T1L, i.e., 10 Mbit/s over 1000 m with the possibility of 
also transmitting power to end devices, ranging from 1.2 W to 
52 W. 

It is important to understand that these limitations are never 
applicable simultaneously, but only under certain conditions which 
are mutually exclusive. 

The following physical principles apply: 

• The longer the cabling length is, the lower the data 
transmission rate for the same wire diameter. 

• The shorter the cabling length is, the higher the 
transmittable power on the same wire diameter 
(Attention: cable heating by bundling!). 

• The larger the wire diameter is, the longer the cabling 
distance for the same data rate and transmittable power. 

The latest project from IEEE is IEEE P802.3dg and will revolve 
around the question of how 100 Mbit/s can be transmitted over 
500 m. This will be called 100BASE-T1L because a short version 
of 15 m, 100BASE-T1S, already exists. One speaks of a wire 
diameter of AWG 16; simulations have also shown that lengths of 
up to 590 m are possible with a wire diameter of AWG 18. 

 
Figure 4. Modeling of 100BASE-T1L with AWG 18 wires, 

PAM 4, and an upper frequency of 60 MHz 4 
Applications for the simultaneous development of 1000BASE-T1L 
over 100m have been put on hold by the task group, as a parallel 
development with 100BASE-T1L might result in a delay. It can be 
expected that this project will follow in 2 to 3 years. 

 
 
4 Schicketanz D., Fischer P. (2021, September 29), ‘Technical 

feasibility study: Supported reach of 100 Mbit/s and 
1000 Mbit/s’, IEEE 802.3 Greater than 10 Mb/s Long-Reach 
Single Pair Ethernet Study Group Public Area 
https://www.ieee802.org/3/GT10MSPE/public/schicketanz_fisc
her_3GT10M_01_09292021.pdf 

3.2 Cabling standards 
There are two important standardization committees that develop 
cabling standards. These are TIA TR 42.7 and ISO/IEC 
JTC 1/SC 25/WG 3. Both committees work independently, but they 
also exchange information and there are experts working for both 
standardization bodies. During February 2022, TIA has already 
published a first standard for SPE cabling, ANSI/TIA 568-5, in 
which there is one channel for 1000 m (AWG 18) and one channel 
for 400 m (AWG 23). ISO/IEC JTC 1/SC 25/WG 3 is still in CD 
stage (Committee Draft) for a new amendment for ISO/IEC 11801-
1. In addition to the channels of TIA, called T1-A-1000 and T1-A-
400, this standard also includes channels over 250 m and 100 m for 
a 10 Mbit/s transmission, which are called T1-A-250 and T1-A-100. 
Two channels for higher data rates, T1-B up to 600 MHz and T1-C 
up to 1250 MHz are also specified. 

The structure is debated in the cabling committees. On the one 
hand, multidrop systems are being discussed, i.e., the looping of 
different devices, but also how SPE cabling can be realized in an 
efficient structure. The use of 4-pair cabling for 1-pair applications 
is elaborated in the document ISO/IEC TR 11801-9911 Guidelines 
for the use of balanced single pair implementations within a 
balanced 4-pair cabling system, which is currently a working draft. 

3.3 Cable and connector standards 
Cable standards for T1-A, T1-B and T1-C channels are currently 
being developed in the cable committee. These should be available 
in 1 to 2 years. The cables meet the requirements of the 
corresponding systems, but it is a challenge to follow the ever-
changing system requirements. They will be available under the 
sectional specifications of IEC 61156, -11 to -14. 

For the connectors, it was decided to standardize different connector 
interfaces, but according to the same base requirement in IEC 63171 
Shielded or unshielded free and fixed connectors for balanced 
single-pair data transmission with current carrying capacity – 
General requirements and tests. This corresponds to the 
requirements of the systems, i.e., for category A, B and C. 

In 2017, there were only 1-pair connectors in the IEC 63171 series, 
but this has changed recently. Combined connectors such as 
IEC 63171-6 and IEC 63171-7 and multipole connectors such as 
IEC 63171-4 are now available. Combined connectors transmit data 
and Power over Data Line (PoDL) as well as higher power portions 
up to 10 kW AC and DC, while multipole connectors are suitable 
for parallel operation and efficient cabling. 

4. Structured Cabling for Distributed 
Building Services 

 
Figure 5. Type A cabling 5 

 
 
5 ISO/IEC 11801-6 
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In ISO/IEC 11801-1 AMD1 the requirements are currently being 
defined., In ISO/IEC 11801-6 AMD1 the structure of the cabling is 
under discussion. A distinction is being made between two cabling 
types: type A cabling representing a star topology and new type B 
cabling from the floor distributor via a service concentration point 
(SCP) and application specific cabling to the terminal equipment 
(TE). The connection up to the SCP is defined as 4-pair cabling or 
optical fiber. 

 
Figure 6. Type B cabling 6 

If optical fiber is used, media conversion must take place at the 
SCP; in the case of 4-pair cabling, a passive network conversion 
interface at the SCP is also possible. 

The type B cabling brings new opportunities for cabling structures. 
As it is clearly restricted to a star topology under type A, for type B 
after the SCP a tree and branch, a bus, a loop and a star topology is 
possible. 

 
Figure 7. Accommodation of TEs 7 

5. Balanced single-pair implementations 
withing a balanced 4-pair cabling system 

 
Figure 8. Cabling structure as proposed in  

WD ISO/IEC TR 11801-9911 8 
In the Working Draft WD ISO/IEC TR 11801-9911 the idea is 
further developed, the cabling model further refined and adjusted to 
the case of running single pair applications over a 4-pair cabling 
infrastructure. It points out, which requirements must be considered 

 
 
6 ISO/IEC 11801-6 
7 ISO/IEC 11801-6 
8 WD ISO/IEC TR 11801-9911 

and if existing cabling classes are fulfilling the requirements by 
design according to the new SPE classes or qualification and/or 
mitigation is needed. 

5.1 How many SCPs are needed and where to 
place them? 
The SCP shall be at a location which is easy to access and still close 
to end devices. The standard proposes a certain area per covered 
SCP. However, another grid might be more appropriate. 

Often a similar structure is already planned or existing as for 
Wireless Access Points (WAPs). A coverage area grid is needed for 
a good signal quality. The SCP should be placed close to the center 
of each cell according to the coverage area planning. This makes the 
access and service at the devices easier. 

The number of SOs depends on the area in which they are installed. 
The highest number of SOs is proposed for office spaces with a 
total of more than 10 SOs per SCP. For the other areas, industrial 
spaces, homes, and computer rooms between 5.1 and 6.7 SOs per 
CP are proposed. Detail information about the expected services per 
SCP is given in table 1. 

 
Figure 9. Wireless application coverage area grid 9 

As these numbers are just estimates, the final number is specific and 
might differ also between SOs. Another crucial point is that the area 
which is covered by a WAP is much larger than the proposed 9 m2 
or 16 m2 to be served per SCP. Whereas a WAP is covering more 
than 450 m2 a factor of 28 to 50 must be applied. This will cover 
actual and future needs as a network must serve for 15- 20 years. 

To remain flexible is very important and means having enough links 
preinstalled to cover future needs. Later installation is always much 
more expensive, and devices might be connected via wireless 
networks. The below table gives hints which services should be 
expected depending on the space. 

The numbers of services per SCP can be multiplied by the actual 
SCP grid dimension to estimate the number of outlets needed. 
Finally, this can be scaled to any area as explained in chapter 2, 

 
 
9 ISO/IEC 11801-6 
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where more than 1500 service outlets are recommended to serve the 
area of close to 2400 m2. 

Table 1. Estimated SOs per SCP 10 

Service 
Estimated SO’s per SCP 

Office 
spaces 

Industrial 
spaces Homes Computer 

rooms 

Access control 1 0.5 0.25 1 

Burglar alarms 0.5 0.1 1 0.25 

Asset management 0.25 0.25 0 0.25 

Audio-visual 1 0.25 1 0.1 

Building information 1 0.1 0.1 0.1 

Building well-being 1 1 0 1 

Energy management 1 1 1 1 

Environmental control 1 1 1 2 

Fixed IT services a 2 1 0 1 

Personal well-being 0.5 0.5 0.5 0.5 

Shared IT services 1 0.5 0.25 0.5 

Total 10.25 6.2 5.1 6.7 
a Provision for fixed IT services not required in overlay 
implementation. 

 
Table 2. Recommended SCP grid dimensions 11 

Deploy-
ment 

Area served per SCP 

Office 
spaces 

Industrial 
spaces Homes Computer 

rooms 

Stand-
alone 

16 m2; (4m 
× 4m grid) 

16 m2; (4m 
× 4m grid) 

9 m2; (3m 
× 3m grid) 

NA 

Overlay 16 m2; (4m 
× 4m grid) 

16 m2; (4m 
× 4m grid) 

9 m2; (3m 
× 3m grid) 

16 m2; (4m 
× 4m grid) 

 
Table 3. Number of outlets per wireless application 

coverage area of 450 m2 
Deploy-
ment 

Number of outlets per wireless application coverage area 

Office 
spaces 

Industrial 
spaces Homes Computer 

rooms 

Stand-
alone 

290 175 256 NA 

Overlay 290 175 256 189 

 
When the recommended grid dimension is scaled up to wireless 
application coverage area of 450 m2, the above numbers result as 

 
 
10 ISO/IEC 11801-6 
11 ISO/IEC 11801-6 

given in table 3. It is obvious, such a cabling infrastructure cannot 
be built on traditional 4-pair cabling, a much more efficient 
cabling must be used for such services which are not demanding a 
lot of data and power. This can be ideally managed by single pair 
ethernet. 

5.2 Parameters to consider for cable sharing 
The parameters under study are beside others: Return Loss, 
Insertion Loss, Coupling Attenuation, Power Sum Alien Near End 
Crosstalk (PS ANEXT), Power Sum Alien Attenuation to Crosstalk 
Ratio Far End (PS AACR-F), DC loop resistance and DC loop 
resistance unbalance, current carrying capacity, delay, and 
unbalance attenuation. 

The current carrying capacity and related topics are analyzed in a 
simpler form by splitting current requirements. As example some 
parameters are discussed and compared between requirements of 4-
pair channels in ISO/IEC 11801-1 and single pair channels in the 
new amendment 1 (AMD1). From an application point of view only 
10BASE-T1L can be considered, as the project IEEE P802.3dg for 
100Mbit/s has been just started. No requirements have been defined 
yet. 

5.3 Return Loss (RL) 
For single pair ethernet, return loss is the only parameter which can 
be compensated by the electronics at both ends, like it was done for 
earlier application standards, e.g., 1000BASE-T, 10GBASE-T, and 
others. 

To better understand the behavior over the frequency range both, 
linear and logarithmic scales are helpful. The linear scale is better 
for the higher frequency range, logarithmic scale better for the 
lower frequency range. First, the application specification for the 
link of IEEE must be fulfilled. This specification was taken over 
with only marginal changes by ISO/IEC SC 25/WG 3 by adding 
additional margin. 

The comparison below shows that all existing 4-pair cabling classes 
are fulfilling the requirements of 10BASE-T1L or T1-A with a huge 
margin. However, they are not covering the frequency range from 
1 MHz down to 100 kHz. With such a margin it is very unlikely to 
fail the requirements below 1 MHz. 

 
Figure 10a. RL comparison: linear frequency scale 12 

For T1-B and T1-C the current 4-pair cabling classes are below 
the single pair requirements above 70 MHz. In case of cable 
sharing this is not an issue. The cabling structure defines to use a 

 
 
12 WD ISO/IEC TR 11801-9911 
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2-connector link only instead of a 3-connector link as for the 
shown 4-pair cabling specification. Therefore, better performance 
can be expected. However, qualification is always required. 

 
Figure 10b. RL comparison: logarithmic frequency scale 

13 
For qualifying a Class EA cabling system for T1-B or a Class FA 
cabling system for T1-C the qualification and mitigation procedures 
described in ISO/IEC TR 11801-9905 can be used. 

5.4 Insertion Loss (IL) 
The insertion loss is the essential parameter for signal transmission 
to the receiver as it describes, which signal portion can be expected 
at the other end of the channel. As there are 2 requirements for 
IEEE 802.3cg, one for 2.4 V peak to peak (p-p) and another for 1 V 
p-p, also in ISO/IEC 11801-1 AMD1 two requirements exist. 
Additionally, the wire diameter was reduced from AWG18 to 
AWG23 and therefore reaching instead of 590 m, 400 m only. 

 
Figure 11a. IL comparison: linear frequency scale 14 

If we compare the requirements of IEEE 802.3cg for the 590 m link 
with the T1-A-400 channel we find that the T1-A-400 channel is 
always below the 590 m link requirement. 

The T1-B and T1-C channels are passing these requirements with 
huge margins as they are only 100 m long with the same insertion 
loss parameters as the T1-A-400 channel. 

 
 
13 WD ISO/IEC TR 11801-9911 
14 WD ISO/IEC TR 11801-9911 

 
Figure 11b. IL comparison at low frequencies in 

logarithmic scale 15 
5.5 DC loop resistance 
The current values in the documents are still under discussion and 
might change in the future. For the DC loop resistance, the cable is 
the main contributor in a channel. For Category 6A and 7 the 
maximum requirements are 7.5 Ohm per wire, for Category 7A 
6.8 Ohm, which leads to a DC loop resistance of 15 Ohm and 
13.6 Ohm, respectively. For Category 6A and Category 7 
qualification is needed to verify that the T1-B requirements are met. 
As mitigation length reduction of a few meters must be considered. 
For Category 7A no length reduction must be applied, as the 
requirement of 14.9 Ohm is always met. 

5.6 DC loop resistance unbalance 
The DC loop resistance unbalance is not required by the application. 
For unscreened systems it would mean, that an additional wire 
would be needed to measure it. For screened systems this can be 
done via the screen. 

Even if this parameter is useful for components like connectors and 
cables alone, it does not make much sense on channels up to 
1000 m. 

5.7 Current carrying capacity 

 
Figure 12. Temperature Rise of S/FTP Cable 1x2xAWG 

23/1 according to IEC 61156-13 16 
 

 
15 WD ISO/IEC TR 11801-9911 
16 Engels Y., Fischer P. (2022, March 30), ‘Expert contribution on 

Single Pair Cable Heating (ISO/IEC TS 29125)’, IEEE 802.3 
Power Delivery Coordinating Committee (PDCC) Ad Hoc 
https://www.ieee802.org/3/ad_hoc/PDCC/public/Expert%20con
tribution%20TS%2029125%20Heating%20Single%20Pair%20
Cable_%20Engels_final.pdf 
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There are many of discussion on this matter, it is the main topic 
between the working groups IEEE 802.3 and ISO/IEC 
JTC 1/SC 25/WG 3. 

Currently two diameters are defined as shown under 4.4. Different 
diameters lead automatically to different current carrying 
capacities, this we all know from power networks. Due to 
electrical resistance in the cable, it gets heated up. This depends 
on the wire diameter, the current and the environment. 

The heating curves are given above. The orange curve represents 
a closed conduit which must be considered as the worst case. 

The temperature rises with a current of 2 A is close to 12°C and 
therefore above the 10°C maximum limit defined in cabling 
standards. That means that zero pairs of AWG23 wires can be used 
to transmit such high currents. It is working only with AWG18 
wires as given in the referenced presentation. 

To follow the generic approach, the current range must be split into 
two levels to address both market segments of low and high-power 
sensors/ actuators and devices. As cables heat up too much by 
running the maximum current this physical behavior must be 
respected, else the single pair market cannot be supported. 

On the other hand, it is economically not making sense to use thick 
wires for sensors which consume a current of a few mA. In such a 
case, wireless solutions, based on batteries as energy sources, would 
be preferred over heavy thick and bulky cables. 

5.8 Coupling attenuation 
Coupling attenuation is applicable only for screened systems. For 4-
pair cabling classes 2 tables for coupling attenuation exist in 
ISO/IEC 11801-1. The first one is the minimum requirement, the 
second one a requirement to fulfill Alien crosstalk by design. By 
fulfilling the second table Alien crosstalk has not to be considered. 

A typical channel is tested for coupling attenuation in a lab. In case 
of passing the more stringent requirements, it is considered as met 
by design. 

5.9 Alien Crosstalk (PS ANEXT, PS AACR-F) 

 
Figure 13a. Comparison of PS NEXT of 4-pair and PS 

ANEXT of single pair classes in linear frequency scale 17 
In single pair, near end crosstalk (NEXT) and far end crosstalk 
(FEXT), which would allow to be compensated as in 4-pair 
applications, does not exist. All crosstalk is therefore Alien 

 
 
17 WD ISO/IEC TR 11801-9911 

crosstalk. As given above under 4.6. Get out clauses exist but need 
to be qualified. 

The comparison shows that Class EA cabling is passing the single 
pair requirements of class T1-A under the condition that there are 
no additional noise sources beside the internal crosstalk in a 4-pair 
channel. In case of unscreened cabling the margin for PS ANXEXT 
gets marginal as a penalty of 6.5 dB must be deducted; however, 
PS AACR-F will fail. 

Class F and FA are passing the single pair class requirements for T1-
B. Class FA is not passing the requirements of Class T1-C, even not 
with the 3 dB extra margin related to a reduced number of 
disturbers (3-around-1 vs. 6-around-1). 

Usually, we find in channels margins of 6 dB to 15 dB compared to 
the Class FA requirements and therefore even these tight 
requirements are well achievable but will require qualification. In 
most cases of pair screened cabling systems such an evaluation will 
not be needed because alien crosstalk testing is optional for 
screened cabling with coupling attenuation testing. 

 
Figure 13b. Comparison of PS NEXT of 4-pair and PS 
ANEXT of single pair classes in logarithmic frequency 

scale 18 
The less screened a cabling system is the higher is the probability 
that at least a qualification is needed. 

 
Figure 14a. Comparison of PS ACR-F and PS AACR-F in 

linear frequency scale 19 
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Figure 14b. Comparison of PS ACR-F and PS AACR-F in 

logarithmic frequency scale 20 
5.10 Delay 
The requirements for 10BASE-T1-L are only critical for extended 
lengths on 1000 m channels, which would apply if larger diameter 
of wires would be used, e.g., AWG14, to achieve extra length. For 
other cabling classes this will not be a parameter of concern. 

5.11 Unbalance attenuation 
The unbalance requirements apply only for unscreened cabling 
systems. As the single pair requirements are tighter, the cabling 
must be qualified. 

6. Comparison between different variants 
6.1 Material expenses and installation time 
With the above approach of cable sharing, there is not only an 
advantage in flexibility, but also the cost side clearly speaks for this 
solution and this in material costs, but also on the side of the 
expenses for the installation. For this evaluation 3 different setups 
are used to show how costs add up in material and for working time. 
In each case we want to connect four low data rate ethernet devices 
with low power demand, e.g., IoT devices, over a cabling system as 
efficient as possible. 

First, a traditional installation of 4 units via 8-wire cabling with 
RJ45 is examined. The material cost was evaluated by 4*45m of 
cables, outlets, patchcords and partially the panel. Installation time 
was evaluated by installation, connector assembly and mounting of 
the outlets and the panel. 

 
Figure 15. Traditional 4-pair cabling installation 

Table 4. Cost overview for traditional cabling 
Material cost CHF 308 21 

Total 
installation time 

56 min (4x10 min for installation / 8x1 min for 
connector assembly / 4x2 min mounting) 

 
 
20 WD ISO/IEC TR 11801-9911 
21 BKS Kabel-Service AG; Conversion rate between US$, Euro € 

and Swiss Franc CHF is remarkably close to a 1:1. 

Even though the individual connection appears here with lower 
costs, the multiplication with the 4 connections result in a clearly 
higher price for the complete installation. In addition, it follows that 
the amount of work for the creation is also correspondingly high. 

Secondly, we analyze the below SPE proposal, which now consists 
of only one 4-pair cable with one connector at each end and the 
corresponding 1-pair patch cables. This is the case for cabling 
systems by allowing cable sharing as describe in chapter 5. 

Not only the material costs are lower, but also the workload is 
clearly lower than with the previous RJ45 variant. 

 
Figure 16. Multipole connector, e.g., IEC 63171-4 

Table 5. Cost overview for multipole cabling 
Material cost CHF 201 22 

Total 
installation time 

20 min (1x10 min for installation / 2x3 min for 
connector assembly / 2x2 min mounting) 

As a third possibility, we consider an installation with an alternative 
SPE installation. Here we assume that 2 applications can be 
transmitted on a 4-pair cable, i.e., two connections must be built. 

 
Figure 13. SPE competition 

For 10BASE-T1L still 4 independent applications can be 
transmitted over an overall screened cabling system. If we look 
ahead to 100BASE-T1L, this number will be smaller. To have 2 
channels per 4-pair cable is an optimistic estimation. 

The material costs as well as the working time for the installation 
are between the variants listed above based. 

Table 6. Cost overview for competitive proposal 
Material cost CHF 248 23 

Total 
installation time 

28 min (2x10 min for installation / 4x1 min for 
connector assembly / 2x2 min mounting) 

 

6.2 Port density 
On the switch side, port density is always an argument for enabling 
even more connections in a cabinet. In the case of SPE, this also 
applies, but changes over the channel to the end device. Port density 
is especially important for the active devices and for the service 
concentration point. In the case of terminal equipment’s, the port 
size plays the smallest role. The electronics (MAC and PHY and a 
decoupling network for the power supply depending on the current) 
are still using more space than the connector itself. 

 
 
22 BKS Kabel-Service AG; Conversion rate between US$, Euro € 

and Swiss Franc CHF is remarkably close to a 1:1. 
23 BKS Kabel-Service AG; Conversion rate between US$, Euro € 

and Swiss Franc CHF is remarkably close to a 1:1. 
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Figure 14. Comparison of port densities 24 

If we compare the various proposals for SPE plugs with each other 
and with RJ45 as the known standard port size, we arrive at the 
following number of connection ports per unit. 

The mating interfaces proposed by the standardization organizations 
(IEC 63171-1 and IEC 63171-6) offer only a slightly higher port 
density compared to the current 4-pair cabling. The alternative 
connector proposals offer a much better port density. The variant 
IEC 63171-4 stands out, since a doubling of the port density is 
possible compared to the next ranking variant IEC 63171-2, i.e., a 
tripling is achieved compared to the proposals from the 
standardization committees and four times the current standard port 
size. 

Table 7. Port density of different connectors 
Connector type Number of ports 

RJ 45 (as standard port size) 5 

IEC 63171-6 6 

IEC 63171-1 7 

IEC 63171-2 10 

IEC 63171-4 20 

7. Generic cabling: more flexible than 
ever before 
Up to date, applications for 2 pairs (10BASE-T and 100BASE-TX) 
and 4 pairs (1000BASE-T, 2.5G/ 5G/ 10G and 40GBASE-T) are 
available. As more single pair applications are introduced, the 
flexibility of generic cabling unfolds its real potential. 

This decision about which application will be used might change 
several times over the lifetime of the cabling and adopted to the 
current needs. WD ISO/IEC TR 11801-9911 shows which 
requirements must be fulfilled for classes EA to FA and which 
parameters must be assessed accordingly. 

In IEC 11801-6, the concept of 'digital ceiling' was introduced, in 
which network connections are arranged in zones on the ceiling. 
This was done to achieve optimal coverage for WAPs (Wireless 
Access Points, see 4.1). The same structure can be used for other 
devices and applications in industrial and building automation. 

7.1 A mating interface for (almost) everything 
When studying WD ISO/IEC TR 11801-9911, it becomes clear that 
parallel channels only work if they are electromagnetically 
separated from each other as much as possible, i.e., crosstalk 
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between the pairs is minimized. This is only the case with 
continuous pair-shielded cabling with the highest shielding class A. 
Thus, is only fulfilled by components that correspond to categories 
7, 7A or 8.2. This is a minimum requirement, but depending on the 
cabling class, not yet sufficient. 

If it is now possible to easy access the separated pairs in a 4-pair 
mating interface, it is possible to operate 'cable sharing' as desired, 
plug and play, independent of the applications on the other pairs. 
These possibilities open a wide field for creating generic cabling, 
which can then be used individually and independently for any 
signal transmission purpose. 

 
Figure 15. Multi-Media Connector MMC 25 

This has been considered in the Multi-Media Connector (MMC) 
since its development in 1994 and has been in use on the market 
since 1996. The expansion into the area of SPE is in full swing and 
the first standard ever for this mating interface is available as 
IEC 63171-4. This is the only connector standard that reaches the 
highest connector category C rating as a benchmark and is thus the 
only one that fulfils class T1-C today and is therefore future-proof. 
In addition to 100BASE-T1L, this connector will also be able to 
fulfil the future 1000BASE-T1L over 100m. 

To comply with the corresponding PoDL classes, the contacts are 
shaped in such a way that the spark area during unmating is far 
away from the contact point of the data and power transmission in 
the mated position. This minimizes contact erosion and optimizes 
proper function. It follows that the number of mating cycles under 
load is remarkably high, even if this is not the primary aim of the 
connector, that it is constantly unmated under load. 

8. Application 
The structure presented above can be used in all environments, in 
the office, in the industry, in homes and as distributed building 
services, e.g., IoT, IIoT or Industry 4.0. 

In certain cases, additional protective measures must be taken so 
that, for example, all advantages can also be used in a wet or 
chemical environment, but this usually only affects the last plug that 
is inserted into the end device. But even this plug does not always 
have to meet increased IP requirements or protection against 
chemical substances, since it is already installed with the electronics 
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in a separate protected housing and thus an additional protection for 
the connector is no longer necessary in such a severity. 

9. Conclusion 
The topic 'Single Pair Ethernet' has only just begun and is far from 
being at its end, there will still be more developments, 
improvements, and extensions. With the currently available 
application in buildings and for industry of 10Mbit/s and the 
application currently being developed for 100Mbit/s, networks must 
already be planned and built today in a future-proof manner, since 
networks have a life cycle of about 15 to 20 years. 

In the area of conflict between construction costs and investment 
protection, future-proof generic cabling is imperative. With the 
concept of digital ceiling, all options are already available today to 
easily make expansions. Changes in the future are foreseeable, as 
more devices must be connected to the data network. This is already 
strongly pushed on the market today, talking about IoT for building 
automation and IIoT for industrial automation or Industry 4.0. 

Choosing a future-proof cabling system that does not put any 
obstacles in the way of expansions and adaptations, choose the 
IEC 63171-4 connector. 
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Abstract 
Because shrinkback of the cable jacket has a significant impact on 
the cable performance it is crucial to measure and control such 
behaviour. The standard describing sheath shrinkage measurement 
method for FRNC cables [1] requires usage of a convection oven. 
However, there are new testing method proposals [2] that include 
negative temperatures, as the whole FRNC cables are required to 
pass the negative temperature cycles as well [3].  
The authors proposed a new approach to shrinkback measurement 
and standard validation by means of the TMA equipment. With all 
three methods investigated, it was aimed to examine if there are 
differences in the results between the methods and what is a reason 
behind those differences.  
The samples chosen for testing were the simplex, duplex and 
zipcord cables with different FR filler – ATH and MDH and 
different polymer base - PE/EVA and polyester. 
The results revealed that the higher temperature is responsible for 
higher shrinkback, while the inclusion of negative temperature 
does not seem to have such an effect on the shrinkback of 
material. Some differences in shrinkback correlating to cable base 
polymer and tightness of design were observed as well. The 
results showed the high significance of first heating and annealing 
cycle in comparison to further thermal cycles.  

Keywords: shrinkage; shrinkback; TMA; aging; temperature 
cycling; indoor optical cable; CTE. 

1. Introduction 
1.1 Cable Material Shrinkback Theory 
Polymer morphology which (together with chemical structure) is 
responsible for shrinkback behavior, depends strongly on 
processing parameters. 
When polymer is processed in the extruder – the screw mixes the 
pellets, heating them up by shear forces and external heat applied. 
The polymers melt and then are extruded unidirectionally, which 
causes polymer chains orientation and elongation. When the 
extruded material is cooled in the water, the chains are 
immobilized, and molecular orientation is “frozen” to much 
extent. Intensity of that orientation depends on the shear rate, the 
drawn down ratio, the cooling rate (e.g., water temperature and 
time) there could be a difference in shrinkback of the polymer, 
even if the chemistry of the material is kept the same.  
If such extruded samples are exposed to elevated temperature the 
polymer chains gain energy that allows them to move into their 
“natural” positions – thus shortening the sample, as they are not 
extended, but rather bundled. This may take place during product 
transportation, storage or working conditions. Moreover, when the 
cable sheath is shrinking there is a compressive force working on 
the optical fiber inside – too high of the force may cause 

attenuation issues, that is why the shrinkback for optical fiber 
cables is so crucial to characterize. 
There are many factors that are connected with polymer 
shrinkback effect, such as thermal expansion and contraction, 
molecular motion and polymer chain conformation and 
orientation. Some of them seem to be very similar, but the 
difference between them is crucial in understanding the materials’ 
behavior in temperature cycling conditions: 

• Sample length change – total dimension change of the 
sample caused by CTE and shrinkback 

• CTE – coefficient of thermal expansion (material 
expands in elevated and contracts in negative 
temperatures); it is a reversible effect 

• Shrinkback – shortening of the material due to the effect 
of polymer chains rearrangement enabled by elevated 
temperature; it is an irreversible effect. Reduction of 
length in one direction is accompanied with increase of 
size in others. 

Relation between those phenomena during temperature cycling is 
schematically presented on Figure 1. During first heating, thermal 
expansion is happening along shrinkback. Direction of the sample 
length change depends on relative intensity of those phenomena. 
On Figure 1 thermal expansion is depicted as stronger than 
shrinkback, so the overall length reduction is only observed when 
temperature goes back to initial one. As shrinkback is temperature 
and time dependent phenomena, relative intensity of thermal 
expansion and shrinkback depends on annealing time too. In 
period of temperature decreasing below initial one, length 
reduction is a sum of thermal contraction and shrinkback 
happened during heating and annealing. During next periods of 
heating, shrinkback can progress if it did not achieve its maximum 
(did not deplete), while the thermal expansion and contraction 
follows the changes of temperature. 

 
 Figure 1. Schematic representation of sample length 

change caused by CTE and shrinkback during 
temperature cycling. 
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1.2 Current and proposed standards for shrinkback 
measurement  
Current standard relating to the shrinkback measurement of 
optical fiber cables for use with telecommunication equipment 
and devices employing similar techniques is issued under IEC 
60794-1-211 [1]. It describes environmental test methods, 
including sheath shrinkback in method F11. It focuses on simplex 
and duplex cables.  
It is stated that the cable should be first conditioned for at least 
24h at room temperature, than the samples should be cut and 
placed on the heated bed of talc. The specification calls for 4 
cycles of at least 1 hour in the temperature chamber (oven) and 1 
hour in room temperature. In Corning we usually do 24 hours in 
and 1 hour out cycle. The temperature used is usually taken as the 
maximum working temperature of the cable – here 70°C (Figure 
2). As there is no clear guideline as to what temperature the 
sample should be exposed to – the results of the test may vary 
between cable manufacturers.  
The new method proposed by IEC (IEC TR 62959) [2] suggests 
that the temperature of the test should be specified and should also 
include negative temperatures (from -10 to 60°C), as well as 
consist of 5 temperature cycles instead of 4 (Figure 2). This agrees 
with other IEC standard for testing finished cables – IEC 60794-1-
211A; 2021 [3], where the sample is required to pass the negative 
temperature cycles in terms of attenuation (as such temperatures 
may occur during transportation and storage). For both methods 
sample preparation is kept the same. 
However, the shrinkback specified in the IEC standards is 
measured with conventional oven or climatic chamber only, there 
are no mentions about other possible techniques such as TMA 
(Thermomechanical Analysis), which is a more precise technique. 
The author’s chose TMA due to its possibility to measure the 
dimension change continuously in function of temperature and 
time. That allows for better understanding what happens with the 
specific material  during temperature cycling, instead of having 
only two data points (at the beginning and at the end of the cycle). 

2. Methods and materials 
2.1 Standard method 
Samples were prepared according to IEC standards - they were cut 
from the cable, then the marks were placed at both ends of each 
test sample to indicate the measurement points. Depending on the 
equipment the measurements were performed on the whole cable 
(with all components) or sheath only. Tests were performed 
within 1 week of production (“instant test”).  To investigate 
potential impact of time between cable manufacturing and test on 
shrinkback results, additional tests were done 6 months after 
production(“delayed test”). 
The tests were performed according to both requirements and with 
three type of measurement methods: 

Table 1. Testing methods descriptions 

Equipment Temp 
range 

Test procedure 
(single cycle) Result 

Sampling  

Cable Sheath 

O
ve

n +25°C 
to 

+70°C 

24h at 70°C than 
1h at 25°C 

after 4th 
cycle 

1000 
mm and 
150 mm 

150 mm 

C
lim

at
ic

 
ch

am
be

r -10°C 
to 

+60°C 

1h at -10°C than 
1h at 60°C at 

1°/min 

after 5th 
cycle 

1000 
mm and 
150 mm 

150 mm 

Th
er

m
om

ec
ha

ni
ca

l a
na

ly
ze

r 
(T

M
A

) 

+25°C 
to 

+70°C 

heating to 70°C at 
10°/min 

Isothermal for 
60min 

cooling to 25°C at 
10°/min 

isothermal for 
60min 

after 2nd 
cycle -  2-3 mm 

-10°C 
to 

+60°C 

cooling to -10C at 
10/min 

isothermal for 
60min 

heating to 60°C at 
10°/min 

isothermal for 
60min 

after 2nd 
cycle at 
25C 

- 2-3 mm 

Equipment used in experiments were: laboratory oven – TK6060 
Heraeus (Germany); climatic chamber – HC 4015 Heraeus 
(Germany); thermomechanical analyzer – TMA450 TA 
Instruments (DE, USA). 
Table 2 contains abbreviations used in the text to denote particular 
type of the test. 

Table 2 Meaning of abbreviations denoting test type 

Abbreviation Equipment Temperature 
range 

O Laboratory oven +25°C to +70°C 

C Climatic Chamber -10°C to +60°C 

OT TMA and oven conditions +25°C to +70°C 

CT TMA and climatic chamber 
conditions -10°C to +60°C 

 

2.2  Alternative method (TMA) 
Thermomechanical analysis measures material dimensional 
changes under controlled conditions of force, atmosphere and 
temperature. In the typical operation of TMA, a small sample (in 
this study – jacket)  with parallel and flat surfaces is placed on a 
quartz stage near a thermocouple. A quartz probe is lowered 
against the specimen with a constant force applied (0,02N). As the 
sample is heated or cooled, changes in dimension are measured by 
monitoring the motion of the quartz probe. 
The graph shows comparison between temperature programs for 
standardized methods (“O” and  “C”) and TMA analyzer.  

 
Figure 2 Visualization of the temperature program for all 

test procedure 
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Temperature programs in “OT” and “CT” test was thought to 
mimic temperature profile in “O” and “C” experiments 
respectively. The graph shows only one cycle out of four for 
shrinkback measurement according to current method (“O”) [1], 
as it was more clear in visualization and comparison with other 
methods.  
The measurement on TMA was monitored only during two cycles, 
because in the next cycles the contraction is hardly noticeable. 
The greatest relaxation of the polymer chains occurs in the first 
measurement cycle. 

2.3 Objects of investigation (cables) 
2.3.1 Jacket materials 
The tested cables in this study were simplex, duplex non-buffered 
fiber cable (later called duplex) and duplex fiber zipcord (later 
called zipcord) with jacket made of EVA/PE and polyester filled 
with aluminum hydroxide (ATH) and magnesium hydroxide 
(MDH), The aramid yarns were used as a strength member in 
cables, while tight buffer was made of FR material. The tested 
samples were stored in form of the loose coils. Details of cables 
design in Table 3. 

Table 3. Cables tested 
Sample Cross-section Polymer - 

filler 

Simplex 

 

Polyester 
- MDH 

Duplex 

 

Polyester 
- ATH 

Zip 
cord 

 

EVA/PE - 
ATH 

3. Results and discussion 
3.1 Instant tests results 
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Figure 3. Results of “chamber” and “oven” test 

performed on cables shortly after their manufacturing. 
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Figure 4. Results of TMA test performed on jackets 

shortly after cable manufacturing. 
Analyzing the results of shrinkback measurements obtained by 
various methods, the emphasis was placed on potential sources of 
differences and what they mean in terms of cables temperature 
performance and certain method utility and convenience. 
Differences in cables shrinkback measured according to standard 
and new proposed methods are presented in Figure 2. Variations 
between cables may be caused by different jacket materials. 
Jacketing process parameters (such as melt temperature, DDR 
(Down Drawn Ratio), line speed, etc.) as they have impact on 
polymer morphology, molecular orientation, crystallinity level 
also have influence on polymer coefficient of thermal expansion 
and its shrinkback behavior. As tested samples consisted of cable 
components as well, the interaction between jacket and inner part 
of the jacket may impact observed shrinkback. More tight cable 
design together with cable core, which is less susceptible to 
shrinkback, may produce smaller overall sample length reduction. 
This may explain the highest length reduction for duplex, as this 
cable design does not consist of tight buffer and the cable is more 
loose in design. Nevertheless, to confirm such hypothesis more 
investigations on tight buffer tube shrinkback and friction 
interaction between cable components should be carried out. 
Observed slight but distinct differences between methods (oven 
and chamber) agrees with understanding of shrinkback 
phenomena, which generally depends on temperature and time. In 
case of “oven” method samples stay at higher temperature (70C) 
for much longer (5700min) than in case of “chamber” method 
(60C, 300min). This would explain higher shrinkback observed 
for „oven” samples. At that point is not clear whether temperature 
or time plays bigger roles in this variance. Another factor 
differentiating “O” and “C” method is the base on which cables 
lie during temperature cycling. In “O” method cables lie on 
cardboard covered with talk for friction reduction, while in “C” 
method cardboard in not covered with talk, therefore friction 
inhibiting shrinkback and expansion could be larger. 
When only jacket is tested using TMA method, which involves 
the same temperatures, but much shorter times (120min), again 
samples conditioned at higher temperature (OT) show larger 
shrinkback. Cable ranking is different as zipcord jacket shrinks 
much more than duplex and simplex, while in whole cable test in 
„oven” and „chamber” zipcord placed between duplex and 
simplex. Comparing shrinkback of duplex and simplex cables 
(Figure 3) and shrinkback of duplex and simplex jacket (Figure 4) 
one can see a slightly higher length reduction of jacket comparing 
to whole cable. It may suggest small (but still present) impact of 
core cable inhibiting jacket shrinkback or effect of sample size. In 
oven and climatic chamber tests samples are much heavier 
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(comparing to “OT” and “CT” test) and friction between cable 
and base may impede cable shrinkback. High shrinkback of 
zipcord jacket in comparison to zipcord cable shrinkback implies 
more significant impact of previously mentioned factors for this 
design. It is worth to remind that zipcord jacket material contains 
different base polymer than duplex and simplex (EVA/PE vs. 
polyester), so in more favorable conditions it can reveal full 
shrinkback potential. Results for zipcord jacket (Figure 4) suggest 
also that for that cable design/jacket material conditioning 
temperature is a very strong factor of shrinkback. “CT” and “OT” 
tests have the same time of conditioning, but “OT” conditioning 
temperature is 10C higher, resulting in almost double shrinkback 
comparing to “CT”. 
Figure 5 shows exemplary runs of “OT” experiments for zipcord 
and duplex jacket. It is clearly seen that most of the length 
reduction happens in first heating period for zipcord jacket. 
Further reduction in annealing period is not so significant but still 
present. Duplex jacket shrinks in comparable scale in first heating 
and annealing period. For both jackets subsequent cooling and 
conditioning at room temperature followed be heating does not 
seem to introduce any length changes except expected standard 
thermal extraction and contraction. Close look at the graphs shows 
that second period of annealing still provides shrinkback but much 
lesser than in first heating and first annealing. Curves for simplex 
(“OT”) and all cables in “CT” method are like those on Figure 5. 
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Figure 5. Jackets length change during “OT” test. 

Performed on jacket shortly after cable manufacturing. 
 
Figure 6 provides closer look at jackets length changes in first 
heating period for the same samples as on Figure 5. As one can 
see in contrary to zipcord jacket, duplex jacket expands initially 
up to 40-45C and then start to shrink. Moreover, the differences 
in shrinkage kinetics may be observed for those cables (zipcord 
starting to shrink in much lower temperature than duplex), which 
are the result of different materials of their jackets. This fact needs 
to be taken into consideration as it may have impact on 
connectorization process. 

time [min]

te
m

pe
ra

tu
re

 [ 
o C

 ]

le
ng

th
 c

ha
ng

e 
[ %

 ]

0 1 2 3 4 5
25 -2,00

30 -1,75

35 -1,50

40 -1,25

45 -1,00

50 -0,75

55 -0,50

60 -0,25

65 0.00

70 0,25

75 0,50

temperature
duplex
zipcord

 
Figure 6. First heating period in “OT” test for jackets 

shortly after cable manufacturing. 
 

3.2  Delayed tests results 
Additionally, tests on duplex and simplex cables were performed 
six months after cables were manufactured. Due to samples’ 
availability shortage, only 150mm specimens were used decreasing 
measurement accuracy and friction between cables and base. 
Experiments showed the length change after temperature cycling in 
oven and in chamber within the range of measurement error.  

Figure 7 presents results of test performed on jackets six months 
after cable manufacturing. This time also “oven” and “chamber” 
experiments were performed on jackets. Results for jackets are 
similar to those for cables. Due to low measurement accuracy (short 
specimen) one need to recognize no jacket length reduction. To 
overcome this issue, tests on TMA were performed. They indicate 
length reduction smaller than in case of jacket tested just after 
cables production. There can be two reasons for such outcome. First 
– jacket on cables underwent shrinkback already (at least partially), 
even without temperature increase or second – molecular 
orientation relaxation took place in constrained jacket without 
length reduction. Which phenomena took place may depend 
whether the cable was stored in the loose coil or on the reel. In cases 
reported here, cables were stored in loose coil, so they were free to 
shrink. 

As it was in case of instantly tested jacket, also here higher length 
reduction is observed for test with higher maximum temperature 
(“OT”) and duplex shrinks more than simplex as well. 
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Figure 7. Results of tests for jackets performed 6 
months after cable manufacturing. 
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4. Conclusions 
Cable length reduction depends both on properties of material with 
potential to shrinkback (type of polymer, morphology attained 
during extrusion) and on cable design (tightness and interaction 
between cable components). Results show that test temperature 
range plays an important role in shrinkback process. As expected, 
high temperature allows for more relaxation of polymer, leading to 
larger sample length reduction, therefore it is important to include 
the specific temperature range at which test has to be performed in 
the standard.  
Experiments showed that most of the shrinkback takes place in the 
first heating-annealing period, and in case of zipcord cable, even in 
the first heating process. It raises the question whether 5 cycles are 
needed to assess cable shrinkage properties. 
Determination of cable shrinkback after 6 months from 
manufacturing revealed that they shrink even without annealing, 
meaning the time between production and testing is another 
parameter which needs to be specified in the standard. 
TMA proved to be very useful tool in shrinkback investigation. The 
technique detects shrinkback onset and dynamic of the process, 
which helps in determination of temperature range at which 
polymer shrinkback is acceptable. 
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Abstract 

This paper describes the structure, characteristics, and 
installation workability of the small diameter Ultra-High-Fiber -
Count(UHFC) cables such as a 6912-fiber-count with 200μm 
Freeform Ribbons for data center applications.  

In the 200μm Freeform RibbonTM, fibers meet and split out in 
turns in a longitudinal and transverse direction, thus allowing high 
fiber density and mass fusion splicing. By optimizing the structure 
and improving the microbending resistance of the fiber, we have 
realized a reduction of the cable cross-sectional area by about 
34% compared to the conventional cables. Having a non-
preferential bend axis, the cable can easily be installed in space-
constrained areas. Based on several installation experiments, we 
confirmed that the newly developed 6912-fiber-count cable can be 
installed easily compared with conventional UHFC cables. 
Keywords: Freeform RibbonTM, slotted core cable, microbending, 
easy installation 
 
1. Introduction 

Recently, a growing number of large-scale data centers (DCs) 
have been constructed around the world due mainly to the 
advancement of cloud computing. Demand for high-density 
optical fiber cables that connect DCs and reduction in 
construction cost has been growing to meet the need for increased 
transmission capacity. Because of this, cable manufacturers are 
expected to increase the density of fibers in a single cable and to 
supply easy installable cable for reducing construction cost and 
labor time. 

Cables that connect DCs are usually installed in outdoor ducts. 
Technology for achieving high-density installation of optical fiber 
cables in limited duct space plays a key role. 

We have developed and commercialized a 6912-fiber-count 
optical cable in 2017. This optical fiber cable consisted of the 
highest number of fibers in the world at that time. We also 
developed wiring solutions, as shown in Fig. 1, and contributed to 
increasing wiring density and improving workability at entire DCs. 

To increase the number of fibers housed in a duct and improve 
workability at cable installation, we have further reduced the 
diameter and increased the density of a 6912-fiber-count optical 
cable. 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1 Schematic diagram of DC wiring solution 
 

2. Characteristics of Freeform RibbonTM 
The Freeform RibbonTM, which is packaged into the cable, is a 

pliable 12-fiber ribbon, which is mainly used outside Japan. The 
schematic diagram and characteristics of Freeform RibbonTM are 
shown in Fig. 2. 

As shown in Fig. 2, the 12-fiber Freeform RibbonTM structure 
achieves both easy workability of mass fusion splicing and ribbon 
flexibility, which factors in the cable characteristics, such as the 
transmission characteristics, by ensuring the high-precision array 
and optimizing the pliable structure in which two optical fibers 
are bonded.  

The optical fibers used in these cables are single-mode fibers 
(ITU-T G.657A1, G.652D standard) with enhanced bending 
property. These bendable fibers, in combination with Freeform 
RibbonTM, have significantly increased the fiber density in the 
cable core compared to conventional cables. 

 

 

 

 
 
 
 
 

 
 
 
 

Fig. 2 Schematic diagrams and characteristics of 
several ribbon structures 
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3. Design Consideration of UHFC cable 
3.1 New 6912f cable design 

Slotted core cables have been widely developed, and their 
implementation is well understood in Japan. UHFC cables with 
this structure have been widely adopted [1][2][3][4][5]. Fig. 3 
shows a schematic of current 6912-fiber-count cable, in which the 
spacer has eight slots. 

 
 
 
 
 
 
 
 

 
 
 

Fig. 3 Current 6912-fiber-count cable 
 

The current 6912f slotted core cable design has been used to 
ensure high flexibility in all directions by inserting a fiber 
reinforced plastic (FRP) tension member through the center of the 
core. In terms of the cable structure,  

In order to reduce the cable diameter, we considered new 
cable design. we expanded the area in which fibers can be 
packaged inside the cable and ensured the mechanical strength of 
the cable by reducing the number of slot grooves (from eight to 
four) and applying a high-strength sheath material. 

As optimizing slot structure and cable process, we realized 
downsized cable design. Fig. 4 shows the schematic diagram of 
the cross section of a small diameter 6912-fiber-count cable, we 
have developed new 6912-fiber-count cable whose diameter is 
30mm or less. 

Compared to conventional 6912-fiber-count cables, new 
6912-fiber-count cable is 23% lighter in weight and 34% smaller 
in cross-sectional area, and is expected to improve installation 
workability. In addition, it is possible to reduce the environmental 
load by reducing the materials used and reducing the 
transportation energy. 

 
 

 

 

 

 

 

 

 

 

 
Fig. 4 Cross-section of 6912-fiber count cables 

3.2 200 µm optical fiber of improved MB sensitivity 
Fig. 5 provides a schematic cross section of thin 200 µm 

optical fiber used for the recent development. The 200 µm optical 
fiber has its cross-sectional area reduced by 36% by reducing the 
cladding thickness, with the glass diameter remaining at 125 µm, 
as before. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Schematic cross-section of 200 µm optical fiber 

Reducing the coating thickness increases microbending (MB) 
sensitivity, and it occur attenuation increase under high packing 
density. Therefore, we optimized the coating design of the 200 μm 
optical fiber to improve the Microbending loss as shown in Fig. 6. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Comparison of Microbendig loss of 200µm fibers 
 
By using the fiber with improved MB resistance, the optical 

fiber density per unit area (fiber density) of this cable was 
improved by 1.5 times while maintaining transmission 
characteristics. 

Fig. 7 shows a graph which presents the comparison of fiber 
density between conventional ultra-high-fiber-count optical cables 
and the newly developed optical cables with new structure 
(relative value with a conventional 6912-fiber-count cable as 1). 

 
 
 
 
 

Outer Diameter 37 mm Outer Diameter ≤30 mm 
(New Design) 
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Fig. 7 Fiber density comparison of UHFC cable 

 
4. Cable Performance 
4.1 Transmission and mechanical properties 

We evaluated the transmission and mechanical properties of 
the newly developed small diameter 6912-fiber-count cable. 

The results of a heat cycle test from −40°C to +70°C on the 
small diameter 6912-fiber-count cable are shown in Fig. 8. The 
attenuation changes during the heat cycle were sufficiently low, 
which was confirmed to be equivalent to that of a conventional 
6912-fiber-count cable. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Attenuation changes of the small diameter 6912-
fiber-count optical cable during heat cycle test 

 
The transmission characteristics and evaluation results of 

mechanical tests are shown in Table 1. 
As shown in Table 1, we confirmed good characteristics in the 

evaluation of various mechanical tests. 
 
 
 
 
 
 
 

Table 1 Evaluation results of the small diameter 6912-
fiber-count cable 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
By using new cable structure and improved MB resistant fiber, 

we confirmed that the new 6912-fiber-count cable with 1.5 times 
the core density and reduced diameter has good transmission 
characteristics and various mechanical properties. 

The new cable structure is also applied to other small-diameter 
cables, and we have also developed smaller 3456-fiber-count 
cable with an outer diameter of 25mm. 
 

5. Installation Characteristics 
The newly developed 6912-fiber-count cable installation test 

was conducted using cable pulling method and pushing method 
with blowing machine. Finally, two types of optical fiber cables 
were compared to verify the cable handling. 
5.1 Cable pulling test 

A duct diameter of 2 inches or more was required to install a 
conventional 6912-fiber-count cable. The new 6912-fiber-count 
small diameter cable has been tested for installation in 1.5 inch 
ducts. 

In order to verify the workability of pulling a 6912-fiber-count 
small diameter cable into a duct, we used the experimental 
apparatus shown in Fig. 9. We compared the pulling tension of 
the newly developed cable passed through a 1.5 inch duct with the 
conventional 6912-fiber-count cable passed through a 2-inch duct. 
Results are shown in Table 2. 

Based on the results in Table 2, we confirmed that the 
developed cable can be installed in the 1.5-inch duct with pulling 
tension equal to or lower than that of the conventional one with 2 
inch duct. 
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Fig.9 Schematic diagram of cable pulling test 
 

 
Table 2 Results of the pulling experiment 

 

 

 

 

 
 
 
 

5.2 Pushing and blowing test 
The pushing and blowing method, as shown in the schematic 

diagram in Fig. 10, the method is widely used US and Europe.  
 
 
 
 
 
 
 
 
 

Fig. 10 Schematic diagram of pushing and blowing 
method 

 
We conducted an experiment (see Fig. 11) to confirm the 

compatibility of the pushing and blowing method with the small 
diameter 6912-fiber-count cable using a blowing machine 
(SUPERJET) manufactured by Plumettaz S.A. 

The test results were found no deterioration of the surface 
appearance when the pushing force of the maximum load (100 
kgf) of the blowing machine was applied. No problem was found 
with the cable strength. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11 Pushing and blowing machine  
 
Based on the test results above, the pushing and blowing 

method is expected to be used for long-distance installation.  
 

5.3 Evaluation of cable handling 
In order to investigate whether the coil state changes due to 

the bending direction of the cable, we prepared the newly 
developed 6912-fiber-count as the slotted core cable and a non-
slot type cable that has same outer diameter as the developed one. 
The test result of cable handling is shown in Fig. 12.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 12 Difference in handling characteristics depending 
on flexibility in direction 

 

As a result of comparing the non-slotted core cable and the 
slotted core cable, the non-slotted core cable may not be able to 
be accommodated due to the influence of a specific bending 
direction due to the structure which has strength members on both 
sides of cable jacket. On the other hand, we found that the slotted 
core cable is flexible in all directions and easy to handle when 
storing excess cable length in a limited space.  

Based on this result, it is considered that the cable structure 
which has non-preferential bending axis is effective for the cable 
installation in case of wiring large outer diameter cable. 
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6.  Conclusions 
We have developed a small diameter 6912-fiber-count optical 

cable, which can increase density and ensure the workability of 
optical cables, for installation in outdoor ducts that connect DCs. 
The cross-sectional area of the cable is 34% less than that of 
conventional cables, making it possible to manufacture long 
cables and reduce the environmental impact due to reduction in 
material consumption. We also found that the use of a strength 
member running through the center ensures flexibility in all 
directions and that the use of the slotted core structure achieves 
good characteristics, such as ease of handling and duct insertion. 
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Abstract 
This paper introduces high density 6,912 fiber cable using 160μm 
fibers with 80μm cladding (80/160 fiber) with Spider Web Ribbon® 
/ Wrapping Tube Cable® (SWR®/WTC®). The combination of small 
coating diameter fiber and SWR / WTC technology enables many 
benefits that includes high fiber density within limited duct space, 
and mass fusion splice. So far, the maximum count of fibers per 
cable is 6,912 fiber using 200μm fibers with 125μm cladding 
(125/200 fiber) in the world. In order to realize ultra-high-density 
cables, it is necessary to reduce the diameter of the fiber coating. 
Compared to 250μm fibers (125/250 fiber), the use of 200μm fibers 
(125/200 fiber) makes it possible to achieve small diameter cables. 
Effective utilization of existing ducts leads to deployment cost 
reduction and therefore realizing smaller diameter and higher 
density in the optical cable has been highly expected. In addition, 
the amount of cable construction materials used will be reduced by 
small diameter of cable, and it leads to a reduction of greenhouse 
effect gas. Therefore, this development contributes for Green 
Transformation (GX) initiatives. We introduce a new cable that has 
been successfully developed using 80/160 fiber which has 
significantly reduced filling ratio in a 1.5-inch conduit. 

Keywords: optical fiber cable; spider web ribbon; wrapping tube 
cable; high density; 80μm cladding; 160μm coating. 

1. Introduction 
Recently the demand for optical fibers has been greatly increasing 
and high-fiber count cables for data center (DC) have become 
increasingly important.  

The wiring diagram in the hyper-scale DC is shown in Figure 1. 
There are several kinds of cables such as outside plant (OSP, 
Outdoor), inside plant (ISP, Indoor), Indoor/Outdoor (I/O) cables. 
They are installed on the cable tray and/or installation space. Today 
we introduce about an OSP cable with high fiber count. These 
cables are laid in underground conduit and has the role of 
connecting the network between the two buildings. If existing 
underground conduits for laying cables can effectively be utilized, 
they should contribute greatly to cost reduction.  

 Figure 1. Wiring diagram in DC 

2. Design 
2.1 Fiber design 
In order to increase the fiber count in a limited space of the cable, it 
is necessary to reduce the diameter of fiber coating. Figure 2 shows 
conventional and new optical fibers. The cross sectional area of a 
125/200 fiber is 36% smaller than that of a conventional 125/250 
fiber. It is commercially available and widely utilized for high fiber 
count cables.  

On the other hand, research results for a further reduced-coating- 
diameter fiber have been presented [1][2][3] recently. Researchers 
[1][3] have proposed the reduction of the cladding diameter from 
125μm to 80μm to realize a coating diameter from 200μm to about 
160μm. So we had applied 80μm cladding fiber instead of 125μm 
cladding to reduce the cable outer diameter. But, When the fiber 
diameter is reduced and used in a high fiber density cable, lateral 
forces and tension are added to the fibers. These lateral forces and 
tension generate tiny bend of fibers called micro-bending which 
causes attenuation increase. In 70th IWCS, we reported “160μm 
Coating Optical Fiber with 80μm Cladding for 1,728 Fiber Cable” 

[4][5]. In that paper, we also had optimized thickness, and Young’s 

modulus of primary and secondary coating of 80/160 fiber to reduce 
micro-bending sensitivity of the fiber.  Applied fibers are complied 
with ITU-T G.657.A2 grade except for cladding diameter. 

              125/250μm fiber         125/200μm fiber      80/160μm fiber 

 

Figure 2. Conventional and new optical fiber 

2.2 Ribbon design 
As 125/250 and 125/200 fiber, 80/160 was designed with 
intermittently bonded 12-fiber structure (SWR) as shown in figure 
3 and 4. In recent years, intermittently fixed ribbon has been 
introduced to obtain a high density cable. 

 

 
Figure 3. Structure of SWR (1-fiber×12) 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum329



When arranging ribbon structure using new fiber, mass fusion 
splicebility and Identification should be considered.  

It is difficult to connect 80μm and 125μm cladding fibers by using 
existing fusion splicers. So, we introduce an MPO connector for 
connection between fibers having different diameters as shown in 
figure 4. Conventional MPO connector for 125/250 fiber has a 
fiber pitch of 250μm. So the MPO connector for 80/160 fiber is 
controlled to have 250µm pitch in order to connect with 
conventional fibers, and the fiber pitch of SWR using 80/160 fiber 
has been designed and optimized to match with the pitch of fibers 
for MPO connector. 

 

 

Figure 4. Cross section of MPO connector applied with 
each fiber diameter respectively. 

 

In order to identify fibers easily and correctly, SWR has a stripe 
ring marking on it as shown in Figure 5, 6 and 7. Since the stripe 
ring marking is marked on the SWR longitudinally along 
the ribbon, it can be easily identified even when the fiber diameter 
is smaller such as 80/160μm or even if 12-fiber SWR gets 
separated to a single fibers. 

 

               #1          #2               #5             #12              #24 

… … …

#1 #5#2 #12 #24

 

Figure 5. Schematic of stripe ring marking 

 

 
Figure 6. Visibility on both sides (#12) 

 

 

Figure 7. Visibility with a single fiber (#12) 
 

2.3 Cable design 
The highest fiber count cable in the world is 6,912fiber using 
125/200 fiber. In recent years, 6,912 fiber cable with an outer 
diameter of 30 mm or less has been reported [6]. 

Table 1 compares the outer diameter and weight of the 6,912 fiber 
cables we had developed using 125/200 fiber before. However, 
there is a concern that it has a high fill ratio when installed in in 
conduit with an inner diameter of 1.5-inch (≒38.1mm). Even if the 
outer diameter is kept at 30 mm, the fill ratio of the 1.5-inch 
conduit exceeds 60%. If 60% is exceeded, laying cable in a 
conduit may not be easy. So we had tried to reduce the outer 
diameter of 6,912 fiber cable by using 80/160 fiber and to achieve 
the fill ratio of 60% or less in the 1.5-inch conduit. 

 

Table1. Conventional 6,912 fiber cable 
 

6,912 fiber cable 125/200 fiber 

Cable outer diameter (mm) 33.0 

Cable weight  (kg/km) 750 

Fiber density per a cable cross section 
(fibers/mm2 ) 

8.1 

1.5-inch Fill ratio (％) 75 

 

 

3. Construction of 6,912 fiber WTC 
Figure 8 shows a construction of 6,912 fiber WTC using 
80/160μm fiber complied with ITU-T G.657.A2 grade fiber except 
for cladding diameter. 24 units of 288 fibers are formed, therefore, 
totally 6,912 fibers are packed. The fiber core is wrapped around 
by a water blocking tape and covered with a PE jacket in which 
two pairs of strength members are embedded. This structure is 
called Wrapping Tube Cable (WTC®). 

 
 

 

 

 

 

Front 

Back 
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Figure 8. Construction of 6,912 fiber WTC 

 

4. Performance  
4.1 Fusion splicing with the same diameter of fiber 
The measurement result of fusion splicing time for 80/160 SWR 
with general fusion splicer (90R, made in Fujikura limited) as is 
shown in figure 9. It was concern that the mass fusion splicing 
time would increase as fibers become small in diameter, but there 
is no difference in splice time between 80/160 and 125/200 SWRs 
which is achieved by replacing V-groove and holder as shown in 
Figure 10. Connection with the same types of fiber ribbons were 
excellent characteristics.  

 

Figure 9. The fusion splicing time 

 

Figure 10. Replacement of the V-groove (90R) 

 

4.2 Cable characteristics 

Table 2 shows the mechanical and environmental characteristics 
of 6,912 fiber WTC. The test methods were based on Telcordia 
GR-20-CORE[7]. The wavelength for the tests was 1550nm. 
Figure 11 shows the results of the temperature cycling test under 
the temperature -40/+70℃, 2cycles.  6,912 fiber WTC obtained 
good mechanical and environmental characteristics. 

 
Table2. Characteristics of 6,912 fiber WTC 

 

Item Condition Result 

Low-and High-
Temperature Cable bend 

Bending radius: 15D  
 (D: cable diameter)  
-30/+60 degree C,  2 Cycles  

< 0.05 dB 

Impact Resistance 4.4 J < 0.05 dB 

Compressive Strength  110 N/cm 10 minutes  
< 0.05 dB 

No Damage 

Tensile strength of 
Cable 

2700 N, 1 hour < 0.1 ％ 

810 N, 10 minutes 
< 0.05 %, 

< 0.05 dB 

Cable Twist  
Sample length: 2 m 

±90 degree,  10 Cycles  

< 0.05 dB  

No Damage 

Cable Cyclic Flexing Bending radius: 10D 
 (D: cable diameter),  25 Cycles  

< 0.05 dB 

Temperature Cycling -40/+70 degree C, 2cycles < Δ0.15 dB/km 

Water Penetration 
Height of water: 1 m 
Sample length: 3 m 
24 hours,  Tap water  

< 3 m 

 

 

 

Figure 11. Result of temperature cycling 

Rip cord 

Water blocking tape 

Strength member 

Jacket (PE) 

Bundle tape 

SWR (80/160 fiber, 
 ITU-T G.657.A2) 

Water blocking yarn 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum331



 

5. Conventional and New WTC  
5.1 Comparison of 6,912 fiber WTC 

Table 3 shows the comparison of the two types of 6,912 fiber 
cable. It indicates that the new cable using 80/160 fiber has 
succeeded in 18％  cable diameter and 35% weight reduction 
compared to conventional cable using 125/200 fiber, and achieved 
the fill ratio of 50% in a 1.5-inch conduit. In addition, by reducing 
a diameter of the cable, the cable winding length on shipping 
drum becomes longer and it will be possible to offer the winding 
lengths typically required by customers.  

Table3. Comparison of new and existing cables 

6,912 fiber cable 125/200 fiber 80/160 fiber 

Cable outer diameter (mm) 33.0 27.0 

Cable weight (kg/km) 750 485 

Fiber density per a cable 
cross section (fibers/mm2 ) 

8.1 12.1 

1.5-inch Fill ratio (％) 75 50 

Cross section of the cable 
inserted in a 1.5-inch conduit 

  

Standard cable winding 
length on Shipping Drum 

(approx.) 
2,700m 4,500m 

 
 

5.2 Line up of WTC using 80/160 fiber  

Table 4 shows the diameter of three types of outside plant (OSP, 
Outdoor) cables and Figure 12 shows the relation between cable 
outer diameter and fiber density in a cable. 

 
Table4. High fiber density WTC using 80/160 fiber 

 

Item  1,728 fiber          3,456 fiber  6,912 fiber  

Cable outer diameter 
(mm) 17.0 23.0 27.0 

Cable weight (kg/km) 210 340 485 

Fiber density per a 
cable cross section 

(fibers/mm2 ) 
7.6 8.3 12.1 

 

 

Figure 12. High fiber count cable  

 

6. Conclusions 

6,912 fiber WTC using 80/160 fiber with an outer diameter of 
27.0 mm or less was developed. By 80/160μm SWR/WTC 
technology, the fiber density has been significantly increased and 
the cable outer diameter and weight have been reduced when 
compared to the conventional fiber cables. As a result, new cable 
realizes smooth installation inside conduits with an inner diameter 
of 1.5-inch and contributes to Green Transformation (GX) 
initiatives by reducing the environmental impacts. This innovative 
cable will contribute to the economical and effective construction 
of optical fiber network.  
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Abstract 
We developed a high-density optical fiber cable suitable for metro 
networks as well as access networks. The cable accommodates cut-
off shifted optical fiber and can be used for novel high-capacity 
transmission systems with low optical loss and nonlinear 
characteristics. The cable is composed of only non-inductive 
materials for long-haul installation.  
We defined the general and practical requirements for developing the 
cable and proposed a suitable optical cable structure. We optimized 
install-fiber-density, the fiber count per interior cross-sectional area, 
to achieve stable optical and temperature characteristics. We also 
confirmed that the workability of the optical fiber cable is good in the 
proposed cable structure with the non-inductive strength member and 
sheath configuration. We confirmed that the developed cable has 
sufficient cable characteristics to be used in metro networks. 

Keywords: Optical fiber cable, partially-bonded optical fiber 
ribbon cut-off shifted optical fiber 

1. Introduction 
High-density optical fiber cable is widely used for access networks 
because it maximizes install-fiber density [1]. High-density optical 
fiber cable is beneficial because we can reduce plastic usage for 
manufacturing cable. Furthermore, we can construct cable networks 
more economically. So high-density optical fiber cable is also useful 
for metro networks for which optical fiber cable should be optimized 
to long-haul installation and high-capacity transmission systems. For 
long-haul transmission, we need to replace inductive materials such 
as strength members consists of steel, with non-inductive materials 
such as glass fiber reinforced plastic. For high-capacity transmission, 
we need to apply cut-off shifted optical fiber (CSF) in compliance 

with ITU-T G.654.E hence its low optical loss and nonlinear 
characteristics. Despite CSF has applicable to high-capacity 
transmission, it has larger micro-bending loss sensitivity from lateral 
pressure because of the large effective area [2]. High-density cable 

 

Figure 1. Configuration of developed high-density cable 

 

Strength member
(glass fiber 
reinforced plastic)

Cut-off shifted
optical fiber

PE sheath

Rip-cord

Colored-tape

Adhesive area

2 x 2 rollable optical fiber ribbon
(for 40-, 100- and 200-fiber cable)

Water-blocking
tape

2 x 4 rollable optical fiber ribbon
(for 400- and 1000-fiber cable)

(b) Configuration of unit

(a) Cross-sectional configuration
(example of 200-fiber)

(c) Configuration of rollable optical fiber ribbon

Table 1. Requirements of developed optical fiber cable 
Item Requirements 

General 
requirements 

Mechanical 
characteristics 

No loss change 
No damage 

Optical 
characteristics Low loss, stable 

Temperature 
characteristics Stable 

Reliability Sufficiently low failure rate 

Practical 
requirements 

for 
developed 

cable 

Large 
capacity 

transmission 
Accommodating CSF 

Applicable to 
underground 

region 
Water blocking 

Long-haul 
installation 

Composed of non-inductive 
materials 

Number of 
fibers Up to 1000 

Geometry Small outer diameter  
(< 23 mm) 

Workability Easy handling for 
installation 
No optical loss increase 
during mid-span access 
operation 
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reduces plastic weight more than a loose-tube or slotted-rod cable. 
However, high-density cable induces lateral pressure [3]. Thus, in a 
previous study, CSF was used in cables with loose-tube or slotted-
rod structures to avoid lateral pressure [4, 5].  Therefore, we 
developed high-density cable that accommodates CSF. 

In this paper, we describe the cable characteristics of our high-density 
cable accommodating CSF. 

We defined the general and practical requirements of the optical fiber 
cables for our metro networks and we present the design of cable, 
including install-fiber-density optimization. We describe the 
evaluation results of the fabricated 40-, 100-, 200-, 400- and 1000-
fiber versions of our cable. We also discuss the workability of our  
cable. 

2. Requirements 
Table 1 list the requirements of our developed optical fiber cables. 
We want to use CSF that is in compliance with ITU-T G.654.E fiber 
for large-capacity transmissions, so we designed the cable to 
guarantee stability in a variety of harsh environments while 
accommodating CSF. The cable must be composed of non-
inductive material for long-haul installation. We must keep the 
outer diameter to 24 mm to install into inner pipes while using 
multiple cable installation method in the underground conduit. The 
cable must also be water blocking to be used underground. The 
cable must have good workability, including handling for 
installation. Accommodation of CSF and cable elements such as 
sheath and strength member into high-density cable may affect the 
optical loss change characteristics during mid-span access 
operation. Therefore, we need to ensure that the cable has small 
optical loss change during removing a sheath and picking out 
optical fibers for stability of transmission systems.  

3. Cable Design 
3.1 Basic Structure 
Figure 1 shows the cross-sectional configuration of our cable. The 
basic structure is the same as used in access network described in a 
previous study [1]. The cable is composed of partially-bonded 
optical fiber ribbons, strength members, rip-cords, and a 
polyethylene sheath. We fabricated 40-, 100-, 200-, 400- and 1000-
fiber version of our cables. The partially-bonded optical fiber 
ribbons are composed of several two fiber optical fiber ribbons [7]. 
For the 40-, 100-, and 200-fiber cables, we used 2 x 2 partially-
bonded optical fiber ribbons. For 400- and 1000-fiber cables, we 
used 2 x 4 partially-bonded optical fiber ribbons [6]. The material 
of the strength members is glass reinforced plastic (non-inductive). 

3.2 Install-fiber-density Design 
The four fabricated optical fiber cables induce different lateral 
forces. We previously reported that the lateral pressure is dependent 
on the install-fiber-density [5]. Install-fiber-density is the fiber 
count per interior cross-sectional area. Thus, the fabricated fiber 
cables have different inner diameters to modify install-fiber-density. 
Table 2 lists the inner diameters and install-fiber-density of the four 
200-fiber cables. 
Figure 2 shows the measured cabling loss characteristics of the 200-
fiber cables. Here, cabling loss is the optical loss increase that is 
found after the optical fiber has been incorporated in the cables. We 
measured optical loss by optical time domain reflectometry 
(OTDR). The wavelength of the OTDR is 1550 nm. The cables 
were straightened and at a temperature of 20 °C. The two cables 
with install-fiber-densities of 5.2 fiber/mm2 or less show 

sufficiently low cabling loss. Cabling loss is the optical loss change 
between before and after cabling. 
We also measured the temperature characteristics as a function of 
install-fiber-density. We measured the optical loss increase during 
temperature cycling test in accordance with IEC 60794-1-22 F1. 
We measured the optical loss of the fiber at 20°C in advance. We 
changed the environmental temperature at regular intervals. The 
upper and lower temperature were 70 and -30°C, respectively. 
Figure 3 shows the measured optical loss increase during the 
temperature cycling test. The cables with install-fiber-densities of 
5.9 fiber/mm2 or less showed sufficiently stable temperature 

 

Figure 2. Cabling loss characteristics as a function of 
install-fiber-density. 
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Table 2. Geometrical properties of fabricated cable 
(example of 200-fiber cable) 

Sample Number 
of fiber 

Inner diameter 
[mm] 

(designed value) 

Install-fiber-
density 

[fiber/mm2] 

A 

200 

5.8 7.6 

B 6.6 5.9 

C 7.0 5.2 

D 7.5 4.5 
 
 

 
Figure 3. Optical loss increase during temperature 

cycling as a function of install-fiber-density. 
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characteristics. We found that install-fiber-density should be 5.2 
fiber/mm2 or less. 

4. Cable Characteristics 
4.1 Mechanical and transmission 
characteristics 
The fabricated 40-, 100-, 200-, 400-, and 1000-fiber cable were 
optimized for install-fiber-density. The outer diameter of the 1000-
fiber cable was 23 mm. Table 3 lists the mechanical characteristics 
of these cables, which were sufficient mechanical characteristics 
for practical use. 
Figure 4 shows the cabling loss characteristics of the fabricated five 
cables. The method of measuring cabling loss was same as that 
described in 3.2. The cables showed small enough cabling loss of 
less than 0.05 dB/km, which is the requirement upper limit. 
Figure 5 shows the temperature characteristics of cables. The 
method of measuring the temperature characteristics was the same 
as that described in 3.2. The cables showed much smaller optical 
loss change than 0.15 dB/km, which is the required upper limit. 

4.2 Workability 
4.2.1 Installation 
We investigated the modification of material of strength member 
affects cable flexibility. Flexibility is important when we create 
slack to install cables into maintenance-holes. To create slack, we 
bend the cable into “8”. So we evaluate workability for making 
slack without giving excessive stress. 
We created slack using developed 50 m long 1000-fiber cable so as 
not to give excessive stress. We measured the width of the pile of 
the cable. 

Figure 6 shows the appearance of the slacked cable. The cable can 
be bent into “8” without trouble. The width of bending is 
approximately 1.2 m. We consider the width sufficiently small. 

4.2.2 Optical loss change during mid-span access 
operation 
We also evaluated the optical loss change during mid-span access 
operation. In the mid-span access operation, we need to handle 
cables that are in service. Cable handling procedure during mid-
span access is as follows: removing sheath, ripping sheath, splitting 
and cutting sheath, picking out optical fibers and removing water 
blocking tape. We measured optical loss change using a laser diode 
(LD) and optical power meter during these operations. The 
wavelength of LD was 1550 nm. Ambient temperature that we 
evaluated is 20 and -30 °C. 
Table 4 lists the result of optical loss change measurement. We did 
not observe optical loss change larger than 0.1 dB/fiber. Therefore, 
we concluded the cable has sufficient workability for mid-span 
access operation. 

5. Conclusion 
We developed high-density optical fiber cable that can 
accommodate cut-off shifted fiber, suitable for high-capacity metro 
network transmissions. The cable is composed of non-inductive 
material for long-haul installation. It also exhibits sufficient optical, 
mechanical, and temperature characteristics. The cable also has 
enough workability for installation and to handle cut-off shifted 
fiber without optical loss change. 

Table 3. Optical fiber cable characteristics 
Item Remark Results 

Tensile 
performance 

IEC 60794-1-21 E1A 
980 N (for 40-fiber cable) 

1410 N (for 100-fiber cable) 
1730 N (for 200-fiber cable) 

1960 N (for 400 and 1000-fiber 
cable) 

No damage 
No loss change 
(less than 0.05 

dB) 

Crash IEC 60794-1-21 E3 
1960 N/100 mm 

No damage 
No loss change 

(< 0.05 dB) 

Impact IEC 60794-1-21 E4 
1 m, 1 kg 

No damage 
No loss change 

(< 0.05 dB) 

Torsion IEC 60794-1-21 E7 
90 deg./m 

No damage 
No loss change 

(< 0.05 dB) 

Repeated 
bending 

IEC 60794-1-21 E6 
R=160 mm, 10 cycles 

No damage 
No loss change 

(< 0.05 dB) 

Bending 
under 

tension 

IEC 60794-1-21 E18 
980 N (for 40-fiber), 1410 N (for 

100-fiber),1730 N (for 200-
fiber),1960 N (for 400- and 

1000-fiber), R=300 mm (for 40-, 
100-, and 200-fiber), R=600 mm 

(for 400- and 1000-fiber) 
90 deg. 

No damage 
No loss change 

(< 0.05 dB) 

Temperature 
cycling 

IEC 60794-1-22 F1 
-30 to 70 °C, 3 cycles 

No damage 
No loss change 
(< 0.15 dB/km) 

Optical loss IEC 60793-1-40 Method C No cabling loss 
(< 0.05 dB/km) 

 
 

 
Figure 4. Cabling loss characteristics of 40-, 100-, 

200-, 400- and 1000-fiber cables. 
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Figure 5. Optical loss increase during temperature 
cycling test of 40-, 100-, 2z00-, 400- and 1000-fiber 

cables. 
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Figure 6. Appearance of slacked cable 

(example of 1000-fiber cable). 

 

Width: 1.2 m

Table 4. result of optical loss change measurement 

Procedure 
Loss increase (N=4) 

20 °C -10 °C 

Removing 
sheath 

< 0.1 dB/fiber 

Ripping sheath 

Split and cut 
sheath 

Picking out 
optical fibers 

Removing 
water blocking 

tape 
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Abstract 

An innovative high-density and low-loss cable using ITU-T G.654E 

fibers was successfully developed. By using the Spider Web Ribbon® 

(SWR®) &Wrapping Tube Cable® (WTC®) technology, much 

smaller diameter than the conventional slotted core cable was 

achieved. [1] In addition, by applying the new cable design, low loss 

comparable to conventional slotted core cable using rigid ribbon was 

achieved. Furthermore, it is effective in reducing the number of 

repeaters because of low loss, smaller diameter and lighter weight. 

This development is applicable not only to long-haul terrestrial 

transmission but also to metro networks and data center networks, 

and is expected to contribute to efficient network design.  

Keywords: Optical cable, Low loss, Long-haul, High-density 

1. Introduction 
Digital coherent technologies show promise in supporting the 

increasing demand for high-capacity transmissions over long 

distances. Thus, ITU-T G.654E fibers for long-haul terrestrial 

transmission systems have been introduced. This optical fiber is 

designed to satisfy the requirements of low loss and is commercially 

available as FutureGuide®-HSC.  [2][3] Large Aeff design of IUT-T 

G.654E fiber results in the deterioration of the macro- and micro-

bending losses. Therefore when applying this fiber to cables, it is 

necessary to design a cable that reduces the sensitivity of macro- and 

micro-bending losses. Currently, slotted core cables equipped with 

rigid ribbons made of ITU-T G.654E fibers are manufactured 

extending fiber counts up to 300 fibers and are used for long-haul 

applications.  

On the other hand, from the viewpoint of smaller diameter, high 

density and excellent workability, slotted core cables tend to be 

replaced by high-density non-slotted core cables in Japanese optical 

cable network.  

Therefore, at first, a trial cable was manufactured by applying ITU-T 

G.654E fibers to the existing WTC structure using ITU-T G.657A1 

fibers and the loss characteristics were evaluated. As a result, we 

observed loss increase in the cable. It turned out that it would be 

difficult to achieve low loss if the same cable design as the existing 

WTC is adopted. Therefore, in order to achieve both high fiber 

packing density and low loss, the development of SWR&WTC using 

ITU-T G.654E fibers had been started. 

 

 

 

2. Design Concept of New WTC 

2.1 Fiber Characteristics 
Micro-bending loss characteristics of ITU-T G.654E fibers were 

evaluated when considering cable design. It was obvious from the 

results that ITU-T G.654E fiber has considerably inferior micro-

bending loss characteristics compared to ITU-T G.657A1 fiber. [4] 

Therefore, it was necessary to design a new structure that reduces 

micro-bending loss in order to achieve both low loss and small 

diameter. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Micro-bending Loss 

 

2.2 Features of SWR and WTC 
The structure of SWR is shown as Figure 2. SWR has single fiber 

part and bonding part where the adjacent fibers are fixed together 

intermittently. Thus, it is possible to flexibly change its shape like 

bundled fiber units. Therefore, it is possible to pack SWR into the 

cable to be high density without increasing the attenuation or 

subjecting high fiber strain. In the case of rigid ribbon, special 

tools are required in addition to separate in to single fibers and 

this operation requires skill and more time. On the other hand, 

SWR can be separated into single fibers easily without special 

tools.  [5][6] In addition, SWR also functions a.s a ribbon and can 

be spliced at once with mass fusion splicer 

The structure of WTC is shown as Figure 3. WTC is central tube 

cable without slotted core and consists of SWR which is wrapped 

in a tube made by water blocking tape. Moreover, strength 

members are embedded in the sheath at diametrically opposite sides. 

Therefore, WTC structure achieves extreme reduction in outer 

diameter and weight and offers full dry structure to help quick 

installation.   
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Figure 2. Schematic of SWR  

 

 

 

 

 

 

 

 

Figure 3. Structure of WTC 

 

2.3 Features of New WTC 

The cable design was established as a result of studying the structure 

to reduce macro- and micro-bending losses. The structure of new 

WTC is shown in Figure 4. The design concept of this cable is that 

high packing density and low loss property are balanced. By 

optimizing the packing density for ITU-T G.654E fibers with an 

appropriate amount of fillers, this cable shows low loss compared 

to the conventional slotted core cable using rigid ribbon. In addition, 

by using the SWR&WTC technology, much smaller diameter than 

the conventional slotted core cable is achieved. 

Moreover, this cable includes the following four key technologies 

mainly: 

1) Glass FRP, which is a dielectric material is used as the strength 

member. Therefore, grounding work is unnecessary as no metallic 

material is applied. 

2) This cable has SZ bunching units which consist of two colored 

tapes. The two colored tapes are bonded intermittently and can be 

separated easily by hands. 

3) Multiple bunching units are twisted together by method in the 

longitudinal direction. This facilitates picking up the target unit and 

contributes to excellent mid-span access workability. 

4) This cable has no jelly. Therefore, the operation time of removing 

the water blocking tape and picking up the target SWR is much 

shorter. 

                                                                          Projection 

Jacket 

                                                                          Water Blocking Tape 

 

Glass FRP                                                                 Filler 

                                                                                     

 

2.4 Loss Characteristics 

The dependence of loss characteristics of 200-fiber cable using ITU-

T G.654E fibers on fiber packing density was evaluated. The 

measurement wavelength for loss characteristics was 1550 nm. The 

result is shown in Figure 5. In the case of the existing WTC design 

(Type A), loss increase was observed. On the other hand, the Type C 

design showed good results with a typical value of 0.172 dB/km, 

which was comparable to the loss characteristics of existing slotted 

core cable. Therefore, the Type C design was selected.  

As a validation of the Type C design, loss characteristics were 

compared with existing WTC using ITU-T G.657A1 fiber. The 

measurement wavelength for loss characteristics was 1550 nm. The 

distribution of loss of 200-fiber WTC is shown in Figure 6. It is very 

clear from Figure 6 that compared to the existing WTC using ITU-T 

G.657A1 fibers, the distribution of loss characteristics of the new 

WTC had shifted significantly to the lower side overall and the loss 

characteristics were so low that could not be realized with ITU-T 

G.657A1 fibers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Dependence of Loss on Packing Density 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Loss Characteristics of New WTC 
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3. Comparison of Cable Design 
Based on the established design concept, new WTC extending fiber 

counts up to 1000 fibers was designed. By using SWR&WTC 

technology, while realizing low loss characteristics, much smaller 

diameter than slotted core cable has also been achieved. 

The comparison of the cable design of 200-fiber cable using PE 

jacket is shown in Table 1 and the reduction rate of outer diameter 

and weight extending fiber counts from 40 to 300 fibers is shown in 

Figure 7. In case of 200-fiber cable, outer diameter is reduced 

approximately 31 % and cable weight is reduced approximately 

49 % compared with the conventional slotted core cable. 

 

Table 1.  Cable Design of 200-fiber Cable 

Item Conventional Cable Result 

Cross Section 

 

 

Fiber Count 200 200 

Strength Member Aramid FRP Glass FRP 

Outer Diameter 22 mm 15 mm 

Weight 315 kg/km 160 kg/km 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Comparison with Conventional Cable 

 

 

 

 

 

 

 

 

4. Cable Characteristics 

4.1 Mechanical Characteristics 
The mechanical test results of 200-fiber cable with PE and FRPE 

jacket are shown in Table 2. A measurement wavelength for 

mechanical test was 1550 nm. These cables showed good mechanical 

characteristics. 

 

Table 2.  Mechanical test results 

Item Condition 
Result 

PE FRPE 

Crush 

IEC 60794-1-21            

1960 N/100 mm                  

1 minute 

Pass Pass 

Impact 
IEC 60794-1-21         

Impact energy: 10 J 
Pass Pass 

Repeated 

Bending 

IEC 60794-1-21      

Bending radius: 160 mm 

Cycle: 10 

Pass Pass 

Tensile strength 
Tensile load: 1.1×W       

(W: weight (kg/km)) 
Pass Pass 

Torsion 

IEC 60794-1-21        
Sample length: 1 m        

Test angle: ±90 deg 
Pass Pass 

Bending     

under tension 

Tensile load: 1.1×W       
(W: weight (kg/km))               

Bending radius: 250 mm  

Test angle: 90 deg      

Cycle: 4 

Pass Pass 

 

4.2 Environmental Characteristics 
The environmental test results of 200-fiber cable with PE and FRPE 

jacket are shown in Table 3. The temperature cycling test was 

conducted between -30 degree C and +70 degree C for 3 cycles. 

Within this specified temperature range, maximum variation of 

attenuation is less than 0.15 dB/km at 1550 nm. The new cable 

achieved satisfactory temperature cycling characteristics. 

 

Table 3.  Environmental test results 

Item Condition 
Result 

PE FRPE 

Temperature 

cycling 

IEC 60794-1-22        

High temperature: 70 ℃ 

Low temperature: -30 ℃
Number of cycles: 3 

Pass Pass 

Water penetration 

Height of water: 1 m  
Sample length: 40 m  

Test time: 240 h 

Artificial sea water  

Pass Pass 

Flame retardant JIS C 3521 - Pass 
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5. Conclusions 
An innovative high-density and low-loss cable using ITU-T G.654E 

fibers was successfully developed extending fiber counts from 40 to 

1000 fibers. By using the SWR&WTC technology, much smaller 

diameter than the conventional slotted core cable was achieved. 

Furthermore, by optimizing the packing density, the trial cable 

showed low loss which was a level that could not be realized when 

applying ITU-T G.657A1 fibers.  

With the development of this innovative cable, the SWR&WTC 

technology is also expected to expand its applicable ranges to the area 

of long-haul terrestrial transmission. 
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Abstract 

Prysmian recently developed high fiber count optical cable systems incorporating Prysmian’s state-of-the-
art BendBright® A2 Low Loss fiber.  

Due to its excellent resistance to micro and macro bend effect, Prysmian bend-insensitive G.657.A2 
fibers have enabled the development of high-capacity cable systems. As an extension to Prysmian 
BendBright® offering, Prysmian has introduced BendBright® A2 Low Loss fiber with ColorLock-XS 
technology complying to both ITU-T G.652.D and G.657.A2 standards. 

BendBright® A2 Low Loss fiber significantly reduces micro bend and macro bend losses across the entire 
wavelength spectrum enabling new cable constructions with high fiber counts, as well as full utilization of 
the optical spectrum demanded by next-generation fiber networks. BendBright® A2 Low Loss fiber meets 
and exceeds the requirements of ITU-T G.657.A2 and G.652.D and is rated for a minimum bend radius of 
7.5 mm. BendBright® A2 Low Loss bend-insensitive fiber splices seamlessly with standard single mode 
fibers. It features an optimized design with the same mode field diameter of 9.0µm at 1310nm as 
standard G.652.D. This innovation enables next level of high-density cable designs, while streamlining 
field optical time domain reflectometer (OTDR) testing protocols. BendBright® A2 Low Loss fiber also 
benefits network operators by conserving optical power in closures and other locations where bending 
losses can quickly add up. Next generation networks need enhanced reliability, especially at longer 
wavelengths. BendBright® A2 Low Loss fiber provides excellent protection against bending events, 
thereby lowering the total cost of ownership through reduced trouble tickets and improved optical power 
margins. 

The newly introduced cables in Australia include High Strength EXTR@CORE
 ® direct buried cables, 

standard loose tube cables and FlexTube
 ® cables. By using BendBright® A2 Low Loss in these cables 

the cabled attenuation performance can achieve attenuation of <0.18dB/km at 1550nm. Compared to the 
traditional cables used G.652.D fiber, this is a great improvement on the cabled attenuation performance.  

Significant research and development have been undertaken at Prysmian to design, develop and test 
these cables to ensure cable performance and reliability. A large amount of fiber characterisation tests 
has been conducted during the R&D phases as well as production phases to verify the cables 
attenuation. Special tests including Axial Compression Resistance test and Car Impact test have been 
performed to meet the Australia’s specific reactive soil environmental requirement and the customer’s 
operational deployment requirements. 

By successfully supplying these cutting-edge fiber and cable products, Prysmian Australia becomes the 
primary manufacturer supporting the local customers to build their next-generation, high-capacity long-
haul and access fiber networks. 
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1. Introduction 

Traditional Australia’s long-haul networks have been built based on G.652.D fiber. With the rapid increase 
in bandwidth there has been an increasing interest in upgrading the long-haul and access networks with 
high-capacity cable systems. 

An Australia operator announced a key project to add 20,000 new route kilometres to improve the size, 
reach and bandwidth of the national optical fiber network over the next 5 years.  

The plan is to deploy ultra-high capacity, low-latency fiber links between capital cities as well as into 
regional and remote communities, including submarine routes. 

A number of considerations have been taken into account when the customer selects the fiber and cables 
to be deployed in the new inter-capital network. These key considerations include  

• Supremum bend insensitivity which enables more compact cable designs.  
• Lower attenuation than the existing G.652.D fiber which improves the performance in long-haul 

network. 
• Supporting the full use of transmission bands from 1260 nm to 1625 nm for data transmission, 

and up to 1675 nm for OTDR network monitoring. This is particularly important when future-
proofing higher capacity networks, which will likely operate outside of present standard ranges. 

• The most important cable designs are the higher fiber count direct buried cables which can be 
installed faster and cheaper while they need to survive in the well-known reactive soil 
environment across Australia, though other high fiber count cable designs are also required to 
cover full deployment scenarios.  

As an extension to Prysmian BendBright® offering, Prysmian has introduced BendBright® A2 Low Loss 
fiber with ColorLock-XS technology complying to both ITU-T G.652.D and G.657.A2 standards. Due to its 
excellent resistance to micro and macro bend effect it has been selected to be used in this project. 

Several cable designs have been chosen for this project to cover different deployment scenarios. 
However, A large portion of the fiber routes will be deployed by direct buried in the regional and rural 
areas where a significant portion of areas have the reactive soil. A new High Strength EXTR@CORE

 ® 
(HSE) direct buried cable with small form factor has been designed to resist the reactive soils while being 
smaller than its predecessor.  

 

2. BendBright® A2 Low Loss Fiber 

Supremum bend insensitivity is in the first place of priorities in fiber selection. There are two types of 
bend-insensitivity: insensitivity to MACRO-bend or to MICRO-bend. 

Macrobends are visible to the naked eye, such as fiber cabling which bends around corners, inside 
splicing closures and within connectivity devices. Macrobending is especially likely to occur within high-
density networks, as space is limited to route and accommodate fibers within connectivity devices.  

Microbends refer to microscopic local effects on a cable. Microbending is especially likely to occur within 
high-density cables, as fibers can touch due to material shrinkage or other strain, or more compact cable 
designs to reduce cable diameter, or because the cable has been squeezed by external pressure – 
commonly over the long life cycle of a cable such as cable compressing by reactive soil. Microbends can 
also occur during temperature variations, which can induce material shrinkage.  

Prysmian BendBright® A2 Low Loss fiber is a recent development. While G.657.A2 fibers were initially 
developed with macrobend insensitivity in mind, they also outperform all other existing fiber types for 
microbend insensitivity. Figure 1 specifies the bending performance of Prysmian BendBright® A2 Low 
Loss fiber. 
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Figure 1 Bending Performance of Prysmian BendBright® A2 Low Loss Fiber 

Prysmian BendBright® A2 fiber enables the design of high density and low loss cables. By using 
BendBright® A2 Low Loss the cabled attenuation performance can achieve attenuation of <0.18dB/km at 
1550nm. Compared to the traditional cables used G.652.D fiber, this is a great improvement on the 
cabled attenuation performance.  

Figure 2 shows the increasing wavelength requirements of passive optical network (PON). Next 
generation PON2, delivering 10 Gigabits per wavelength up to 1625 nm on a single fiber, was also 
standardized by ITU-T and it is expected to see significant market adoption in the coming years. The ITU-
T and IEEE Standardization bodies are now considering even higher speeds of 25 Gigabits and 50 
Gigabits with high-speed PON (HS-PON) and WDM PON for 5G wireless fronthaul, where 20 channels 
resulting in an aggregate capacity of 500 Gigabits could be useful. As new PON systems get adopted by 
Telecom operators, it will become crucial not to generate high attenuation losses in the high wavelengths 
range (the part represented in orange and dark gray on Figure 2). 

 
Figure 2 Wavelength Requirements of PON 

Figure 3 shows the difference of signal attenuation between 3 main fiber types: G.652.D, G.657.A1 and 
G.657.A2, when bending is applied, the G.657.A2 fiber is nearly immune to these bend effects, when both 
the other fiber families present very high losses, especially in the higher range of the usable wavelengths.  
It is therefore very clear that, the choice of a G.657.A2 fiber will enable the network to operate with new 
generations of PON systems in the future without disruptions.  
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Figure 3 Attenuation Comparison Between 3 Main Fiber Types Note1 

Note 1: Refer to Prysmian paper “Technical advantages of G.657.A2 (premium Single Mode Fiber) compared to G.652.D (standard 
Single Mode Fiber)” 

As such BendBright® A2 Low Loss fiber meets all important fiber selection criteria. 

Table 1 below specifies the main attributes of BendBright® A2 Low Loss fiber. 

 
Table 1 Main Attributes of BendBright® A2 Low Loss Fiber 

 

3. Project Cable Designs 

A number of cables have been chosen for this project. BendBright® A2 low Loss fiber is selected to be 
used in all these cables. These cables can cover all the scenarios for the project. These cables include 

• 720f/360f FlexTube® and 144f/72f/36f/12f loose tube duct cables 

• 720f/360f FlexTube® and 144f/72f loose tube rodent proofed cables 

• 720f/360f/144f FlexTube® underwater cables 
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• 72f HSE EXTR@CORE® direct buried cable 

• Apart from the above cables, a new small form factor 144f HSE EXTR@CORE® direct buried 
cable has been designed and qualified for this project. This new cable shared the same cable 
structure as 72f HSE EXTR@CORE® direct buried cable which has 12 fibers each tube but now it 
includes 24 fibers each tube, which will result in more chance of microbends in operation. 
Microbend insensitivity of BendBright® A2 Low Loss Fiber significantly reduce such chance that 
causing power losses. 

The new cable design reduces the cable diameter from 23mm to 14.8mm. Given the highest quantity of 
this cable to be deployed in this project, the new compact cable design reduces large number of plastics 
in the cable which means reducing the CO2 emission and saving power in cable production. The weight of 
this cable has also been reduced from 394kg/km to 180kg/km which means reducing the transportation 
and installation costs. Longer length of cable can be packed in one cable drum which means reducing the 
splicing points in the network and reducing the number of joints which further reducing the material costs, 
civil work costs, transportation costs and installation costs. 

The new cable design is shown in below Figure 4. 

 
Figure 4 144f HSE EXTR@CORE® Cable Design 
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4. Project Test Regime 

As the new fiber and new cable design being introduced into the network, to ensure the fiber and cables 
meet all the customer and industry requirements, significant research and development have been 
undertaken at Prysmian to design, develop and test the fiber and cables to ensure the performance and 
reliability.  

A large amount of fiber characterisation tests has been conducted during the R&D phases as well as 
production phases to verify the cables attenuation.  

Traditional cable qualification tests as well as special tests such as Axial Compression Resistance test, 
fiber Boil test and Car Impact test have been performed to meet the Australia’s specific reactive soil 
environmental requirement and the customer’s operation and deployment requirements. 

Tests have been performed are outlined in Table 2. 

This paper does not include the Traditional Qualification Tests for the cable as these tests follow the 
international industry standards. 

Component Category Test Item Criteria 

Fiber 

Traditional 
Qualification 
Tests 

Splicing Test TIA FOTP-8 

Fiber Ageing Test (Material 
Compatibility) Telcordia GR-20-CORE 

Special Tests Fiber Boil Test (Delamination) Customer Specification 

Cable 

Traditional 
Qualification 
Tests 

Tensile and Bend under Tension IEC 60794-1-21 E1 

Bend IEC 60794-1-21 E11 

Crush (Long Term & Short Term) IEC 60794-1-21 E3 

Impact IEC 60794-1-21 E4 

Torsion IEC 60794-1-21 E7 

Tube Kinking IEC 60794-1-23 G7 

Filling Compound Drip IEC 60794-1-21 E14 

Water Penetration IEC 60794-1-22 F5C 

Temperature Cycling  IEC 60794-1-22 F1 

Cable ageing IEC 60794-1-22 F9 

Special Tests 

Axial Compression Resistance Customer Specification 

Car Impact Test Customer Specification 

Cabled Attenuation Customer Specification 

Table 2 Project Test Regime 

 

5. Qualification Tests 
 

5.1 Splicing Test 

Splicing test between BendBright® A2 Low Loss, G.652.D and BendBright® XS has been conducted 
based on bidirectional OTDR method @1310, 1550 and 1625 nm with PK6500 in accordance with TIA 
FOTP-8.  
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The splicer used in the splicing test is FSM70S (Fujikura). These programs been used is core alignment. 
The splicer parameters in the splicing test are outlined in below Table 3. 

Parameter Setting 

Program AUTO 

Cleave Limit 3o 

Loss Limit 0.20dB 

Arc Power AUTO 

Arc Time AUTO 

Cleaning Arc 150ms 

Table 3 Splicer Parameters in The Splicing Test 

Acceptance criteria is bidirectional loss ≤ 0.1dB. The test results are summarised in Table 4.  

Figure 5 shows the splicing image examples captured in the test. 

All the test passed the acceptance criteria. The test results show that BendBright® A2 Low Loss (BBA2-
LL) fiber splices seamlessly with standard single mode G.652.D fibers as well as with BendBright® XS 
(BBXS). The small standard deviations indicate the consistent splicing results.  

 
Table 4 Splicing Test Results 

 
Figure 5 Splicing Image Examples Captured in The Splicing Test 

The splicing results show that BendBright® A2 fiber splices seamlessly with itself, with G.652.D fibers and 
with BBXS fibers, the customer enjoys the benefits of G.657.A2 bend performance while maintaining 
splicing convenience with existing G.652.D fiber network. 

 

5.2 Fiber Ageing Test 
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As BendBright® being introduced to the customer network, the fibers, buffer tubes, and other core 
components must meet the requirements to determine compatibility with buffer tube filling material(s) 
and/or water-blocking materials that are in direct contact with the identified components within the cable 
structure.   

Test was performed in accordance with Telcordia GR-20-CORE. 

Five 3-meter lengths of cable with filled buffer tubes, fiber and water-block material be aged at a 
temperature of 85 ± 2°C (185 ± 3.6°F) and a noncondensing humidity of 85 ± 5 % for a period of 45 days. 

Figure 6 shows the coating of one of the aged fibers show no signs of cracking, splitting, or delamination, 
when examined under 5X magnification. 

 
Figure 6 Yellow Fiber After Fiber Ageing Test 

Aged fiber strippability testing has been conducted as described in ICEA 640, Section 7.19.2.1, and 
FOTP-178. Stripping speed was 500 ± 50 mm per minute. The force required to remove 30 ± 3 mm of the 
fiber protective coating meets the acceptance criteria which was between 1.0N and 9.0N. 

Figure 7 shows that the ring marks of the ring-marked fibers are clearly legible after fiber ageing. 

 

 
Figure 7 All Ring Marked Fibers After Fiber Ageing Test 

 

5.3 Fiber Boil Test 

This is a special test required by the customer. The purpose of this test is to identify fiber coatings that 
are subject to “coating delamination”. Coating delamination is defined as a break down in the chemical 
bonding of the optical fiber primary coating to the glass or of the colouring (ink) layer to the outer fiber 
coating. Delaminated or partially delaminated coating fibers are subject to high loss coefficients and in a 
cable repair situation present difficult handling problems.   

Test performed in accordance with customer’s specification. 

Fibers shall show no evidence of fiber delamination and “water bubbles”. Coating should not be 
removable as a 10mm undamaged tube. 

A simple technique for maintaining the fiber in the prescribed environment, using commonly available 
laboratory equipment e.g. Conical Flask or Round Bottom Flask (The bottom of the flask has been 
scratched to promote even boiling, or boiling chips could be added) and Electric Hot Plate, the 
temperature has been carefully adjusted to just maintain steady boiling. 

A 50 mm minimum length of each coated fiber colour is immersed in gently boiling distilled water, at 
normal atmospheric pressure for 48 hours before examination. 
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The fibers are then removed from the boiling water, gently dried with paper tissue, placed on a 
microscope slide, index matching oil applied, then examined at X100. At least 50 mm of fiber should be 
scanned and the observations recorded.  

Check whether “Water bubbles” at the glass / distorted outer coating surface / coating delamination can 
be seen. 

One of the fibers from the test is shown in Figure 8. 

 
Figure 8 Image of Fiber After Boil Test 

 

5.4 Axial Compression Resistance Test 

Within Australia there are large areas of cracking clays (well known as reactive soil, expansive soil or 
black soil). These soils can be highly expansive and produce unusually large forces on the cables (in 
terms of tension, shear and crush).  

It was found that the small bows in the cable can easily result from the direct buried installation method 
used for such cables. The entire cable plough can act like a lever amplifying the effects of ground 
irregularities and introducing these bows into the cable lay. 

Due to the reactive soil movement at right angles to the cable caused the longitudinal compression, while 
both ends of the bow were held firmly, the polymer material of the cable can compress and the GRP can 
snake or slide, but the fibers would be forced to bunch up locally within the tube, resulting in optical loss.  

The effect of cable being longitudinal compressed by reactive soil is shown in Figure 9. 

 
Figure 9 The Effect of Cable Being Longitudinal Compressed By Reactive Soil  
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This is the main driver to develop the HSE cable to suit this environment and this was well accepted in 
Australia for long time. As there is no international standard test exists for longitudinal cable compression, 
Prysmian Australia R&D developed the Axial Compression Resistance Test to simulate the reactive soil 
effect. This test can determine a direct buried (HSE) cable’s ability to withstand longitudinal compress 
forces due to reactive soil movement. 

The acceptance criteria have been defined together with the customer as minimum 3kN compressive load 
without any physical damage and minimum compression displacement of 1.5% (48mm) of the sample 
length without any fiber attenuation increase greater than 0.15dB at 1625nm wavelength or broken fibers. 

An appropriate test rig has been designed to allow the cable to be longitudinally compressed along its 
length whilst being axially (radially) constrained. Key parameters are defined below:  

• Cable length under test is 3.2m 
• Secure the cable at each end to prevent movement of the cable components (including the fibers) 
• The rig shall constrain axial cable movement along the section under test to within + 50%xD mm 

from its neutral axis (where D is the diameter of the cable). 
• Be capable to achieve a minimum cable compression of 2% at a given compression load in 

excess of 5kN 
• Allow the applied load (kN) and compression distance (mm) to be measured 
• Selected fibers to be individually tested at 1625 nm (OTDR) 

The cable under test is loaded into the compression rig and both ends suitably locked to prevent 
movement of the cable and its components. Where necessary, the cable may be formed into loops 
beyond the ends of the rig to assist. 

A representative number of fibers (minimum 12) within the cable shall be simultaneously monitored using 
an OTDR. Gradually compress the sample within the rig at each 10mm displacement interval for 2 
minutes, record the displacement, load and attenuation. The test shall be continued until both mechanical 
failure (e.g. strength member breaks) and optical failure (attenuation increase of 0.15dB or greater) points 
are reached. The sample shall be removed from the rig and dissected for visual examination. The test 
shall be conducted three times. 

Figure 10 shows the average attenuation change (combined 3 tests) results of 4 types of cables. 72f 
G.652.D HSE, 72f BBA1 HSE and 144f BBA2-LL have the same cable structure. It demonstrates that 
BendBright® A2 fiber has about 30% more reactive soil resistance performance compared to the other 
types of fibers. The blue dotted line was a test result from standard armoured cable which has much 
lower reactive soil resistance. This proves the HSE cable design has outstanding reactive soil resistance 
capability. 
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Figure 10 Axial Compression Resistance Test Results 

 

5.5 Car Impact Test 

As there are many temporary deployments of the HSE cable to support network upgrade. These 
temporary deployments may have to install the cable on the ground for a period of time. It requires the 
HSE cable to be resist any short-term impact by a car passing on it or long-term impact by a car 
accidentally parked on it. 

The car impact test is to examine the behaviour of the fiber attenuation and recovery as the cable 
undergoes short term and long-term impact test using a car as weight (Kerb mass of 1,980 Kgs). 

The attenuation change during the test should not excess ±0.05dB. 

A representative number of 12 fibers are selected for the test.  

For a short-term test the load is applied using a car which runs over the laid-out cable on the concrete 
floor and test is left to run to observe the recovery of all 12 fibers afterwards.  

For the Long-term test the Car is parked over the cable for minimum 2 hours and moved away to 
measure recovery of the cable. In the test the total time was 2hrs and 20 mins.  

The results passed the criteria due to the microbend insensitivity of BendBright® A2 -LL and the HSE 
cable design. Figure 11 and 12 shows the attenuation changes during the short-term and long-term car 
impact tests respectively as the cable without any subduct protection. 
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Figure 11 Short Term Car Impact Test 

 
Figure 12 Long Term Car Impact Test 

 

5.6 Fiber Cabled Attenuation 

Prysmian’s BendBright® A2 Fiber has been used in mass production for a large number of cables 
deployed in Australia national inter-capital project. 

These cables include HSE EXTR@CORE® direct buried cables, standard loose tube cables and 
Prysmian FlexTube® cables.  

Mass production test results over 5000 fibers demonstrate that using BendBright® A2 in these cables the 
fiber cabled attenuation performance can achieve attenuation of <0.18dB/km at 1550nm. Compared to 
the traditional cables used G.652.D fiber, this is a great improvement on the fiber cabled attenuation 
performance. 

From the statistics of mass production test results we can conclude Prysmian’s BendBright® A2 fiber can 
achieve outstanding cabled fiber performance. 
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6. Conclusion 

Prysmian BendBright® A2 (G.657.A2) fibers have been tested under the comprehensive project test 
regime. Data from the tests showed that with its excellent resistance to micro and macro bend effect the 
fibres and the cables using these fibres not only meet all the international industry standards but also 
passed the customised environmental and operational criteria.   

The fibers have been used in mass cables productions with steady premium cabled attenuation 
outcomes. The cables using BendBright® A2 fibers are continuously manufactured supporting the ongoing 
project rollout. 

With the blooming of cloud computing applications, more and more data centres require higher fibre count 
cables to meet the growing data traffic demand. Next generation fibre optic networks need enhanced 
reliability, especially at longer wavelengths. BendBright® A2 will be a wise choice that enables more 
compact cable designs being used in future-proofing higher capacity networks. 
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Abstract 

Optical fibers have been developed and disclosed here 
with mode field diameter (MFD) at 1310 nm of 9.2 microns and 
optical attributes compliant with ITU-G.657.A2 specifications. 
Besides demonstrating excellent macrobend insensitivity, these 
fibers also show improved microbend performance compared to 
legacy fiber. Focusing on high fiber density 192 fiber cable having a 
fiber density of 6.16 fibers/mm2, three different fiber products 
having optical properties compliant with ITU-G.652.A1 and 
G.652.A2 standards specifications and having different mode field 
diameters at 1310 nm (ranging between 8.6 and 9.2 microns) and 
various coating thicknesses were evaluated for loss behavior during 
thermal cycling. Cable experiments show that high fiber-density 
cables with 9.2 microns MFD G.657.A2 fibers have loss 
performance significantly better than G.657.A1 fibers of similar 
MFD and comparable to G.657.A2 fibers with 8.6-8.8 microns 
MFD, making them the fiber of choice in high density cables. 
Dominant mechanism for attenuation in high density cable during 
thermal cycling is established by studying the sensitivity of 
attenuation increase at different wavelengths. Exploiting the 
sensitivity of the macrobending and microbending loss to 
wavelength, relative contributions of these to the overall attenuation 
performance of the optical fiber cables at low temperatures are 
estimated and presented. Sensitivity of the loss mechanisms to the 
optical fiber optical properties and coating characteristics provide 
important mechanistic understanding of attenuation behavior in 
these cables. 

Keywords: Large mode field diameter optical fiber, ITU 
G.652.D, ITU G.657.A2, high density cables, macrobending, 
microbending, bend insensitive optical fibers, thermal cycling. 

1. Introduction 
 

The need for high bandwidth networking has been called into 
sharp focus by the worldwide COVID-19 pandemic. For those 
working or educating at home, their network has become a required 
utility service. As a result, connectivity already increasing before 
the pandemic, continues to grow [1].  Simultaneously, operators are 
reporting a 30-50% CAGR growth [1] in network bandwidths 
driven by the increase in connectivity and changing working 
practices and behaviors during the pandemic. The concurrent rise in 
connectivity and bandwidth requirements is giving rise to higher 
fiber counts in cables in all areas of the network. Whilst the need for 
higher fiber counts increases, the space available for installation of 
network infrastructure remains constrained. Fiber and cable 
manufacturers have responded to this challenge with high fiber 
density optical cables in which the fiber count within the cable have 
increased, but the size of the cable has nominally remained the same 
[2-5]. These high fiber density cables support both increased 
connectivity and increased bandwidths in networks. Optical fiber 

constrained in a high fiber density cable environment has to display 
a number of properties that facilitate functional transmission 
characteristics, across a range of operating temperatures; whilst 
maintaining the quality and physical characteristics that enable 
efficient installation in the network. Optical fiber for high fiber 
density cables should deliver: 

• a low outer diameter to deliver the space savings within the 
duct for higher fiber counts, 

•  an increased resilience to bend, to maintain low loss under 
the bend conditions experienced within high fiber density cables 
and, 

• a compatible mode field diameter to legacy fiber to facilitate 
efficient connection under installation. 

In this paper we describe a novel optical fiber design with a 
G.657.A2 bend insensitive fiber with a 7.5 mm minimum bend 
radius, a 9.2 µm mode field diameter, 0.32 dB/km low loss at 1310 
nm and 0.18 dB/km low loss at 1550 nm and a 190 µm low outer 
diameter. This fiber has been specifically designed for the needs of 
high fiber density cables in a high connectivity installation 
environment. This new fiber design displays low loss across a wide 
range of operating wavelengths and temperatures in dense cable 
designs. 

 

2. Optical Fiber Designs with Improved 
Macro-bending and Micro-bending 
Performance 

Novel optical fibers have been developed that are compatible 
for mode field diameter with the legacy fibers, with significantly 
improved macrobending and microbending performance. 
Currently, there are two different types of bend-improved optical 
fibers that are typically used in high fiber density applications.  
The first type of optical fibers have mode-field diameter at 1310 
nm of around 9.2 µm and matched to the legacy fiber, with the 
bend performance that is compliant to ITU-G.657.A1 
specification. The second type of optical fibers have optical 
performance that is compatible with ITU-G.657.A2 
recommendation, but partially depend on the smaller mode field 
diameter of around 8.6-8.8 µm (at 1310 nm) to achieve the 
improved bend performance. We here report development of 
trench-assisted bend-improved optical fibers that have a nominal 
mode-field diameter of 9.2 µm, and yet have bend performance 
and optical attributes compatible with G.657.A2 specifications. 
Moreover, these optical fibers also have best-in-class attenuation 
of 0.32 dB/km and 0.18 dB/km at 1310 nm and 1550 nm 
respectively. Achieving G.657.A2 compatible bend performance 
at small and large bend diameters for large mode field diameter 
optical fibers is a challenging task, as different parts of the optical 
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fiber profile contribute to the bend performance at different bend 
diameters. Furthermore, development of optical fiber designs that 
results in all optical attributes meeting standards recommendation 
and simultaneously achieving G.652.A2 bend loss for 9.2 µm 
MFD is an involved optimization exercise.   Optical fiber designs 
have been developed wherein different structural elements of the 
optical fiber profiles have been optimized to achieve targeted 
MFD and optical performance (Table 1). 

 

Optical Attribute Magnitude 
Mode Field Diameter at 1310 

nm (µm) 
9.2 

Cable Cutoff (nm) < 1260 
Zero Dispersion Wavelength 

(nm) 
1300-1324 

Bend Loss at 1550 nm for 
1x15 mm bend diameter 

(dB/turn) 

< 0.5 

Bend Loss at 1550 nm for 
1x20 mm bend 

diameter(dB/turn) 

< 0.1 

Bend Loss at 1550 nm for 
10x30 mm bend diameter 

(dB/turn) 

< 0.03 

 
Table 1. Nominal optical attributes of the optical fibers that have mode-
field-diameter of 9.2 mm and bend performance compatible with 
G.657.A2 specification. 

 
The comparison of the modeled bend performance of optical 
fibers having G.657.A1 and G.657.A2 opticals is shown in Figure 
1A. Both the fibers have nominal mode field diameter at 1310 nm 
of 9.2 µm and cable cutoff of less than 1260 nm to enable O-band 
and C-band operation. The bend performance observed in actual 
made fibers is also in good agreement with the modeled results 
(Fig. 1A).  The bend performance for the G.657.A2 fibers 
disclosed here is consistently better than the G.657.A1 fibers for 
the range of tight bend diameters that are commonly observed in 
high fiber density cables used in micro-cable and data-center 
interconnect applications. Furthermore, microbend performance 
of G.657.A2 optical fibers is significantly better than the 
corresponding microbend performance of G.657.A1 optical fibers,  

 
as illustrated in Figure 1B. The modeled results shown here are 
for optical fibers having outer coating diameter of 190 µm, 
primary coating diameter and insitu modulus of ~ 161 µm and 
0.27 MPa, and a secondary coating diameter and modulus of 190 
microns and 1800 MPa. The improved microbend performance of 
G.657.A2 fibers is particularly important for attenuation in high 
fiber density cables, particularly for attenuation stability during 
temperature cycling. Motivated by these results, the fibers were 
evaluated for their performance in high fiber density cables and 
the results are presented in the next section. 
 

3. Cable Performance 

3.1 Cable experiment 
 
To demonstrate the performance of the new fiber in high-

density cables, a cable experiment was carried out using a legacy 
6.2 mm cable having eight buffer tubes, with 24 fibers in each 
tube. The micro cable had the Fast Access Technology™ and a 
fiber density of approximately 6.4 fibers/mm2 (Fig. 2). The cable 
design and manufacturing process were modified to make the 
cable more sensitive to fiber micro-bending and macro-bending 
such that fibers of different designs and having different coating 
diameters can be studied for room temperature and cold 
temperature performance.  

The goal of the experiment was to compare cabled fiber 
attenuation and cold temperature response of the newly developed 
G657.A2 fiber with 9.2 µm MFD, legacy G657.A1 fiber with 9.2 
µm MFD, and G657.A2 fiber with 8.6 µm MFD. It must be 
highlighted that the G.657.A2 fiber with 8.6 µm MFD used in this 
study had a bend performance capability in excess of G.657.A2 
specification and other commercial G.657.A2 fiber offerings. In 
addition, two outer coating diameters of 200 µm and 190 µm were 
used for each fiber type, with the ratio of thickness of secondary 
coating to primary coating of about 0.8. 

For the experiment,16 buffer tubes were manufactured, with 
eight of the buffer tubes having 200 µm fibers and other eight 
tubes having 190 µm fibers. In each buffer tube 12 fibers were 
simply colored and the remaining 12 fibers were ring marked and 
colored for easy identification. Each buffer tube contained a 
mixture of three fiber types listed above. 
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(A)                                                            (B) 

Fig. 1: (A) Comparison of modeled and measured macrobend loss at 1550 nm for different bend diameters for optical fibers 
having mode field diameter at 1310 nm of 9.2 microns and bend performance compatible with G.657.A1 and G.657.A2 
specification. (B) Comparison of modeled microbend performance of G.657.A1 and G.657.A2 optical fibers. 
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Fig. 2 Experimental cable cross-section for the cable design 
used for evaluating performance of different fiber designs. 
 

 
Fig. 3 Attenuation behavior at 1550 nm at ambient 
temperature of different fiber types having different coating 
thicknesses.  
 

3.2 Cable Test Results 
The cables made using the buffer tubes described above were 

measured for attenuation using OTDR. Fig. 3 shows the 
attenuation response of two 192-fiber cables on the reel in 
ambient temperature. It was observed that the 200 µm coating 
diameter fibers showed higher attenuation and larger spread 
compared to the 190 µm coating diameter fibers. The lowest 
attenuation was measured for the newly developed 9.2 µm MFD 
G657.A2 with fibers having 190 mm coating thickness. 

The cables were next respooled to loose coils and subjected 
to temperature cycling from -40 C to 70 C. Fig. 4 shows 
normalized results of the attenuation increase of fibers of different 
fiber types and coating diameters in experimental cables designed 
to amplify microbend and macrobend loss response during 
thermal cycling testing. It was observed that the 9.2 µm MFD 
G657.A2 fiber demonstrated significantly lower attenuation 
increase at -40 C for both 200 µm and 190 µm coating diameters 
compared to the 9.2 µm MFD G657.A1 fiber. The attenuation 
increase for the 9.2 µm MFD G657.A2 fiber was approximately 
75% lower than 200 µm legacy G657.A1 and more than 50% 
lower compared to 190 µm legacy G657.A1. Furthermore, the 
loss performance of 9.2 µm MFD G657.A2 fiber during thermal 
cycling was comparable to the G657.A2 fiber with 8.6 µm MFD, 
despite having much higher MFD that is matched to legacy single-
mode fibers. 
 

 

Fig. 4 Normalized attenuation increase during thermal 
cycling observed in different fibers in cables. 
. 

4. Macrobend and Microbend 
Performance of Bend-Insensitive Optical 
Fiber in High Density Cable 

The dominant mechanism for the attenuation increase in high 
density cables during thermal cycling is established by studying 
the sensitivity of the attenuation at different wavelengths. The 
macrobend loss in optical fiber increases more significantly with 
wavelength compared to the microbend loss. Figure 5. Shows the 
additional attenuation experienced in a temperature cycling cable 
test to -40°C. Fibers under test in the cable have an MFD of 9.2 
microns at 1310 nm. Recall, this cable was designed to deliver a 
bend signal for experimental purposes. 

For the majority of fibers in the cable, losses are attributed to 
microbend with little divergence between the additional 
attenuation values observed at 1625nm and 1310nm.  It is 
observed that for the final 40% of fibers in the cable the 
divergence between loss at 1625nm and 1310nm is greatest in 
G.657.A1 fibers, suggesting a component of macrobend loss 
contributing to the highest attenuation fibers in the cable. In 
contrast the G.657.A2 optical fibers with comparable MFD have 
lower thermal cycling loss with the microbending loss largely 
suppressed and any residual increase in loss associated with a 
small macrobend response. As is clear from Fig. 4 and discussion 
in Section 3.2, the overall loss in G.657.A2 fibers is significantly 
lower than the corresponding loss in G.657.A1 fibers of similar 
MFD. 

Table 2 shows the ratio of 1625 nm to 1310 nm loss for 
G.657.A1 fiber in both 190 µm and 200 µm outer diameter 
configurations. The ratio of increased loss across wavelengths is 
the same for A1 fibers and approximately increases by a factor of 
4.  

Table 3 shows the ratio of 1625 nm to 1310 nm loss for 
G.657.A2 fiber in both 190 µm and 200 µm outer diameter 
configurations. The divergence between increased losses across 
wavelengths is the same for A2 fibers and approximately 
increases by factor of 2. 

The lower sensitivity of G.657.A2 attenuation increase with 
wavelength confirm less macrobend sensitivity. Fibers with 190 
µm outer diameter demonstrates 50% less divergence across 
wavelengths. 
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Fig. 5 Attenuation experienced in a temperature 
cycling cable test to -40°C. Fibers under test in the 
cable have an MFD of 9.2 microns at 1310 nm.  
 
Fiber Bend Spec Fiber 

OD 
1625nm: 

1310nm max 
values (dB) 

G.657.A1  200um 4 
G.657.A1 190um 4 
 
Table 2 Table of values for ratios of 1625nm to 
1310nm wavelengths for G.657.A1 fiber  
 
Fiber Bend Spec Fiber 

OD 
1625nm: 

1310nm max 
values (dB) 

G.657.A2  200um 2 
G.657.A2 190um 2 
 
Table 3 Table of values for ratios of 1625nm to 
1310nm wavelengths for G.657.A2 fiber  
 
Conclusions 

Optical fiber designs have been disclosed that have 
1310 nm MFD of 9.2 µm and optical attributes compliant with 
G.657.A2 specifications. Furthermore, these fibers have 
microbending characteristics that are significantly better than 
legacy G.657.A1 fibers. Motivated by these results, 9.2 µm MFD 
G.657.A2 fiber, 9.2 µm MFD G.657.A1 fiber and 8.6 µm MFD 
G.657.A2 fiber were evaluated for ambient temperature and low-
temperature loss-performance in high-density microcables. For 
studying optical fiber in microcables, high density cables having 
192 optical fibers with fiber density of 6.2 fibers/ mm2 were 
considered. It was observed that the loss performance of 9.2 µm 
MFD G.657.A2 fiber was significantly better than 9.2 µm MFD 
G.657.A1 fiber and comparable to 8.6 µm MFD G.657.A2 fiber, 
suggesting that the newly developed 9.2 µm MFD G.657.A2 fiber 
should be the fiber of choice for high fiber density cables as it 
simultaneously allows for excellent low temperature cable 
performance and low coupling loss by having MFD matched to 

legacy single mode fibers. To determine the dominant loss 
mechanism of different fiber types in high density cables during 
thermal cycling, the ratio of attenuation increase at 1550 nm/1310 
nm was observed. The attenuation increase in G.657.A1 optical 
fibers in high density cables was seen to be largely dominated by 
macrobending loss with microbend loss being a smaller fraction 
fibers. In contrast, the bend loss was observed to be largely 
suppressed in the case of G.657.A2 optical fibers. Sensitivity of the 
loss mechanisms to the optical fiber optical properties and coating 
characteristics provide important mechanistic understanding of 
attenuation behavior in high density cables. Our methods and result 
provide valuable insight into developing strategies for designing 
low attenuation high density cables. 
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Production Testing of Single Pair Ethernet Wiring in Cable Harness
Arvind C Patel, Harshang Pandya, Nway Yu Khine, Krishna Rajan 
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Abstract 
The need for high speed data communications in Automotive has 
seen an increase in use of Balanced Single Pair Cabling in Wiring 
Harnesses. The OPEN Alliance Standard for Ethernet 
communication defines limits for RF parameters that the cabling 
needs to comply to in order to ensure reliable data communication. 
This paper presents an optimized approach for production testing 
of Balanced Single Pair Cabling in Wiring Harnesses. A purpose 
built Mixed-Mode Multi-Port Vector Network Analyzer is adapted 
to meet test requirements of all transmission parameters as 
specified in OPEN Alliance Standard. 

Keywords: Vector Network Analyzer; Mixed Mode; Multi Port; 
Single-Pair Ethernet; Harness; OPEN Alliance; Characteristic 
Impedance Differential Mode; Balanced Test Fixture; S Parameters; 
Return Loss; Insertion Loss; Transverse Conversion Loss; 
Transverse Conversion Transverse Loss; TDR  

1. Introduction 
This paper will review the relevant Standards for Single Pair Ethernet 
(SPE) and the parameters that need to be measured for compliance to 
the Standards. Reference Methods for Testing and Measurement 
addressed in the Standards are suitable for R&D and Laboratory 
environment. Alternate methods for Production Testing will be 
discussed. Measurement Data for various test configurations will be 
compared to give insight into factors that affect RF measurements 
and the appropriate methods that can be used for optimized 
production testing. Tester scalability techniques that can be used to 
expand RF Test capability for high pair count cable assemblies will 
be presented. 

2. Single Pair Ethernet Standards 
The Institute of Electrical and Electronic Engineers (IEEE) 802.3 
Working Group has developed the Standard for Ethernet 
Technologies IEEE Std 802.3 [1]. Standards listed below address 
SPE Speed and Distance needs based on application requirements. 

• 100BASE-T1 : IEEE Std 802.3bw  [2] 
• 1000BASE-T1: IEEE Std 802.3bp [3] 
• 2.5GBASE-T1/5GBASE-T1/10GBASE-T1 : IEEE Std 802.3ch 

[4] 
• 10BASE-T1L : IEEE Std 802.3cg [5] 
The OPEN Alliance (One-Pair Ether-Net) Inc. develops the 
specifications for conformance and interoperability of Single Pair 
Ethernet Networks for Automotive industry. Technical Committee 
TC9 specifies electrical requirements and test procedures for 
channel and components in conformance to the link segment 
requirements of IEEE 802.3 automotive Ethernet standards at 
various speed grades. 

Telecommunications Industry Association (TIA) TR-42 develops 
and maintains standards for telecommunications cabling 

infrastructure. ANSI/TIA-568.5 [6] specifies cabling and link 
requirements for 10Mbps operation over 1000m. 

International Organization for Standardization / International 
Electrotechnical Commission ISO/IEC develops and maintains 
standards in the field of ICT. ISO/IEC 11801-1 AMD1 [7] and 
ISO/IEC TR 11801-9906:2020 [8] specify cabling and link 
requirements for 10Mbps/100Mbps/1Gbps operation over 
Balanced Single Twisted-Pair Cabling.  

3. Measurement Setup 
Laboratory Testing for Cable, Connectors and Channels is 
specified in the Standards. Channels are tested for specific lengths 
and worst-case configuration. Laboratory Testing also requires the 
Cables and Channels to be laid out in a specific manner for testing. 
Production and Manufacturing of Cables is done in bulk and the 
test methodology needs to be modified and adapted to make it 
suitable for production testing. 

4. Electrical Requirements 
Parameters that need to be tested and measured for standards 
compliance are listed below. 
• Insertion Loss (IL) 
• Return Loss (RL) 
• Transverse Conversion Loss (TCL) 
• Transverse Conversion Transfer Loss (TCTL) 
Additional parameters that may be specified depending on 
application are, 
• Characteristic Impedance Differential Mode (CIDM) 
• Propagation Delay 
• Alien Crosstalk 
• Coupling / Screening Attenuation 

5. Manufacturing Test Setup 
Manufacturing Test needs to have capability to test bulk Cables and 
Cable Harness with up to 24 pairs of SPE links. Test Setup will 
need to be replicated and scaled across multiple manufacturing sites 
and will need to take into consideration,  
• Test cost per cable/port 
• Test time 
• Pass/Fail Reporting 
• Test result Management 

 

5.1 Test Equipment requirements  
• 0.1 MHz to 2000MHz Test Frequency 
• Minimum four Differential Test Ports (to support testing of 2 

SPE Channels/Links from both ends) 
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• WireMap capability to detect miswiring 
• Measurement of RF Parameters: IL, RL, TCL, TCTL, 

Propagation Delay 
• TDR capability for CIDM measurements 
• Common Mode Impedance conversion 
• Calibration and Testing at Cable Attachment Interface 
• Remote PC Operation and Control 
A Mixed-Mode Multi-Port Vector Network Analyzer (MMVNA) 
Unit (Figure 1) that meets the above Test requirements has been 
developed. 

 
  Figure 1. Mixed-Mode Multi-Port Vector Network 

Analyzer 
MMVNA uses True Differential Transmit Signals (TDTS) for high 
accuracy and to reduce errors due to common mode interference. It 
supports creating custom Test Configurations that can be easily 
deployed across manufacturing locations. VNA Manager Pro PC 
application enables remote test control of MMVNA.  

5.2 Test Fixture 
Production testing requires repeated connection/disconnection of 
cables to Test Equipment. Traditional test fixtures that require 
soldering increase production test time and do not have 
repeatability. A Pressure Contact Test Fixture (PCTF) (Figure 2) 
has been developed to support interfacing of four differential pairs 
to MMVNA.  

 
  Figure 2. Pressure Contact Test Fixture (PCTF) 

 

5.3 Laboratory Test Setup 
Laboratory Test Setup (figure 3) of automotive cable assemblies 
requires cable under test to be placed 10mm above ground plane. 
The test limits defined in the Standards are referenced to Figure 3 
setup. Production and manufacturing testing cannot replicate figure 
3 setup due to the sheer volume of cables/assemblies to be tested 
and practical limitations of such a setup. Test limits will thus need 
to be adjusted based on the Cable Harness setup.      

 
  Figure 3. Laboratory Test Setup 

 

5.4 Test Ports Scalability 
MMVNA supports Host/Server capability and supports connection 
to PC over USB Ethernet or RJ45 Ethernet ports. Each MMVNA 
can be assigned a unique IP address. Multiple MMVNA’s each with 
a unique IP address can be connected to PC as shown in Figure 4.         
 

M MVN A-1

192.168.7.2

1
2
3
4

M MVN A-2

192.168.8.2

5
6
7
8

M MVN A-3

192.168.9.2

9
10
11
12

M MVN A-4

192 .168 .10.2

13
14
15
16

M MVN A-5

192 .168 .11.2

17
18
19
20

M MVN A-6

192 .168 .12.2

21
22
23
24

US B 

Hub

 
  Figure 4. MMVNA IP Addressing 

5.5 Automation  
MMVNA supports Command Line interface (CLI) as well as 
socket commands for Test Automation and Control.      

5.6 Reporting 
VNA Manager Pro (VMP) PC Application provides Graphical User 
Interface (GUI) for data interpretation and presentation. VMP 
supports Upper/Lower Test Limits to meet requirements of 
measurements that have both upper and lower boundary.  
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5.7 Database Management 
Production Testing of Cable Harness requires traceability for every 
cable pair/assembly that is tested. Testing in production can 
accumulate over 20,000 test results in a week. Data Analytics of RF 
parameters can help to provide early warning signs of fixture 
failures due to wear and tear.    

6. Measurement Results 
6.1 Calibration Baseline 
MMVNA Baseline measurements have sufficient headroom from 
limit line for accurate measurements. 
 

 
Figure 5. Baseline RL measurement 

 

 
Figure 6. Baseline TCL measurement 

 

6.2 PCTF Baseline 
PCTF Fixture Baseline measurements with DMCM load. 

  
Figure 7. PCTF RL measurement 

 

Figure 8. PCTF TCL measurement 

6.3 Cable Measurement 
Automotive Cable of 10m length was measured with MMVNA to 
validate compliance to Open Alliance specifications. 

 
Figure 9. Cable RL measurement 

 

 
Figure 10. Cable TCL measurement 

 

 
Figure 11. Cable IL measurement 

 

 
Figure 11. Cable Z measurement 
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6.4 CIDM Measurement 
CIDM measurements are calculated with measurements of cable 
with Open/Short at Far End. MMVNA supports CIDM command 
to provide OPEN/SHORT at end of cable using DC biasing to 
Remote Termination at Far End of Cable. Due to asymptotic nature 
of plot, measurement data needs to be recorded in middle of 
nulls/peaks. 

 
Figure 12. Cable CIDM measurement 

6.5 Capacitance Measurement 
MMVNA measures complex impedance of Cable. By keeping far 
end of cable OPEN and measuring its impedance, the reactive part 
of the impedance can be used to calculate the total capacitance of 
cable. 

 
Figure 13. Cable Capacitance measurement 

 

6.6 Measurement Test Configuration and 
Reporting 
PC Application VNA Manager Pro is used to control multiple 
MMVNA and initiate simultaneous testing of cables in a harness. 
Test results are processed and checked against specified limits to 
determine Pass/Fail of Cable Harness and Assemblies. 

 
Figure 14. VMP configuration 

7. Conclusions 
MMVNA with its measurement capabilities is able to support testing 
of Cable Harness and Assemblies against limits specified in Open 
Alliance standards. VNA Manager Pro PC application allows parallel 
connection of multiple MMVNA to support large count of SPE cable 
testing.  
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Abstract 
This paper explores the possibility for extended-reach 1 Gb/s 
single-pair Ethernet (SPE) Type-B links up to 100 m using a 
shielded version of the new standard Class T1-B single-pair 
cabling. Extended reach up to 100 m enables interoperability 
between new standard single-pair cabling and current standard 
four-twisted-pair cabling. 

The paper includes an overview of the current related international 
standards, published and under development, for single-pair 
Ethernet (SPE) data cabling systems, covering standards from 
IEEE 802.3, ISO/IEC SC 25, IEC SC 46C, and IEC SC 48B. 

Keywords: single-pair; Ethernet; SPE; Type-B; single-pair; 
twisted-pair; balanced; cable; cabling; channel; link; Class T1-B; 
Category T1-B; Class T1-C; Category T1-C; Class-EA; 
Category 6A; Class-FA; Category 7A; Class-I; Category 8.1; 
Class-II; Category 8.2; common-mode; coupling; coupling-
attenuation; mode-conversion; conversion-loss; electromagnetic; 
EMC; model; data; rate; reach; signal-to-noise-ratio; SNR; margin; 
capacity; screen; shield; 

1. Introduction 
The paper covers the current international cabling standards project 
to upgrade the data network cabling passive channel model for the 
new single-pair cabling characteristics. The current copper cabling 
channel model is based on unshielded twisted-pair balanced 
cabling, typically constructed using four unshielded twisted-pairs 
and 8-way unshielded connectors; the primary characterizing 
transmission parameter is crosstalk loss. The new copper cabling 
channel model is based on shielded pair differential cabling, 
typically constructed using shielded single-pair cable and 2-way 
shielded connectors; the primary characterizing transmission 
parameter is common-to-differential-mode-conversion loss. The 
paper will cover a detailed review of the important changes to the 
standard cabling channel model and a summary review of the most 
affected single-pair cabling standards, which reference that model. 
The purpose of the cabling channel model is to provide the formulas 
used to derive the channel transmission parameters from the 
component cables and connectors transmission parameters. The 
primary use case for single pair cabling is industrial process control 
applications and related applications such as transportation and 
energy. Industrial applications normally have more severe 
electromagnetic environments than typical commercial premises. 
Common-to-differential-mode-conversion parameters are most 
important to consider for the industrial environment. Crosstalk 
parameters are inherently less important to consider for single-pair 
cabling; however, cable-to-cable (alien or external) crosstalk 
remains a consideration for single pair cabling. Common-to-
differential-mode-conversion involves mixed-mode parameters, 

which must be described using vector S parameters. Whereas 
differential-mode-to-differential-mode crosstalk parameters are 
sufficiently described using scalar S parameter magnitudes. 
Moreover, mixed-mode conversion is more complex and can be 
significantly affected by magnetic phase unbalance as well as 
electrical voltage unbalance. 
The focus of this paper is on modeling and verifying insertion loss, 
which is composed of attenuation, return loss, and mode conversion 
parameters. Particular attention is given to phase related 
parameters. Cabling channel models are verified from cabling 
component models.  
Various new standards are emerging from several organizations 
and committees that are specifying somewhat different values for 
the same transmission parameters. Recommendations are made for 
harmonizing the specifications of the new single-pair cabling 
standards. 

2. Single-pair cabling standards 
2.1 Standards organizations 
Single-pair cabling standards support data communication physical 
interface standards from international standards development 
organizations (SDO), such as IEEE, ISO/IEC, IEC, and TIA. 

2.2 IEEE SA (Institute of Electrical and 
Electronics Engineers, Standards Association) 
IEEE-SA 802 LAN/MAN Standards Committee is the international 
group responsible for developing the Ethernet® wired, and WiFi® 
wireless, and related internet data communications standards, for 
local area networks and metropolitan area networks (LAN/MAN); 
802.3 working group publishes Ethernet standards, for wired 
internet data transport between practically all microprocessor-
controlled equipment. 

2.2.1 Ethernet PHYs for single-pair cabling  
Physical-layer interface (PHY) specifications for Single-Pair 
Ethernet (SPE) are the new focus for copper links; originally 
intended for automotive applications, these PHYs have two key 
features supporting mechanical efficiency and electrical 
robustness, i.e., full-duplex operation over a single-pair and fewer 
modulation levels, e.g., PAM-3 & PAM-4. 
As of this writing the current version of IEEE Std 802.3™-2018 
Standard for Ethernet [1] and its amendments covering SPE are: 
• 10BASE-T1 [2] IEEE 802.3 (cg) 2019; 10BASE-T1L long 

reach PHY, clause 146, runs up to 1000 m over single-pair at 
about 3.75 MHz; and 10BASE-T1S short PHY, clause 147, 
runs up to 15 m over single-pair at about 3.75 MHz; clause 
147 also includes a 25m half-duplex multidrop mixing 
segment, which has 3 to 8 MDIs. 

• 100BASE-T1 [3] IEEE 802.3 (bw) 2015, short reach PHY, 
clause 96, runs up to 15 m over single-pair at about 33 MHz.  
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• 100BASE-T1L [4] IEEE 802.3 (dg) TBD; 100BASE-T1L 
long reach PHY, clause tbd, runs up to 500 m over single-pair 
at about 33 MHz. 

• 1000BASE-T1 [5] IEEE 802.3 (bp) 2016, Type-A short reach 
PHY, clause 97, runs up to 15 m over single-pair at about 375 
MHz, and 1000BASE-T1 Type-B medium reach PHY, clause 
97, runs up to 40 m over single-pair at about 375 MHz.  

• MultiGBASE-T1 [6] IEEE 802.3 (ch) 2020, 2.5GBASE-T1, 
5GBASE-T1, and 10GBASE-T1, short reach PHYs for 
automotive, clause 149, runs up to 15 m over single-pair.  

2.2.2 Ethernet PHYs coupling attenuation requirements 
Prior to SPE, BASE-T PHYs relied on a form of coupling 
attenuation for unshielded cabling to assure common-mode noise 
rejection; the injection clamp method of 1000BASE-T [1] was 
updated for 25G/40GBASE-T [1].  
SPE PHYs adopted IEC coupling attenuation requirements: 
• 1000BASE-T1 Type-B [5], references IEC 62153-4-14 [21]. 
• 10BASE-T1L, [2] includes low-frequency coupling 

attenuation requirements. 
• MultiGBASE-T1, [6] references coupling attenuation 

measurements using triaxial method IEC 62153-4-7 [20]. 

2.3 ISO/IEC (International Standards Organization 
/ International Electrotechnical Commission) 
ISO/IEC JTC1 SC25 covers interconnection of microprocessor-
based IT equipment.  

2.3.1 Generic cabling specifications 
Wired network cabling systems for LAN applications in buildings 
are covered in ISO/IEC 11801-1 [7] for all media-types, which are 
referenced by the other 11801-x series standards covering 
implementations for various application spaces, e.g., 2-Enterprise, 
3-Industrial, 4-Homes, 5-Datacenter, and 6-Smart-building. 
The cabling requirements cited in this paper are covered in ISO/IEC 
11801-1 [7] which covers, among various media types, standard 
balanced cabling channel specifications, per channel classes 
specifications and respective referenced component categories 
detail specification: e.g., Class-D/CAT5e, Class-EA/CAT6A, 
Class-FA/CAT7A, Class-I/CAT8.1 and Class-II/CAT8.2. 
Amendments are underway for 11801-x series, which add a new 
media type, balanced single-pair cabling. 
• ISO/IEC 11801-1 [7], Information technology -- Generic 

cabling for customer premises -- Part 1: General requirements; 
Standard covers the generic cabling channel requirements for 
LAN applications, currently being amended to include new 
single-pair cabling channel classes.  

• ISO/IEC 11801-3 [8], Information technology - Generic 
cabling for customer premises - Part 3: Industrial premises; 
Standard covering specific reference implementations for 
industrial use cases, first published 11801-x series amendment 
to reference new single-pair cabling channel classes.  

• ISO/IEC 11801-6 [9], Information technology - Generic 
cabling for customer premises - Part 6: Distributed building 
services; Standard covers specific reference implementations 
for smart-building use cases, currently being amended to 
reference new single-pair cabling channel classes.  

2.3.2 Application specific cabling guidelines and 
specifications 
New technical reports and technical specifications precede 
standards to extend the ISO/IEC 11801-x cabling standards to 
support new applications, e.g., Single-pair Ethernet (SPE): 

• ISO/IEC/TS 11801-9903 [10], Information technology - 
Generic cabling for customer premises - Part 9903: Matrix 
modelling of channels and links, covers 4-port network matrix 
model for links and channels; mixed-mode S-parameters are 
being added to support shielded single-pair cabling.  

• ISO/IEC/TR 11801-9906 [11], Information technology – 
Generic cabling for customer premises – Part 9906 - Technical 
report: single-pair cabling channels up to 600 MHz; a 
compendium of SPE link segment specifications supported by 
single-pair cabling channels and components; annex covers IL 
relation to DC resistance and conductor size. 

• ISO/IEC TR 11801-9909 [12], Information technology ‑ 
Generic cabling for customer premises - Part 9909: Evaluation 
of balanced cabling in support of 25 Gbit/s for reach greater 
than 30 metres; an overview of reach extension; annex covers 
IL relation to NVP and relative permittivity. 

2.4 IEC (International Electrotechnical 
Commission) 
IEC TC 46, for Cables, wires, waveguides, RF connectors, RF and 
microwave passive components and accessories, is the standards 
committee covering basic measurement and test procedures for data 
communications cables and cable assemblies, used with related 
standard connectors for data communications cable and assemblies. 

2.4.1 Cable component specifications 
IEC SC46C, Wires and symmetric cables, committee covers 
balanced cables for data communications. IEC 61156-x series 
covering balanced cables. 

• IEC 61156-11 ED2 (draft) [13], Multicore and symmetrical 
pair/quad cables for digital communications - Part 11: 
Symmetrical single pair cables with transmission 
characteristics [from 0.1 MHz] up to 1,25 GHz – horizontal 
floor wiring – Sectional specification; covers single-pair 
component cable, new media-type for data communication 
applications, e.g., Fieldbus and Single-pair Ethernet (SPE). 
Related standards 61156-12, -13, -14 cover related single-pair 
cable standards. 

• IEC TS 61156-1-2 ED1 (draft) [14], Multicore and 
symmetrical pair/quad cables for digital communications - 
Part 1-2: Electrical transmission characteristics and test 
methods of symmetrical pair/quad cables; this technical 
specification describes the 4-port network, S-parameters, 
mixed-mode cable model supporting balunless measurements. 

2.4.2 Connector component specifications 
SC48B, Electrical connectors, committee covers multiconductor 
connectors for data communications. IEC 63171-x series covers 
single-pair connectors; mixed-mode and coupling attenuation 
requirements are included among the connector standards. 
• IEC 63171 ED1 [16], Connectors for Electrical and Electronic 

Equipment – Shielded or unshielded free and fixed connectors 
for single-pair data transmission with current carrying 
capacity; transmission requirements and tests. Related 
standards 63171-1, -2, -3, -4, -5, -6, & -7 cover the single-pair 
connector series variants’ mechanical detail standards. 
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• IEC 60512-28-100 ED2 [17], Connectors for electrical and 
electronic equipment - Tests and measurements - Part 28-100: 
Signal integrity tests up to 2 000 MHz - Tests 28a to 28g; 
covers balunless measurements and mixed-mode transmission 
parameters.  

2.4.3 Cable Assembly specifications 
IEC TC 46 standards also cover balanced cable assemblies, which 
are standardized within the IEC 61935-x series; mixed-mode and 
coupling attenuation requirements are included.  
• IEC 61935-2 ED4 [18], Specification for the testing of 

balanced and coaxial information technology cabling - Part 2: 
Cords as specified in ISO/IEC 11801 and related standards; 
single-pair cord specifications will soon be included and 
added by an amendment or revision. 

• IEC 61935-4 ED1 [19], Draft specification for the testing of 
single-pair information technology cabling - Part 4: Installed 
single-pair cabling as specified in ISO/IEC 11801-1 and 
related standards. 

2.4.4 Cable EMC related specifications 
IEC TC46 standards include EMC related tests for communication 
cables and assemblies, which are standardized within the IEC 
62153-4-x series. This test procedure series includes coupling 
attenuation measurements, which are being amended or revised to 
include 4-port mixed-mode measurements improvements resulting 
from applying S-parameters to coupling attenuation, see 6.4. 
• IEC 62153-4-7 ED3 [20], Metallic cables and other passive 

components test methods - Part 4-7: Electromagnetic 
compatibility (EMC) -Test method for measuring of transfer 
impedance ZT and screening attenuation aS or coupling 
attenuation aC of connectors and assemblies – Triaxial tube in 
tube method 

• IEC 62153-4-14:2012 ED1 [21], Metallic communication 
cable test methods - Part 4-14: Electromagnetic compatibility 
(EMC) - Coupling attenuation of cable assemblies (Field 
conditions) absorbing clamp method 

2.5 TIA (Telecommunications Industry 
Association) 
TIA Standards committee TR42, TIA-568 cabling media-type 
standards, for IT network cabling systems, for building application 
spaces: Enterprise, Datacenter, Industrial, Residential, and 
Intelligent buildings; covering US building standards.  

• TIA-568.5, [22] Balanced single twisted-pair 
telecommunications cabling and components standard; single-
pair media-type, channels and components. 

• TIA-1005-B, [23] Telecommunications Infrastructure 
Standard for Industrial Premises, draft amendment to 
reference single-pair cabling and E1, E2, E3 electromagnetic 
environment classification 

The TIA-568 series cabling standards conform to the ISO/IEC 
11801-1 [7] cabling standard and reference IEC 62153-4-x series 
coupling attenuation measurement standards. 

3. Single-pair cabling channels 
3.1 New developments 
Enhanced single-pair cabling standards are under development for 
new automotive and industrial applications. Single-pair cabling is 
divided into channel classes according to multiple factors, such as 
bandwidth and reach. New channel classes have been introduced to 

support higher data rates and longer reach required by new 
applications. 
NOTE: use of the term “channel” throughout this paper refers to 
the passive “cabling channel classes” assembled from the passive 
cable and connector, “cabling component categories”. 

3.2 Single-pair cabling for extended reach 
The application space for single-pair cabling spans a very wide 
rate-over-reach range that can be divided into rate-over-reach cells, 
which are illustrated in a normalized view, in Table 3-1. Some 
cabling components made for specific cells may also be suitable for 
neighboring cells; however, some currently unfilled cells require 
enhanced cabling components, which are currently under 
development. Most recently, the 100 Mb/s rate-over-reach cells 
have been filled in by a new SPE project for extended reach up to 
500 m, 100BASE-T1L [4]. 

Table 3-1, Single-pair Ethernet (SPE), Application-spaces 
Rate, 
Mb/s 

Reach, meters 

10 20 50 100 200 500 1000 2000 
10 000 ✓  

     
 

1 000 ✓ ✓ ✓  
   

 

100 ✓ ✓ ✓ ✓ ✓ ✓ 
 

 

10 ✓ ✓ ✓ ✓ ✓ ✓ ✓  

✓ = application space covered by standard single-pair cabling 
 = application space to be covered by standard single-pair cabling 
Increasing reach, by increasing SNR, by reducing loss, by 
increasing cable size, is not always practical. Single-pair cabling 
SNR can also be increased by increasing NVP, or by increasing 
differential-mode to common-mode conversion loss, i.e., by 
increasing unbalance attenuation or coupling attenuation 
parameters. 

3.3 Single-pair cabling channel example 
specifications  
3.3.1 Example IEEE 802.3 bp 1000BASE-T1 Type-B SPE 
link segment over ISO/IEC 11801-1 Class T1-C single-pair 
cabling channel 
The example in this analysis is based on IEEE 802.3 bp 
1000BASE-T1 [5] SPE, which is supported by ISO/IEC 11801-1 
[7] single-pair cabling Class T1-B or T1-C channels. 
The 1000BASE-T1 Type-A physical layer interface (PHY) 
standard is designed to operate over up to 15 m of enhanced 
unshielded single-pair cabling. 
The 1000BASE-T1 Type-B physical layer interface (PHY) 
standard is designed to operate over up to 40 m of shielded single-
pair cabling. It is the first of the IEEE 802.3 PHY standards to make 
a normative reference to the ISO/IEC 11801-1 [7] E1, E2, & E3 
electromagnetic classifications, see [24], and respective coupling 
attenuation requirements; i.e., IEC 62153-4-14 [21] EMC related 
measurements and cabling coupling attenuation conformance test 
procedure. 
Cabling standard ISO/IEC 11801-1 [7] (draft amendment) covers 
single-pair channel classes T1-B, 600 MHz and T1-C, 1250 MHz; 
respective cable standard IEC 61156-11 (draft revision) covers 
cable types T1-B, 600 MHz and T1-C, 1250 MHz; both use the 
same specifications up to 600 MHz, which are extrapolated up to 
1250 MHz.  
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For this analysis and the performance illustrations, some 
parameters specifications are simplified, e.g., the Class T1-B 
channel frequency range lower bound is currently specified to 0.1 
MHz, however for simplification this analysis uses 1.0 MHz 
because the additional lower frequency range has an insignificant 
effect on the channel margin calculation. This analysis is adapted 
and uses T1-C specifications for the purpose of illustration of data 
above 600 MHz; see, ISO/IEC TR 11801-9906 [11]. 

3.3.2 Insertion loss (IL) 
The balanced 1-pair cabling channel insertion loss (IL) 
specifications are given, using the formula in Table 3-2.  

Table 3-2, Balanced 1-pair cabling channel IL 
Upper 
freq-
uency 

Freq-
uency 
range 

Channel IL 

MHz MHz dB 
1 250 1 ≤ f ≤ 

1 250 
,, , , ,0 250 42 1 8 0 0050 4 0 02f f f

f

 
 + + +   
   

 

3.3.3 Return loss (RL) 
The balanced 1-pair cabling channel return loss (RL) specifications 
are given, using the formulae in Table 3-3.  

Table 3-3, Balanced 1-pair cabling channel return loss (RL) 
Upper frequency Frequency range RL 
MHz MHz dB 
1 250 1 ≤ f ≤ 10 19,0 

10 < f ≤ 40 24 − 5 lg(f) 
40 < f ≤ 130 16 
130 < f ≤ 400 37 − 10 lg(f) 
400 < f ≤ 1 250 11 

 

3.3.4 Differential-mode to common-mode conversion loss 
The balanced 1-pair cabling channel coupling attenuation 
specifications are given using the formulae in Table 3-4.  

Table 3-4, Balanced 1-pair cabling channel coupling 
attenuation  

Upper 
frequency 

Freq-
uency 
range 

Coupling attenuation  
E1 E2 E3 

MHz MHz dB dB dB 
600 
unscreened 

1 ≤ f ≤ 
600 

72 − 
11,5 lg(f) 

Not 
specified 

Not 
specified 

1 250 
screened 

1 ≤ f ≤ 
1 250 

80 − 
20 lg(f) 

90 − 
20 lg(f) 

100 − 
20 lg(f) 

 

3.4 Channel parameters affecting IL 
Cabling channel insertion loss is reduced to achieve longer reach, 
by using cables with enhanced performance; e.g., larger conductor 
size, see ISO/IEC TR 11801-9906 [11], or higher NVP, see 
ISO/IEC TR 11801-9909 [12]. 

3.4.1 IL relation to DC resistance and conductor size; 
reduced attenuation relation to extended reach 
Insertion loss (IL) is practically proportional to attenuation, which 
is practically proportional to the conductor diameter; this is due to 
the skin effect. See IL factors versus AWG in Table Table 3-5. 
Note, conductor DCR, not signal attenuation, is proportional to the 
square of the conductor diameter. 
Table Table 3-5, Conductor diameter IL factors for use with 

24 AWG baseline cable (1,8 conductor IL coefficient) 

AWG 
Diameter 
inches 

Diameter 
mm 

IL factor 

24 0,020 100 8 0,510 559 1,000 000 
22 0,025 346 6 0,643 803 0,793 036 
20 0,031 961 5 0,811 821 0,628 906 
18 0,040 302 7 1,023 687 0,498 745 

NOTE: For derivation of IL factor see 6.2 
For IL and resistance scaling, additional factors are needed to 
simulate conductor stranding and conductor alloys increased 
resistivity. 
Relation of IL to conductor diameter: attenuation, dB, is roughly 
proportional to the wire size, diameter, according to the following: 

• Attenuation, gamma = alpha + j(beta), in nepers (see IEC TR 
61156-1-3). 

• Nepers are linearly proportional to decibels (1 Np = 
8,685 89 dB). 

• Gamma is dominated by alpha, while alpha is dominated by 
resistance (R), so gamma is approximately linearly 
proportional to R.  

• R (at high frequency, > 1 MHz) is halved (not quartered), 
when diameter (D) is doubled (due to skin effect).  

• Therefore, attenuation in decibels is approximately halved 
when D is doubled, i.e., for +6 AWG steps. 

3.4.2 IL relation to NVP and relative permittivity; reduced 
delay relation to extended reach 
NOTE: In current standards, for clarity, "dielectric constant" has 
been deprecated and replaced by "relative permittivity". 
Nominal velocity of propagation (NVP) 
An engineered channel using cable with higher nominal velocity of 
propagation (NVP), thus having lower propagation delay, can 
support more physical length, e.g., more than 40m, while 
conforming to 1000BASE-T1-B link segment specifications, 
including maximum delay specifications. 
The implicit maximum relative permittivity used for standard cable 
types T1-B, 600 MHz and T1-C, 1250 MHz balanced single-pair 
cable is 2,75, for 4 MHz, which is derived from the standard phase 
delay limit per using the formula (see IEC 61156-11): 

𝝉 = 𝟓𝟑𝟒+ 𝟑𝟔/√𝒇  (3-1) 

𝜺𝒓 = (𝝉/𝝉𝟎)
𝟐  (3-2) 

where 
τ is the delay time (ns/100 m); 
τ0 is the delay time for εr = 1, i.e., 333 ns/100 m;  
εr  is the relative permittivity. 
f  is the frequency (MHz). 

For cable types T1-B, 600 MHz and T1-C, 1250 MHz cable, in 
accordance with the standard phase delay, εr = 2,75 is used as the 
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standard "BASE" relative permittivity, which is factored into the 
attenuation formula "a" coefficient (a = 1,8, see 3.3.2). The 
"aBASE" coefficient can be changed to an "acalc" coefficient using 
Formula:  

𝒂calc = 𝒂BASE√𝜺r calc/𝜺r BASE  (3-3) 

NOTE 2,75 (NVP = 60 %) is a practical value corresponding to a 
medium quality dielectric material. It applies to all standard 
categories of balanced cables, which also use the same phase delay 
limit formula. 
Dissipation factor 
For frequencies above 1000 MHz, the relation of dissipation factor 
(tanδ) and the attenuation formula "b" coefficient is quite 
significant. Further significant reduction of attenuation is possible 
from using superior dielectric materials; see 6.3.  
The explicit dissipation factor (tanδ) used for cable types T1-B, 600 
MHz and T1-C, 1250 MHz balanced cable is 0,005.  
 

4. Cabling channel margin simulation 
4.1 Single-pair cabling channel for 1000 Mb/s 
4.1.1 Example 1000BASE-T1 Type-B physical layer 
interface (PHY) 
1000BASE-T1 Type-B physical layer interface (PHY) standard 
key specifications are 1000 Mb/s, full-duplex transmission, PAM-
3 modulation, 750 Baud data rate, 375 MHz signal frequency, and 
10-10 maximum BER (bit error ratio). 
The 1000BASE-T PHY covers two reach objectives: Type-A up to 
15 m, for automotive applications; Type-B up to 40 m, for 
industrial applications. 
This simulation analysis of single-pair cabling is centered around 
1000 Mb/s rate and 100 m reach for the purpose of convenient 
comparison to other cabling specifications. 

4.1.2 Model channel specifications and implementation 
Single-pair Ethernet (SPE) physical-layer interface standards are 
intended to run over a range of single-pair cable sizes and types. 
SPE cabling channel specifications and standards were originally 
based on CAT6A/Class-EA unshielded twisted-pair cabling model, 
which is referenced in this simulation. The comparable 
CAT7A/Class-FA shielded twisted-pair cabling model is also 
referenced in this simulation.  
For this analysis, all channels use the same implementations, i.e., 
2-connector channel, with 10 m total length of 1.0X de-rated, patch 
cord.  

4.1.3 Simulated cabling channel SNR parameters 
See 6.1 for the SNR formula used for this analysis 
The signal term is composed of the insertion loss (IL), which is the 
variable parameter used in this modeled performance comparison. 
The channel capacity results of this analysis are RL limited.  
The noise term is composed of the power sum of the noise 
components (RL, NEXT, FEXT, ANEXT, AFEXT, & CMCL), 
which is completely dominated by the RL term in this modeled 
performance comparison. 
The SNR in this analysis practically equates to IL/RL 
For including component crosstalk figures, Class T1-C channel 
alien crosstalk limits are simulating in the single-pair cabling 

channel model by power-splitting the crosstalk figure between 
internal and external crosstalk parameters.  
The common-mode-coupling-loss (CMCL) parameters, which 
include unbalance attenuation and coupling attenuation, which are 
used to simulate the common-mode conversion loss, are set to a 
nominal value for good, shielded pair cable, 100-20log(f MHz), see 
6.1. 
Return loss (RL) 
All parameters used are specification limits except for RL, which 
uses typical RL values for a S/FTP cable, resulting from good 
shielding and low common-mode impedance, which are actually 
about 10dB better than the T1-C RL specification limits; see IEC 
61156-1-3, see Figure 4-1, see Table 4-1. 

 
Figure 4-1, Actual S/FTP RLdd 

Table 4-1, Balanced 1-pair shielded cable model RL 
Upper frequency Frequency range RL 
MHz MHz dB 
1250 1 ≤ f ≤ 10 20 + 10 lg(f) 

10 < f ≤ 100 30,0 
100 < f ≤ 1250 50 − 10 lg(f) 

 
Cancelation or PHY “implementation margin” used in these 
simulations is for RL only, moreover it is a restrained value for the 
purpose of power and latency reduction:  
• 12 dB RL cancellation 
• 0 dB PSNEXT and 0 dB PSFEXT cancellation 

4.2 Simulation variable: insertion-loss (IL) 
4.2.1 Insertion loss (IL) parameters 
A range of insertion loss “a-term” values, corresponding to four 
conductor AWG sizes, are used for this simulation and sensitivity 
analysis. The IL is varied by four “a-term” values, listed in Table 
4-2:  

Table 4-2, IL factor 
AWG IL factor 

24 1,000 000 
22 0,793 036 
20 0,628 906 
18 0,498 745 
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4.2.2 Channel SNR 
Channel SNR is the difference between signal IL and the noise 
figure, PS Noise (PSN). The standard SNR component parameters 
frequency responses, 100 m channel, 100-20log(f) dB PSCMCL, 
are shown in Figure 4-2. PSNoise is dominated by RL. 

 
Figure 4-2, Channel SNR components, Class T1-C, 100 m; 

example 24 AWG IL 
Figure 4-3 shows the Class T1-C channel example 100 m channel 
parameters; RL, with 12 dB cancellation, still dominates PSNoise. 

 
Figure 4-3, Channel SNR components, Class T1-C, 100 m, RL 

with 12 dB cancellation included; example 24 AWG IL 
The effect of improved IL is simulated by varying the AWG IL 
factor, see Figure 4-4. 

 
Figure 4-4, Channel SNR, Class T1-C, 100 m, variable IL 

range 24 AWG IL to 18 AWG IL 
See 6.1 for Channel parameters and SNR calculation details. 

4.3 Channel capacity and margin 
Channel SNR is used to calculate Channel Capacity, Margin-to-
capacity, Margin versus reach, and Reach versus bandwidth.  
Channel SNR margin is an expression for the average difference in 
decibels (dB) between the channel maximum (Shannon) capacity 
in bits per second (bit/s) and a specific application data rate in bits 
per second (b/s), see 6.5. 
More margin provides more capacity above the required minimum 
capacity for the application data-rate, thus margin-to-capacity. 
Similarly, more margin provides: more throughput (higher data 
rate, bits-per-second, b/s), more reach (longer length, meters, m), 
and less error (improved bit-error-ratio, BER), see [24].  

4.3.1 Channel capacity  
In Figure 4-5, Channel capacity exceeds 1.5 Gb/s at 375 MHz for 
standard Class T1-C 100 m channel with 24 AWG IL. Channel 
capacity gains about 0.5 Gb/s additional capacity for reduced IL at 
375 MHz, for each additional two AWG sizes. 

 
Figure 4-5, Channel Capacity, Class T1-C, 100 m, variable IL 

range 24 AWG IL to 18 AWG IL 

4.3.2 Margin-to-capacity 
A common expression for evaluating cabling implementations is 
margin-to-capacity, dB versus bandwidth frequency Hz, i.e., the 
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margin between channel capacity and a specific application data 
rate for a fixed reach, versus variable frequency. 
Figure 4-6 shows 22 AWG IL results in sufficient margin, more 
than 6 dB, at about 375 MHz for 1.0 Gb/s over a 100 m Class T1-C 
channel.  

 
Figure 4-6, Channel Margin vs frequency, Class T1-C, 100 m, 

variable IL range 24 AWG IL to 18 AWG IL 

4.3.3 Margin versus reach 
A more practical expression for evaluating cabling 
implementations is margin-to-capacity dB versus reach m, i.e., the 
margin between channel capacity for a specific application data rate 
at a fixed frequency, versus variable reach. 
Figure 4-7, as expected, shows 22 AWG IL results in sufficient 
margin, more than 6 dB, for a reach of 100 m, at 375 MHz for 
1.0 Gb/s operation over a Class T1-C channel. Moreover, 18 AWG 
IL, provides nearly sufficient margin, just below 6 dB needed to 
reliably reach 200m; only minor enhancements, such as nominally 
higher NVP, are needed. 

 
Figure 4-7, Channel Margin vs Reach, Class T1-C, 375 MHz, 

variable IL range 24 AWG IL to 18 AWG IL 

4.3.4 Reach versus bandwidth 
By holding margin to a single value, a reach versus bandwidth 
(BW) frequency curve can be generated. 
Figure 4-8 shows 18 AWG IL, for a minimum 6dB margin, 
provides 1000 MHz bandwidth at 100 m, more than sufficient for 
operation of 1.0 Gb/s up to 100 m. 

 
Figure 4-8, Channel reach vs BW frequency, Class T1-C, 6 dB 

margin, variable IL range 24 AWG IL to 18 AWG IL 
This view is the verification for the 1000 Mb/s over 100 m rate-
over-reach cell in Table 3-1 
NOTE: The calculation method limits the plots for these curves; 
reach is calculated for discrete points (1, 2, 5, 10, 20, 50, 100, 200, 
500, 1000 meters); the curve fitting is limited by the sparse data, 
e.g., the 24, 22, & 20 AWG curves are truncated at 100 m. 
Nevertheless, the simulation software used, is an ordinary 
spreadsheet, so you can try this at home. 
See 6.5 for capacity and margin calculations details. 

5. Conclusions 
• Shielded 22 AWG Class T1-B single-pair cabling channel 

running 1000 Mb/s can reach 100 meters.  
• Shielded 18 AWG Class T1-C single-pair cabling channel 

running 1000 Mb/s can reach 200 meters using only minor 
enhancements, such as nominally higher NVP.  
 

6. NOTES  
6.1 Standard balanced cabling channel SNR 
model. 
6.1.1 Overview  
For the purposes of this cabling channel study, only the passive 
channel signal-to-noise ratio (SNR) over frequency is determined 
by the ratio of the channel signal level to the channel noise figure. 
The passive channel’s relative signal level is determined by the 
Insertion-Loss (IL). The passive channel’s relative PS-noise figure 
is dominated by the Return-Loss (RL) value. The coupling 
attenuation and alien crosstalk are out of the picture. 

6.1.2 Signal level 
The total IL over frequency for the single-pair channel determines 
the signal level frequency response, which is the power sum of the 
cascaded channel components’ attenuation and reflection losses. 

6.1.3 Noise figure 
The total noise figure frequency response for the single-pair 
channel is determined by the power-sum of the components’ noise 
contributors: 

• Return-loss (RL) (“echo”): a transmission parameter that is 
treated as a noise parameter, is a primary contributor to the PS-
noise figure. 
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• Crosstalk loss: single-pair passive channel specifications do not 
use internal, near-end PSNEXT and far-end PSFEXT, but do 
use external crosstalk loss PSANEXT and PSAFEXT). 

• Power-sum-common-mode-coupling-loss PSCMCL, mode-
conversion loss parameter: single pair channel specifications 
use near-end TCL and far-end TCTL, or LCL and LCTL, or aCN, 
and aCF. 

Table 6-1, Standard cabling channel parameters definition 
Acronym Parameter 

IL Insertion Loss 

RL Return Loss 

PSNEXT Power-Sum Near-End Crosstalk loss 

PSACRF 
PSFEXT-IL 

Power-Sum Attenuation to Crosstalk Ratio, Far-end; 
Far-end crosstalk minus insertion loss 

PSANEXT  Power-Sum Alien Near End Crosstalk loss 

PSAACRF 
PSAFEXT-IL 

Power-Sum Alien Attenuation to Crosstalk Ratio, 
Far-end 

TCL Transverse Conversion Loss (near-end, unbalance 
attenuation) 

TCTL Transverse Conversion Transfer Loss (far-end, 
unbalance attenuation) 

aCN Coupling attenuation, near-end 

aCF Coupling attenuation, far-end 

 
Table 6-2, Standard cabling channel parameters formulas 

Acronym Formula 

IL (L/100(K(M/L)+(L-M)/L))(a√f+bf+c/√f)+4d√f 

RL A1-B1(log(f)), 1≤f<C1; A2-B2(log(f)), C1≤f<C2;  
An-Bn(log(f)), Cn-1≤f<Cn 

PSNEXT -20log((10^(A1-B1(log(f)))/-20)+E1(10^(C1-
D1(log(f/F1)))/-20)), 1≤f<F1; … 
-20log((10^(An-Bn(log(f)))/-20)+En(10^(Cn-
Dn(log(f/Fn-1)))/-20)), Fn-1≤f<Fn; … 

PSACRF 
PSFEXT – IL 

-20log((10^(A1-B1(log(f)))/-20)+E1(10^(C1-
D1(log(f/F1)))/-20)), 1≤f<F1; … 
-20log((10^(An-Bn(log(f)))/-20)+En(10^(Cn-
Dn(log(f/Fn-1)))/-20)), Fn-1≤f<Fn; … 

PSANEXT  A1-B1(log(f)), 1≤f<C1; 
A2-B2(log(f)), C1≤f<C2 

PSAACRF 
PSFEXT – IL 

A1-B1(log(f)), 1≤f<C1; 
A2-B2(log(f)), C1≤f<C2 

TCL A1-B1(log(f)), 1≤f<C1; 
A2-B2(log(f)), C1≤f<C2 

TCTL A-B(log(f)) 

LCL A1-B1(log(f)), 1≤f<C1; 
A2-B2(log(f)), C1≤f<C2 

LCTL A-B(log(f)) 

aCN A-B(log(f)) 

aCF A-B(log(f)) 

PSCMCL A-B(log(f)) 

NOTE: while PSACRF is used for channel limits, PSFEXT is used in the 
channel power sum noise model, likewise for PSAACRF & PSAFEXT. 
NOTE: PSCMCL ≈    PSaCN , PSaCF ,   
NOTE: Propagation delay and delay skew are not used in the SNR 
calculations 

Table 6-3, Class T1-B, cabling channel parameters coefficients 
Parameter  Formula Coefficients 

Acronym T1-C 

f= MHz 1250 

IL 1.8, 0.005, 0.25, 0.02; 50, 1.5, 4 

RL 20, -10, 10; 30, 0, 100; 50, 10, 1250 

PSNEXT 100, 20, 140, 20, 2, 1250 

PSACRF PSFEXT-IL 100, 20, 140, 20, 2, 1250 

PSANEXT  100, 20, 1250 

PSAACRF = PSFEXT-IL 100, 20, 1250 

TCL n/s 

TCTL n/s 

aCN 100, 20, 1250 

aCF n/s 

PSCMCL 100, 20, 1250 

NOTE: The normal figures are given with positive values for loss. 
NOTE: Upper and lower measurement bounds are not applied to SNR 
calculations. 
NOTE: Parameters are extended beyond their standard upper frequency 
specification for SNR calculations, using straight-line extrapolation. 

6.2 Channel parameters affected by conductor 
size and AWG 
Cabling channel insertion loss is reduced to achieve longer reach, 
by using cables with larger conductor size. Table provides 
conductor diameter IL factors, for example 24 AWG cable with 1,8 
conductor IL coefficient, for various conductor sizes. (from 
ISO/IEC TR 11801-9906 [11]) 

Table Table 6-4, Conductor diameter IL factors to be used 
with example 24 AWG cable with 1,8 conductor IL coefficient 

Metric 
size AWG 

Diameter 
Inches 

Diameter 
Mm 

IL factor 

0,4 mm 
  

0,400 000 1,276 398 

 
26 0,015 940 6 0,404 892 1,260 977 

 
25 0,017 900 2 0,454 666 1,122 932 

0,5 mm 
  

0,500 000 1,021 118 

 
24 0,020 100 8 0,510 559 1,000 000 

 
23 0,022 571 8 0,573 323 0,890 526 

0,6 mm 
  

0,600 000 0,850 932 

 22 0,025 346 6 0,643 803 0,793 036 

 21 0,028 462 5 0,722 947 0,706 219 
0,8 mm   0,800 000 0,638 199 

 
20 0,031 961 5 0,811 821 0,628 906 

 
19 0,035 890 5 0,911 620 0,560 057 

1 mm 
  

1,000 000 0,510 559 

 
18 0,040 302 7 1,023 687 0,498 745 

 
17 0,045 257 1 1,149 531 0,444 145 

1,2 mm 
  

1,200 000 0,425 466 

 
16 0,050 820 7 1,290 846 0,395 523 
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AWG formula 
American wire gauge (AWG) is defined as follows.  

 𝑫 = 𝟎,𝟎𝟎𝟓× 𝟗𝟐
(𝟑𝟔−AWG)

𝟑𝟗  (6-1) 
where D is the diameter in inches. 
Thus, AWG revolves around the set-point: 36 AWG = 0,005 
inches. 
EXAMPLE Factor for 30 AWG = 92(6/39) = 2,005 032. 
Therefore, as a rule of thumb, 6 AWG steps equates to a doubling 
of the diameter. 

6.3 Relation of dissipation factor to attenuation: 
The explicit dissipation factor (tanδ) used for cable types T1-B, 600 
MHz and T1-C, 1250 MHz balanced cable is 0,005. The relation of 
dissipation factor (tanδ) and the attenuation formula "b" coefficient 
is given by Formulas:  

𝒃(𝒇) = 𝝅𝒇tan𝜹(𝑪)(𝒁𝟎)  (6-2) 
𝒃 ≈ tan𝜹    (6-3) 

where 
tanδ  is the dissipation factor;  
f  is the frequency (Hz); 
C  is the capacitance (F/100 m); 
Z0  is the characteristic impedance. 
NOTE Very conveniently, πfCZ0 ≈ 1, for typical category cable, 
which is specified at 1 MHz, as 100 Ω, for 100 m, so the attenuation 
formula's coefficient b practically equals tanδ. 
For T1-B and T1-C cable, in accordance with the standard phase 
delay, tanδ = 0,005 is used as the standard "BASE" dissipation 
factor, which is factored into the attenuation formula "b" coefficient 
(b = 0,005, see 3.3.2). The "bBASE" coefficient can be changed to 
a "bcalc" coefficient using Formula: 

𝒃calc = 𝒃BASE(tan𝜹calc/tan𝜹BASE) (6-4) 

6.4 Mixed-mode S-parameters, unbalance 
attenuation and coupling attenuation model 
The mixed-mode S-parameters matrix, Equation (6), is covered in 
IEC 61156-1-2 [14] for unbalance attenuation and in IEC 60512-
28-100  for coupling attenuation. 

𝑺𝒎𝒎 = [
[
𝑺𝒅𝒅𝟏𝟏 𝑺𝒅𝒅𝟏𝟐
𝑺𝒅𝒅𝟐𝟏 𝑺𝒅𝒅𝟐𝟐

] [
𝑺𝒅𝒄𝟏𝟏 𝑺𝒅𝒄𝟏𝟐
𝑺𝒅𝒄𝟐𝟏 𝑺𝒅𝒄𝟐𝟐

]

[
𝑺𝒄𝒅𝟏𝟏 𝑺𝒄𝒅𝟏𝟐
𝑺𝒄𝒅𝟐𝟏 𝑺𝒄𝒅𝟐𝟐

] [
𝑺𝒄𝒄𝟏𝟏 𝑺𝒄𝒄𝟏𝟐
𝑺𝒄𝒄𝟐𝟏 𝑺𝒄𝒄𝟐𝟐

]
]            (6-5) 

 
Table 6-5, Mixed-mode S-parameter notation 

 Differential-
mode stimulus 

Common mode 
stimulus 

Port 1 Port 2 Port 1 Port 2 

Differential-
mode response 

Port 1 SDD11 SDD12 SDC11 SDC12 

Port 2 SDD21 SDD22 SDC21 SDC22 

Common mode 
response 

Port 1 SCD11 SCD12 SCC11 SCC12 

Port 2 SCD21 SCD22 SCC21 SCC22 

 
Mixed-mode crosstalk parameters are similarly defined using the 
same four port model and S-parameters, also in IEC TR 61156-1-2 

AMD1 ED1 [14]. It is clear that crosstalk, unbalance attenuation, 
and coupling attenuation are all related to the same basic underlying 
mixed mode parameters and thus interrelated. 

6.5 Channel capacity and margin 
6.5.1 Cabling channel signal-to-noise-ratio (SNR) [24]  
Information capacity of a channel equates to the maximum value, 
in bits-per-second (b/s), for transmitting data through the channel. 
Channel capacity is determined according to the Shannon-Hartley 
capacity theorem; capacity is proportional to the integrated SNR 
power over BW. 

𝑪𝑺𝑯 = ∫ 𝒍𝒐𝒈𝟐
𝑩𝑾

𝟎
((

𝑺(𝒇)

𝑵(𝒇)
) + 𝟏)𝒅𝒇   (6-6) 

Where, 
CSH = channel Shannon capacity  
S(f) is the IL scaled by the TX launch power, and 
N(f) is the band-limited white self-noise 
BW is the signal bandwidth in Hz. 
For simplicity, using flat (white) TX power spectrum 
The channel Shannon capacity must be significantly greater than 
the minimum capacity required to support a particular application.  

6.5.2 Margin to capacity: channel figure-of-merit 
Margin to capacity over frequency: 
Margin to capacity is the difference in dB between the maximum 
channel (Shannon) capacity and designated application capacity, 
e.g., 10 Gb/s. 
SNR Margin to capacity: 
From Shannon capacity, min SNR in dB is given by  

𝑺𝑵𝑹𝑪 = 𝟏𝟎𝒍𝒐𝒈𝟏𝟎(𝟐
𝐶′ 𝑩𝑾⁄ −𝟏)  (6-7) 

Where, 
𝑪′ = ∫ 𝒍𝒐𝒈𝟐 ((𝑺(𝒇) 𝑵(𝒇)⁄ ) × 𝟏𝟎(𝑺𝑵𝑹𝒎𝒈𝒏(𝑩𝑾)/𝟏𝟎))𝒅𝒇

𝑩𝑾

𝟎
 (6-8) 

𝑺𝑵𝑹𝒎𝒂𝒓𝒈𝒊𝒏(𝑩𝑾) =
(𝑪−𝑪′)×𝟏𝟎𝒍𝒐𝒈𝟏𝟎(𝟐)

𝑩𝑾
  (6-9) 

Where, 
C = channel Shannon capacity  
C’ = XX Gb/s minimum required capacity 
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Introduction 

In IWCS conference 2021, we reported 
measurement results of differential parameters 
using single ended testing.  In this paper, we 
look at single ended testing of unbalance 
parameters like TCL_near and TCTL_far using 
similar approach. 

The ability to measure unbalance parameters 
using single ended measurements is very useful 
for example in measurement of single-pair 
cabling, which is primarily characterized by 
unbalance attenuation instead of crosstalk loss 
that is normally used to characterize 4-pair 
cabling. Single ended testing has another 
important use in coupling attenuation 
measurement using the triaxial method, wherein 
the triaxial test fixture allows access to only one 
end of the cable assembly under test; see [1] & 
[2]. 

Single Ended Measurement Concept 

Fig 1: Test system with single active device and 
remote terminator. 

In Single ended setup for RF parameter 
measurement of cables, it is important to 

consider how the remote (far) end of the DUT is 
handled. 

 

Fig 1: Single Ended Measurement System 

In this work, a passive termination device that 
can act as matched-DMCM impedance (100 
ohm differential and 25 ohm common mode), or 
a reflector (open connection) based on DC 
control excitation from the near-end was used.  
This enabled measuring parameters with the far 
end terminated or reflected without having to 
manually change the termination during a 
measurement.    
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Measuring Transverse Conversion Loss 

For measuring Transverse Conversion Loss 
(TCL) from the near end, the passive far-end 
terminator was set in matched termination mode.   
Fig 2 below shows TCL measurements for a 
DUT which was 2m shielded (STP) cord. 

 

 

 

 
Fig 2: single ended TCL measurement  

Insertion Loss 

Single ended measurement of parameters where 
typically an active test device would be used at 
both ends of the DUT is more challenging.  
Insertion loss measurement, for example, was 
done using an automated two-step approach.  
First, the passive terminator was set in reflection 
mode, and a measurement of return loss was 
made.  Next, the passive termination was set in 
matched impedance termination mode and return 
loss measurement was made.  The difference 
between these two measurements represents 
twice the insertion loss, as the signal would 
travel back-and-forth on the DUT. 

2𝑆𝐿𝐴,𝑅𝐴 =  𝑆𝐿𝐴,𝐿𝐴,𝑟𝑒𝑓𝑙𝑒𝑐𝑡 − 𝑆𝐿𝐴,𝐿𝐴,𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒  

Here, ports A,B, C, D are the 4 differential ports.  
A prefix L indicates near-end and R indicates 
far-end.   

 

Fig 3: Measurement of insertion loss using a 
combination of return loss in reflection mode, 
and return loss in termination mode 

Transverse Conversion Transfer Loss 

Transverse Conversion Transfer Loss (TCTL) 
measurement was done by combining the 
measurements in the matched termination mode 
with the measurements in the full reflection 
mode.  Because of a number of mathematical 
operations on the measurement data, the 
measurement floor of TCTL measurement with 
single ended mode was worse than the 
traditional measurement.  However, the overall 
correlation was meaningful.  Fig 4 below shows 
TCTL correlation data. 
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Fig 4: single ended TCTL measurement 

Coupling attenuation, triaxial method 

Coupling attenuation measurement using the 
triaxial method, see [1], allows access to only 
one end of the cable assembly under test.  

Single ended testing enables transfer parameters 
measurements, such as TCTL and transfer 
impedance, using a triaxial fixture by placing the 
passive termination device into the position of 
the balanced/unbalanced load; see Fig 5. 

 

Fig 5: Balunless measurement of coupling 
attenuation of a cable assembly, triaxial 
method 

Conclusions 

Single ended measurement provides highly 
accurate measurement of TCL that can be 
applied to improved triaxial coupling attenuation 
measurements, which are a sum of unbalance 
attenuation and shield attenuation; see [2]. 

Single ended measurement also provides a 
reasonable correlation on TCTL measurement 
that can be applied to further improved triaxial 
coupling attenuation measurements; insofar as 
TCTL is affected by phase unbalance, which can 
reduce coupling attenuation at high frequencies 
or long lengths; see [1]. 
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Abstract  
The new Single Pair Ethernet technology (SPE) based on 
transmission standards according to IEEE 802.3cg is implemented at 
different areas, e.g. in new generations of automobiles and can 
replace CAN and other bus systems. In this context, SPE offers an 
alternative to existing industrial fieldbus systems. Industrial SPE-
applications with up to 1000 m cable length and a frequency range 
from 100 KHz upwards are described among others. 

A high level of electromagnetic compatibility (EMC) is generally 
required for SPE applications. This applies in particular to SPE 
cables, connectors and SPE assemblies. Amount of screening 
effectiveness at low frequencies is in question. 

Measuring EMC or shielding effectiveness of shielded balanced 
cables and assemblies is standardized in IEC 62153-4-9 by the 
coupling attenuation (CA) from approx. 30 MHz upwards. With the 
expansion of IEC 62153-4-9Amd1 to include low frequencies, the 
“low frequency coupling attenuation (LFCA)” can also be measured 
now from 100 kHz upwards. This also applies to balanced connectors 
and cable assemblies for which IEC 62153-4-7 is used. When 
carrying out the measurements, high demands are placed on the 
symmetry and the sensitivity of the measurement set-up. 

The following report describes the measurement of the coupling 
attenuation/low frequency coupling attenuation of SPE cables, 
connectors and assemblies in the range from 100 kHz upwards.  

Specific characteristics of low frequency measurements are 
considered. Measurement results are presented and discussed. 

Keywords: EMC, Coupling attenuation, Low frequency coupling 
attenuation, LFCA, Single pair Ethernet, SPE, Unbalance 
attenuation, Balanced cable, Cable assembly, SPE connector, 
Triaxial test procedure 

1. Screening Parameters 
1.1 General 
The physical principles for measuring transfer impedance and 
screening or coupling attenuation on cables, connectors and other 
components using the triaxial method are described in detail in the 
literature, see [1, 2, 3, 4, 11] among others. 

For coaxial cables, connectors and components, the transfer 
impedance ZT applies at frequencies up to approx. 30 MHz. From 30 
MHz the screening attenuation aS is the measure of the shielding 
effect. 

In the case of screened balanced cables, connectors and components, 
the coupling attenuation aC is the measure of their shielding 
effectiveness and is largely responsible for the EMC of the systems 
implemented with it. The coupling attenuation of balanced pairs is 

proportional to the unbalance attenuation of the balanced pair and the 
screening attenuation of the screen. 

Previously the coupling attenuation could only be measured from 
approx. 30 MHz upwards according to IEC 62153-4-9. With the 
supplement IEC 62153-4-9Amd1 coupling attenuation at low 
frequencies (LFCA) can be measured from 100 kHz upwards now, 
using the same test set-up.  

1.2 Unbalance Attenuation 
Screened balanced pairs may be operated in the differential mode 
(balanced) or in the common mode (unbalanced). In the differential 
mode one conductor carries the current +I and the other conductor 
carries the current –I. In the common mode, both conductors of the 
pair carry half of the current +I/2, and the screen is the return path 
with the current –I, comparable to a coaxial cable [1, 2, 3, 4]. 

Under ideal conditions respectively with ideal cables both modes are 
independent of one another. Actually, both modes influence each 
other.  

The unbalance attenuation aU of a cable describes in a logarithmic 
ratio how much power is coupled over from the differential mode to 
the common mode system (or vice versa).  

𝑎𝑈 = 10 ⋅ log(𝑃𝑑𝑖𝑓𝑓 𝑃𝑐𝑜𝑚⁄ )   (1) 

It is the logarithmic ratio of the power fed in the differential mode 
Pdiff to the power coupled over into common- mode Pcom.  

 
Figure 1 - Common and differential mode of a screened 

twisted pair (STP) 
For low frequencies, the unbalance attenuation decreases with 
increasing length, see Figures 2a and 2b. With increasing frequency 
and/or length, the unbalance attenuation - similar to the shielding 
attenuation - asymptotically approaches a limit value (assuming 
systematic coupling). The unbalance can be determined for both the 
near end and the far end of a cable [5, 6].  
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Different conductor resistances, insulation diameters, core capacities, 
uneven stranding and changing distances between the inner 
conductor and the shield e.g. can be causes of the asymmetry. 

Unbalance attenuation can be measured according to EN 50289-1-9 
or according to IEC 61156-1 with a multi-port vector network 
analyzer (VNA) and "virtual balun" function. Unbalance attenuation 
at near end is Scd11 (TCL) and unbalance attenuation at the far end 
is Scd21 (TCTL), [3]. 

 
Figure 2a: Unbalance attenuation of a shielded SPE cable 
at the near end (TCL), different lengths 

 
Figure 2b: Unbalance attenuation of a shielded SPE cable 
at the far end, (TCTL), different lengths 
The transfer function of the unbalance attenuation of balanced 
(symmetrical) pairs as well as the coupling transfer function of 
screened balanced pairs are described more detailed in [6]. 

1.3 Screening Attenuation 
The screening attenuation aS of a cable screen is defined as the 
logarithmic ratio of the power P1 fed into the matched cable and the 
maximum peak power P2,max in the matched outer circuit, in a 
frequency range where the cable is electrical long. 

𝑎𝑆 = 10log10 |
𝑃1

𝑃2,max
|    (2) 

Details of the screening attenuation measurement of cable screens are 
described in IEC 62153-4-4 [1, 2, 3, 11]. 

Below the cut off frequency according to IEC 62153-4-4, where the 
cables are electrical short, length dependence of aS shall be 
considered.  

1.4 Coupling Attenuation 
The coupling attenuation of shielded balanced pairs describes the 
overall effect against electromagnetic interference (EMI) and takes 
into account both, the screening effect of the screen and the mode 
conversion or the unbalance attenuation of the pair. At a first 
approach (and at low frequencies) the coupling attenuation aC of a 

single screened balanced pair can be considered as the addition of the 
near end unbalance attenuation of the balanced pair and the screening 
effectiveness of the screen. 

In the case of multi-pair symmetrical cables, the influence of the pairs 
running in parallel to the cable under test must be taken into account, 
as these act as additional shielding, [4, 5]. 

1.5 Coupling Attenuation at Low Frequencies, 
LFCA 
The lower cut-off frequency to measure coupling attenuation 
according to IEC 62153-4-9Ed2 is given by:  

𝑓 >
𝑐0

2∗𝑙∗|√Ɛ𝑟1−√Ɛ𝑟2|
  (3) 

where: 
c0 = velocity of light 
l = test length 
Ɛr1, Ɛr2 = dielectric constant of inner and outer circuit 
 
That means, coupling attenuation on screened balanced pairs with 
manageable length can be measured only from about 30 MHz 
upwards. A test procedure for the EMC behavior of screened 
balanced cables at lower frequencies is needed. 

EMC at lower frequencies of screened balanced pairs could be 
described by the "differential transfer impedance" ZT,diff which would 
include the transfer impedance of the screen and the unbalance 
attenuation of the pair. The transfer impedance ZT of a cable screen 
is considered usually as invariant to the used test procedure and the 
test length. The “differential transfer impedance” however depends 
also on the symmetry of the pair and would be therefore variable by 
the length and the unbalance attenuation of the cable. 

In order not to confuse users and customers, ZTdiff should not be used 
for balanced cables. It is neither useful for unscreened pairs. 

The extension of IEC 62153-4-9Amd1 describes the measurement of 
the coupling attenuation at low frequencies (LFCA) on symmetrical 
cables from 100 kHz upwards. The measurement set-up is the same 
as the set-up for measuring the coupling attenuation at higher 
frequencies, [5]. The LFCA can also be measured analogously for 
SPE connectors and SPE cable assemblies. The corresponding 
supplement to IEC 62153-4-7 is in preparation by IEC TC 46/WG5. 

LFCA varies with length. In order to get comparable test results 
between different test laboratories respectively between different test 
samples, the same test length shall be applied. For LFCA 
measurements on balanced cables and connectors, a test length of 3m 
is recommended. 

2. Measuring the Coupling Attenuation 
with the Triaxial Method 
2.1 General 
The coupling attenuation of screened balanced SPE cables can be 
measured according to IEC 62153-4-9 using the triaxial method, see 
Figure 3. 

The balanced cable to be tested forms a three-wire system together 
with the measuring tube, consisting of the balanced pair, the cable 
shield and the measuring tube. 

The balanced pair of the cable under test is fed with a differential 
100 Ω signal via two 180° phase-shifted generators. Energy first 
couples from the differential mode into the common-mode circuit 
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and then from the common-mode circuit into the measuring tube, (the 
outer circuit).  
Due to the total reflection at the short circuit at the end close to the 
generator (the near end), all of the energy coupled into the outer 
circuit runs to the receiver, [5]. Measurement results of an SPE cable 
are shown in Figures 4a and 4b. 

 
Figure 3: Measurement of the coupling attenuation aC of a 
screened balanced SPE cable with multi-port VNA and 
with virtual balun according to IEC 62153-4-9 
The measurement results of balanced cables change at low 
frequencies depending on the measurement length. In order to 
achieve comparable results, a measuring length of 3m for LFCA is 
required in the IEC standards for SPE cables [15]. 

 

 
Figure 4a, b: Unbalance attenuation aU (Scd11, TCL), 
screening attenuation aS(m), (Ssc21) and coupling 
attenuation aC(m), (Ssd21) of an 3m and an 5m SPE cable, 
raw values 
2.2 Matching Resistors 
The inner system of the test set-up respectively the cable under test 
must be matched in a suitable manner during the test. The aim here 
is both to avoid standing waves and to avoid additional mode 
conversion caused by asymmetry. According to Figure 5, the 
differential mode is terminated with 100 Ω and the common mode is 
matched with 25 Ω (R2 is zero in case of multi-port VNA). 

While the unbalance of the terminating resistors at high frequencies 
is negligible compared to the typical unbalance of the test objects, the 
unbalance of the terminating resistors at low frequencies can reach 
values that exceed the unbalance of the test objects and falsify the 
measurement results. 

According to IEC 60512-28-100, terminating resistors of 50 Ω with 
a tolerance of ± 0.1% are required for measuring the coupling 
attenuation of balanced connectors. In worst case, this results in a 
resistance unbalance of 66 dB. 

  
Figure 5: Matching resistors & PCB 
The resistance unbalance aU,r is given by: 

𝑎U,r = 20 ∙ 𝑙𝑜𝑔
𝛥𝑅

4∙√𝑍diff∙𝑍com
  (4)  

where:  

ΔR resistance unbalance of both resistors in Ω 
Zdiff  characteristic impedance of differential mode 
Zcom  characteristic impedance of common mode 

The resistance unbalance of resistors with a tolerance of 0.1% is in 
the range of the system unbalance of the entire test system. Typical 
value is about 74 dB. A resistance tolerance of 0.1% is therefore 
considered sufficient for LFCA measurements. Appropriate PCBs to 
match the device under test are commercially available, see Figure 5. 

2.3 Calibration and System-Verification 
When measuring unbalance- and coupling attenuation with four-port 
VNAs, calibration of the VNA is mandatory. This can be done using 
an electronic e-cal kit or by hand. Usually, the selected calibration 
level is located at the end of the coaxial test leads. More reliable 
calibration procedure as well as calibration standards for calibration 
direct at the end of the balanced feeder cables are under discussion. 
Phase-stable leads should be used for balanced cable measurements. 
After calibration test leads should not be moved more than necessary.  

 
Figure 6: System verification by measuring the TCL 
(Scd11) on the TP connecting unit with open loop 

Even optimally calibrated and phase-stabilized measuring devices 
(VNA, test leads and connection units) show a certain frequency-
dependent behavior in a system mode conversion.  
This value is between -80 and -70 dB at low frequencies and increases 
to around -60 to -40 dB with higher frequencies. Depending on the 
phase position, this system mode conversion is constructively or 
destructively superimposed on the mode conversion of the test object. 
Consequently, the result of the measurement is falsified as a result 
and particularly severely when the magnitude of the mode conversion 
of the test object approaches or even falls below the magnitude of the 
system mode conversion. 
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All measurements of the coupling attenuation at low frequencies can 
be "victims" of such interference. The system values should therefore 
be recorded and included in the analysis of the measurement 
uncertainties. An estimation of the system mode conversion can be 
made e.g. by recording the reflected mode conversion parameter 
Scd11 of a TP-connecting unit with an open loop, see Figure 6. 
System noise reduction may be required, especially when measuring 
the coupling attenuation. This is achieved by using high measurement 
signal power and low measurement bandwidth. In addition, the AGC 
mode (Automatic Gain Control) can be set for various multi-port 
VNAs. However, this should be done only after the VNA calibration. 

3. Coupling Attenuation of SPE 
Connectors and Assemblies 
3.1 SPE connectors 
The IEC 62153-4-7Ed3 standard, based on IEC 62153-4-9, describes 
various methods for measuring the coupling attenuation of 
connectors and ready-made cable assemblies. 
Figures 7a and 7b shows the basic measurement set-up for measuring 
the coupling attenuation of a screened balanced connector using the 
tube-in-tube method. An RF-tight tube is inserted into the measuring 
tube. The inner tube forms a 50 Ω system with the outer tube. 
The shielded balanced connection cable is located in the inner tube. 
For mechanical reasons, the contact between the shield of the 
connection cable and the inner tube is approx. 3 cm in front of the 
connector to be tested.  
This measures both the connector to be tested and the quality of the 
connection between the connector and the connection cable. The 
selected distance between tube-in-tube and the test object should be 
documented in the test report for comparison measurements. 

 
Figure 7a: Measuring CA/LFCA of a connector with tube-

in-tube with short piece of connecting cable 
Figure 7a shows the measurement CA/LFCA with tube-in-tube and 
a short piece of connecting cable. In this way the influence of 
assembling of cable and connector is also measured. 

 
Figure 7b: Measuring CA/LFCA of a connector with tube-

in-tube with direct connection 

Figure 7b shows the measurement with direct connection of the tube-
in-tube to the device under test (DUT). IEC 62153-4-7 allows both 
options. 
Figure 8 shows the measurement of an SPE connector with ready-
made test adapter and tube-in-tube procedure according to IEC 
62153-4-7. 

 
Figure 8: SPE connector with ready-made test adapter 

with tube-in-tube according to Figure 7a 
In order to achieve a defined contribution to the mode conversion of 
the feeder line, a measurement length of 3m is suggested, analogous 
to the corresponding cable standards. According to IEC 62153-4-
7Ed3. the transmission loss of the feeder cable is not taken into 
account A similar configuration is shown in Figure 22 with a pair of 
SPE connectors prepared for the measurement according to figure 7a. 
The termination required for the measurement together with the 
clamping devices and the screening case to connect the cable screen 
with the CoMeT40 test head acts as a self-made test adapter. 

 
Figure 9: Unbalance attenuation aU (Scd11, TCL), 
screening attenuation aS(m) (Ssc21) and coupling 

attenuation aC(m) (Ssd21) of an SPE connector with tube-
in-tube acc. to Figures 7a & 10, raw values 

3.2 Coupling Attenuation of Cable Assemblies 
Measuring of coupling attenuation of cable assemblies is shown in 
Figures 10 to 12. If SPE cable assemblies are shorter than 3m, non-
destructive measurements can be carried out in the measuring 
arrangement shown in Figure 10a and 10b. 

 
Figure 10a: Measuring the coupling attenuation aC of an 

SPE assembly with tube-in-tube method according to 
IEC 62153-4-7, adaptation with prefabricated cable ends 
In Figure 10a, the adaptation is realized with the help of ready-made 
cable ends, whereby the shield connection to the tube-in-tube and to 
the screening cap takes place in the area of the cable shield.  
Figure 10b shows the measurement of a cable assembly with ready-
made test adapters. 
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Figure 10b: Measuring the coupling attenuation aC of a 

balanced assembly with tube-in-tube method according 
to IEC 62153-4-7 with test adapter 

An option for measuring a paired connector arrangement is shown in 
Figure 11. The pair of connectors is placed in the middle of the 
measuring tube. This arrangement enables the measurement of long 
SPE cable assemblies (> 3m), splitting them in the middle and 
plugging them in at the ends. 

 
Figure 11: Measuring CA/LFCA (Scd21) of a long SPE 
assembly with connectors in the middle of the tube 

In contrast to the tube-in-tube measurement set-up shown in Figure 
7a and 7b, the contribution of the feed and termination lines is not 
eliminated by the tube-in-tube application, but is superimposed on 
the coupling through the connectors.  

 
Figure 12: Coupling attenuation aC(m) (Scd21), screening 
attenuation aS(m), (Scc21) and unbalance attenuation aU 

(Scd11) of an SPE connector pair in the middle of the 
tube, 3m, raw values 

Another option for measuring long cable assemblies is given in 
Figure 13. If the assembly is longer than the tube (usually 3m) IEC 
62153-4-7 allows to cut the assembly and measure both ends 
separate. The worst case is taken then as the coupling attenuation of 
the cable assembly. The test adapter used is integrated into the 
screening cap of the test head, see Figure 21. 

 
Figure 13: Coupling attenuation of long assemblies 

 
Figure 14: Unbalance attenuation aU (Scd11, TCL), 
screening attenuation aS(m) (Ssc21) and coupling 
attenuation aC(m) CA/LFCA (Ssd21) of a long assembly 
acc. to figure 13 
 Figure 15 shows the associated measurement results of three SPE 
cable assemblies according to Figure 10a, each 2m long. The diagram 
shows the raw values of the screening attenuation and the coupling 
attenuation as well as the mode conversion at the near end (TCL). 
The sample spreads found show the largest deflection in the coupling 
attenuation on the dB scale, whereby it should be noted that this is a 
logarithmic representation, and the linear amounts of the spreads are 
similar. 

Ideally, this measurement is carried out in an arrangement as shown 
in Figure 10b with suitable measurement adapters, with the shield 
connection of the adapter outer conductor taking place directly to the 
tube-in-tube and to the screening cap. This measure reduces 
unwanted coupling and thus measurement errors. 

 
Figure 15: Coupling attenuation aC(m) (Scd21), screening 
attenuation aS(m) (Scc21) and unbalance attenuation aU 

(Scd11) of three SPE assemblies according to Figure 
10a, raw values 

3.3 Unscreened Balanced Cables & Connectors 
In case of unshielded balanced pairs, the inner system consists of the 
unshielded pair fed in differential mode. The outer system is formed 
by the the common mode of the test object and the measuring tube. 
Because there is no shield at the unshielded pair, there is no near-end 
short circuit. The wave towards the near end is not reflected and 
travels back to the VNA where it can be measured as Scd11.  The 
wave towards the far end can be measured as Ssd21. 
In this way, coupling measurements of unshielded pairs can be 
performed at both ends as near end and far end coupling attenuation. 
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Figure 16: Coupling attenuation of unscreened 

balanced cables 
Figure 16 shows the coupling attenuation measurement of  an 
unshielded  balanced pair. The wave running back towards the near 
end in can be measured as S-parameter Scd11. 

 
Figure 17: Near end coupling attenuation Scd11 and 
Scc11 inside the tube and Scd11 (TCL) outside the tube 
of an unscreened SPE cable at near end, 3m 

The parameter Scd11 is also defined as the unbalance attenuation at 
the near end (TCL) of the unshielded cable, [3, 4, 5]. That means, in 
case of unshielded balanced pairs, the near end coupling attenuation 
is in principle the same as the near end unbalance attenuation.  

The measurement of unshielded SPE connectors and assemblies can 
be performed in the same way as for unshielded SPE-cables.  

4. Expression of Test Results 
4.1 Normalization 
According to IEC 62153-4-7Ed3 and IEC 62153-4-9Ed2 equation 
(15), the measurement results of the coupling attenuation are to be 
calculated from the measured voltage ratio Udiff/U2,max. In order to 
compare the coupling attenuation aC with measurements using 
absorbing clamps, an arbitrary normalized value ZS = 150 Ω was 
introduced in the standards for triaxial procedures of IEC 62153-4 
series. This results in the coupling attenuation aC to:  

   𝑎𝐶 = 20𝑙𝑜𝑔10 |
𝑈𝑑𝑖𝑓𝑓

𝑈2,𝑚𝑎𝑥
| + 10𝑙𝑜𝑔10 [

2𝑍𝑆

𝑍𝑑𝑖𝑓𝑓
] (5) 

where: 
Udiff input voltage at the DUT in V 
U2,max max. voltage at the test head in V 
Zdiff characteristic impedance of the DUT in Ω 
Z0 input impedance of the network analyzer 
ZS arbitrary inserted normalized value ZS = 150 Ω 
 
With ZS = 150 Ω and Zdiff  = 100 Ω the correction value results in:  

𝑎𝑐𝑜𝑟𝑟 = 10𝑙𝑜𝑔10 |
300

100
|  = 4,8 dB.   (6) 

Due to the different characteristic impedances Zdiff of the balanced 
test object of 100 Ω and the input impedance of the network analyzer 
Z0 of 50 Ω, the measured voltage ratio Udiff//U2,max does not 
correspond to the S-parameter Ssd21. 
Since the term Udiff/U2,max is often interpreted as the S-parameter 
Ssd21 when calculating the coupling attenuation according to IEC 
62153-4-9Ed2, IEC TC 46/WG5 proposes the following new 
presentation of the measurement results: 

𝑎𝐶 = −20𝑙𝑜𝑔10|𝑆𝑠𝑑21| + 10𝑙𝑜𝑔10 |
𝑍𝑑𝑖𝑓𝑓

𝑍0
| + 10𝑙𝑜𝑔10 |

2𝑍𝑆

𝑍𝑑𝑖𝑓𝑓
| (7) 

𝑎𝐶 = −20𝑙𝑜𝑔10|𝑆𝑠𝑑21| + 10𝑙𝑜𝑔10 |
2𝑍𝑆

𝑍0
|   (8) 

With ZS = 150 Ω and Z0 = 50 Ω the correction value results in: 

𝑎𝑐𝑜𝑟𝑟 = 10𝑙𝑜𝑔10 |
300

50
|  = 7,8 dB.    (9) 

Whether such a correction also makes sense for the coupling 
attenuation at low frequencies is subject to further discussions. 
The measured values of screening attenuation aS(m) and coupling 
attenuation aC(m) presented in this report are therefore raw values, 
i.e. without conversion to a normalized value of ZS = 150 Ω. 

 
Figure 18: Different test results by normalization 

4.2 Envelope Curve and Limit Lines  
IEC TC 46/WG 5 proposes the following expression of test results: 
The coupling attenuation is expressed by a value A of an envelope 
line. The value A shall be deduced by drawing a curve derived from 
the following equations:  
30 MHz to 100 MHz: A dB;  
100 MHz to 2 GHz: (A - 20 log10 (f/100)) dB   (10) 
where f is the frequency in MHz  
This curve shall be moved until the first peak of the measurement 
trace is intersected.  
The value A (in dB) is read where the curve intersects the Y axis.  

 
Figure 19 – Example of Coupling attenuation with Type II 

limit line and envelope test result line, lin. scale 
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Figure 20 – Example of Coupling attenuation with Type II 

limit line and envelope test result line, log scale 

5. Test adapter 
When measuring CA/LFCA on SPE connectors or SPE cable 
assemblies, appropriate test adapters are required, see Figures 7a, b 
and 10a and b. 

Test adapters can be made by hand from an SPE connector pair, see 
Figure 22 or can be machine made, see Figure 21. Preferably, test 
adapter should be integrated in the screening case of the test head. It 
should not have not larger diameter than screening case to avoid 
additional reflections. Test adapters shall include the terminating 
resistors, see Figure 21. 

Test adapters shall be assembled in agreement between the 
manufacturer respectively the distributor of the device under test 
(DUT) and the test laboratory. Preferably, test adapters should be 
provided by the manufacturer of the DUT itself. If this is not possible, 
adapters can be self-made, e-g. by using a cable assembly 
respectively a connectorized cable and prepare it according to Figure 
22.  

  
Figure 21: Test adapter for SPE connectors (Weidmüller) 
Test adapters may limit the sensitivity of the test set-up. Therefore 
test laboratories should conduct qualification tests with their existing 
adapter hardware to establish the noise floor(s) for the entire test 
system.  

 
Figure 22: SPE connector with self-made adapter made 
from a pair of connectors with tube-in tube according to 

Figure 7a  

Should the qualification test require connecting cables, these shall 
have a well screened tubular outer conductor. Measurements are 
considered as ‘valid’ as long as the measured value is at least 6 dB 
above the sensitivity established. 

Figure 22 shows a pair of SPE connectors prepared for the 
measurement according to figure 7a with the termination required for 
the measurement and the clamping devices to contact the cable screen 
together with the CoMeT40 test head. In order to terminate the cable 
in the test head, appropriate PCBs are commercially available. 

6. Measurement Accuracy and 
Reproducibility 
Screened balanced cables are unstable structures. They can change 
their symmetry and screening characteristics through tensile, 
compressive and bending loads. Deviating measurement results were 
obtained when the same test device with connector or the same 
assembly was installed and measured several times. These deviations 
are subject to further investigations, e.g. in IEC TC 46/WG5. 

In order to avoid improper measurements, sample preparation and 
test set-up shall be prepared carefully. All connections shall be made 
as tight as possible and with low impedance. 

7. Conclusion and Outlook 
The coupling attenuation of balanced connectors and assemblies can 
be measured according to IEC 62153-4-7Ed3 using the tube-in-tube 
method. Based on the supplement IEC 62153-4-9Amd1, the coupling 
attenuation of balanced cables, connectors and assemblies can also 
be measured at low frequencies from 100 kHz upwards as LFCA. 

In order to achieve a defined contribution to the unbalance 
attenuation or the mode conversion of the feeder cable, a measuring 
length of 3m is recommended when measuring coupling attenuation 
of connectors and assemblies, analogous to measuring of balanced 
cables. At the same time, this ensures that measurements from 
different laboratories can be compared with each other. 

Depending on the lowest frequency to be measured, high demands 
are placed on the symmetry of the terminating resistors. A resistance 
tolerance of 0.1% is considered to be sufficient. 

The reproducibility of the test results after repeated installation are 
subject to further investigations, including IEC TC 46/WG5. The 
position of the connector to be tested in the measuring tube (in the 
middle, close to the measuring head or close to the short circuit) and 
the required measuring length for the tube-in-tube method is also 
subject of further investigations, e.g. in IEC TC 46/WG5. 

The correction of the transmission loss of the feeder cable 
according to IEC 62153-4-7Ed3 in the respective measurement set-
up and calibration procedures and standards at the end of the feeder 
cables shall be discussed. The complete revision of IEC 62153-4-7 
is in preparation at IEC TC 46/WG5.  
This task requires further measurements as well as simulation of 
coupling attenuation of connectors and assemblies from different 
laboratories.  
Standards and limits for SPE cables are being prepared by IEC SC 
46C as 61156-n series. Standards and limits for SPE connectors are 
being prepared by IEC SC 48B as IEC 63171-n series.  
Nevertheless, there are currently no international standards neither 
specified limits for screening effectiveness of SPE assemblies 
available yet. This task could be addressed to IEC TC 46/WG9. 
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Abstract 
 

The IEEE P802.3da 10 Mb/s Single Pair Multidrop Segments 
Enhancement Task Force was formed 4 June 2020 to develop an 
Ethernet standard to specify additions and modifications to the 
IEEE Ethernet Standard 802.3cg-2019 for 10 Mb/s Operation and 
Associated Power Delivery over a Single Balanced Pair of 
Conductors. The purpose of the enhancements is to address in 
building, industrial, and transportation industries that are 
transitioning from legacy non-Ethernet networks to Ethernet and 
require enhancements to 10Mb/s multidrop single balanced pair 
networks, e.g., larger multidrop topologies, and power delivery 
options. 

The paper will provide an update to the IWCS 2021 paper on the 
development of the performance characteristics of a multidrop 
mixing segment for 10Mb/s Ethernet single balanced pair networks 
supporting up to at least 16 nodes, for up to at least 50 m reach. The 
mixing segment transmission parameter limits are specified to 
ensure a bit error ratio (BER) of less than or equal to 10-10.  

Update considerations; 

• The model is applied for transient analysis of the attached 
receivers’ eyes to assess constraints on node attachment 
characteristics including transmitter and receiver 
terminations with and without powering options, and drop 
cable/stub lengths, and node attachment separation.  

• Addition of inductive compensation models to mitigate 
impact of the equipment connector (MDI) capacitance on 
receive eye.  

Keywords: Multidrop, 802.3cg, 802.3da, mixing segment, 
power over data lines, PoDL, 10BASE-T1S, 10BASE-T1L, SPE, 
Single pair Ethernet,  

 

1. Definitions 
 
The IEEE 802.3 definitions of link segment, medium dependent 
interface (MDI), and physical layer entity (PHY) are used 
throughout the article and are defined below. 

• The Physical Layer entity (PHY) is the portion of the Physical 
Layer between the Medium Dependent Interface (MDI) and 
Physical Medium Dependent (PMD) sublayers. The PHY 
contains the functions that transmit, receive, and manage the 
encoded signals that are impressed on and recovered from the 
physical medium.  

• The Medium Dependent Interface (MDI) is the mechanical and 
electrical interface between the transmission medium and the 
PHY and also between the transmission medium and any 
associated Powered Device (PD) or Endpoint Power Sourcing 
Equipment (PSE).  

• The Link segment is the point-to-point full-duplex medium 
connection between two and only two Medium Dependent 
Interfaces (MDIs).  

• The mixing segment is medium that may be connected to more 
than two Medium Dependent Interfaces (MDIs). 
 

2. 10BASE-T1M Mixing Segment 
Considerations  
 
The 10BASE-T1S mixing segment is specified based on cabling 
that supports up to at least 8 nodes and 25 m in reach, as illustrated 
in Figure 1. 
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Figure 1. Example 10BASE-T1S Mixing Segment 
The IEEE P802.3da project objectives related to mixing segment 
enhancements are listed below and summarized in Table 1. Support 
for interoperability with Clause 147 multidrop requires that IEEE 
P802.3da PHYs operate on 802.3cg mixing segments. Specifically, 
IEEE P802.3da objectives that pertain directly to this study include: 

• Define performance characteristics of a mixing segment 
for 10Mb/s multidrop single balanced pair networks 
supporting up to at least 16 nodes, for up to at least 50m 
reach 

• Support interoperability with Clause 147 multidrop 
• Specify optional plug-and-play power distribution over 

the mixing segment 
 

Mixing Segment 802.3cg 802.3da 

Nodes Up to at least 8 Up to at least 16 

Length Up to at least 25 Up to at least 50 m 

 
Table 1. 802.3da Mixing Segment Enhancements  

 
These IEEE P802.3da project objectives related to mixing segment 
enhancements were developed based on the use cases in Table 2.  

Use Cases No. of Nodes 
Minimum/Desired 

Length, meters 
Minimum/Desired 

Lighting Controls  8/16 30/50 

Industrial Edge Networks 8/32 50/75 

Industrial In-Cabinet Usage 40/64 25/75 

Elevators 16/24 50/75 

 
Table 2. 802.3da Mixing Segment Enhancements Use 

Cases   
As presented in the first paper, the node components including 
powering (PoDL) and associated connections to the trunk cable 
such as stubs or drop cable and their lengths and trunk cable 
mismatches between nodes are the primary sources of reflections in 
multidrop topologies. In addition, the interspatial placement of 
nodes along the trunk cable in proportion to the “stub” or “drop 
cable” lengths are directly related to the magnitude of the 
reflections.  
Two distinct placements of nodes were considered that yield in-
phase reflections “even distribution” and “clumped distribution”.  

Multidrop Topology Even Distribution  
Figure 2 shows a mixing segment of 50 m with 8 nodes evenly 
separated by 7.1 m.  

 
Figure 2. Mixing Segment Even Distribution  

Periodic reflections add in phase at frequencies proportional to 1/2 
wavelength of separation of the evenly placed nodes. Figure 3 
shows node separation ½ wavelength versus frequency with 
velocity of propagation of 0.7C.  

 
Figure 3. Node Separation ½ Wavelength versus 

Frequency 
Figure 4 illustrates loss of the even distribution node separation of 
7.1 m and loss deviations at ½ wavelength node separation 
corresponding to a frequency of 15 MHz. As the transmitter source 
impedance is 50 Ω and the receiver impedance is 10 kΩ, the loss 
between transmitter and receiver is given as the ratio of the 
transmitter to receiver voltages.  

 
Figure 4. TX/RX Voltage Ratio Node Separation 7.1 m  

Multidrop Topology Clumped Distribution  
Clumped distribution of 8 nodes with 60 cm separation and drop 
cables of 30 cm at both ends of a 50 m is shown in Figure 5. The 8 
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nodes combine at both ends of the trunk cable to effectively lower 
mixing segment trunk terminations. 

 
Figure 5. Mixing Segment Clumped Distribution  

Figure 6 illustrates loss and loss deviations due to the clumped node 
distribution at each of the mixing segment.   

  
Figure 6. TX/RX Voltage Ratio Clumped Distribution 

 
System Impact – Receiver Eye 
Eye diagrams are generated utilizing LT-Spice and the eye closures 
are used as a metric to consider the noise at the receiver due to the 
mixing segment impedance mismatches. Placements of nodes are 
considered that exacerbate in-phase reflections for “even 
distribution” and “clumped distribution” at frequencies in the 
signaling bandwidth. Figure 7 shows clumped configurations where 
node 2 is separated from node 1 and clumped nodes 3 to 16 by a 
trunk cable with an equal length. The clumped nodes are separated 
by 20 cm.   

 
Figure 7. Mixing Segment Clumped Distributions  

Figure 8 show the individual node receiver eye closures and the 
cumulative receiver eye closure with all receiver eyes overlayed 
under two conditions: with and without PoDL impedances. The 
transmitter and receiver models without PoDL does not include the 
80 µH inductor. In all cases, Node 2 exhibits the worst eye closure 

as node 2 is separated by trunk lengths with ½ wavelength of 
separation that are at frequencies in the signaling bandwidth and the 
clumped nodes 3 to 16 combine to present low impedance relative 
to 100 Ω.  

Distribution With PoDL Impedances 

 

 
Figure 8. 70 Meter Mixing Segment Clumped 

Distribution Without PoDL Impedances 
 

 

 
Figure 9. 70 Meter Mixing Segment Clumped 

Distribution With PoDL Impedances 
Note that there is no explicit receiver compliance eye specified in 
802.3cg nor has a compliance eye been adopted by the 802.3da task 
force. The receiver is expected to operate at the objective BER 
when receiving differential signals from a compliant transmitter 
through a compliant channel. Committee members with direct 
experience in 803.3cg receiver implementation have suggested a 
minimum receive eye height of 300 mV.  
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The IEEE P802.3da project objectives related to mixing segment 
enhancements were developed based on the use cases in Table 1. 
The 70 m model results exhibiting 187 mV eye height requires 
further considerations in order to support desired lengths of 75 
meters with 24 nodes.  
MDI inductive compensation  
The attachment of the MDI to the cable introduces a shunt 
capacitance that effectively lowers the cable impedance at the 
attachment point. The MDI capacitance, modeled as 30 pF is the 
primary source of the mixing segment reflections Illustrated 
schematically in Figure 10.  

 
Figure 10. Cable model with MDI capacitance  

 
Four 80 nH inductances are added to the cable model at the MDI 
attachment point to mitigate the effects of the MDI capacitances 
illustrated in Figure 11.  

 

 
Figure 11. Inductive compensation of MDI capacitance  

 
The LT-spice multidrop model consists of transmit nodes, receive 
nodes, stub cable, and trunk cable.  Figure 12 illustrates the LT-
spice schematics of the TX/RX models and attachment to the trunk 
cable via the stubs.   

 
Figure 12. LT-spice TX/RX models  

 
 
 
 
 
 
 

The transmitter and receiver LT-spice models incorporate the 
specified MDI load impedance limits in Table 2. To minimize 
loading of the mixing segment, the receivers present high 
impedance of 10 kΩ. The receiver and transmitter may support 
optional power distribution “Power over Data Lines” (PoDL) with 
a minimum of 80 µH and a maximum of 15 pF. The total node 
capacitance is 180 pF.  

 
Table 2. MDI Load Impedance Limits 

 
Figure 13 illustrates an example LT-spice multidrop model with 
inductance incorporated in trunk cable connection.  

 
Figure 13. LT-spice multidrop model with inductances 

incorporated in stub connections.  
 

The multidrop model “clumped distribution” in Figure 14 is used to 
illustrate the impact of inductive compensation on eye closure for 
50 m/16 node and 70 m/16 node topologies. The MDI load parasitic 
used are 80 µH and 30 pF respectively.  

 
Figure 14. LT-spice “clumped distribution”  

 
Figure 15 illustrates the eye without inductive compensation for the 
50 m/16 node topology.  
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Figure 15. LT-spice 50 m/16 node multidrop model 

without inductances incorporated in stub connections.  
 

Figure 16 illustrates the eye with inductive compensation for the 50 
m/16 node topology.  

 
Figure 16. LT-spice 50 m/16 node multidrop model with 

inductances incorporated in stub connections.  
 
Figure 17 illustrates the eye with and without inductive 
compensation for the 70 m/16 node topology for MDI capacitances 
of 15 pF and 30 pF respectively. Doubling the MDI capacitances 
reduces the eye opening by more than 50%. The inductive 
compensation opens both eye heights to greater than 500 mV.  

 

 
Figure 17. LT-spice 70 m/16 node multidrop model 

comparisons  
 
 

Conclusions 
The paper provided an update to the IWCS 2021 paper on the 
development of the performance characteristics of a multidrop 
mixing segment for 10Mb/s Ethernet single balanced pair networks 
supporting up to at least 16 nodes, for up to at least 50 m reach.   

Update considerations; 

• Details of LT-spice model applied for transient analysis 
of receiver eye closures to assess constraints on node 
attachment characteristics including transmitter and 
receiver terminations with and without powering options, 
drop cable/stub lengths, and node attachment separation.  

• Addition of inductive compensation models to mitigate 
impact of the equipment connector (MDI) capacitance on 
receive eye.  

The addition of inductive compensation in the LT-spice multidrop 
models to mitigate impact of the equipment connector (MDI) 
capacitance on receive eye’s was considered; concluding that the 
802.3da desired use cases may be possible to support with 
capacitive compensation via inductances. 
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Abstract 
This paper delves into the efficacy of various external noise 
mitigation strategies and how they affect a network’s susceptibility 
to packet-in-packet (PIP) cybersecurity attacks.  This style of attack 
is performed by embedding a malicious, but valid, Internet Protocol 
(IP) packet into the payload of a benign IP packet to traverse network 
security measures.  Properly-timed bit-flip errors can cause network 
devices to interpret embedded packets as valid datagrams—
potentially allowing malicious packets to infiltrate networks via 
faulty Ethernet cables.  Because this style of attack relies heavily on 
externally induced noise, a cable’s ability to insulate itself from 
environmental stressors is closely tied to its susceptibility. 
Four common cable constructions were used in combination with 
both shielded and unshielded plugs and jacks to evaluate numerous 
short channels’ ability to mitigate external noise and prevent PIP 
attacks.  These channels were evaluated passively with a waveform 
generator and an oscilloscope to determine the amount of coupling 
that could be induced by a variety of disturber types.  Some noise 
sources were constructed such that coupling between them and the 
cable core of the channel under test were optimized.  The channels 
under test were then subjected to PIP attacks over a 10GBASE-T link 
in the presence of the noise sources used for passive testing.  The rate 
at which the embedded packets were detected was then measured. 
After the passive and active testing was completed, the efficacy of 
each external noise mitigation strategy was evaluated.  The fully 
shielded cable was the most effective at mitigating external noise and 
was, therefore, the least susceptible to packet-in-packet attacks.  The 
cable with a continuous metallic isolation wrap enclosed in 
nonconductive materials was the second most effective at mitigating 
external noise.  The cable with a discontinuous, or segmented, 
metallic isolation wrap was the third most effective at mitigating 
external noise.  The completely unshielded cable was the least 
effective at mitigating external noise and was, therefore, the most 
susceptible to PIP attacks. 

Keywords: Category 6A; Twisted Pair; Alien crosstalk; 
Cybersecurity; Packet-in-packet. 

1. Introduction 
Balanced twisted-pair cables compliant to ANSI/TIA-568.2-D 
category 6A must be designed to mitigate noise coupling from 
adjacent category cables.  This type of noise, known as alien 
crosstalk, is especially critical when transmitting data with 
multigigabit line rates like 10GBASE-T, which require higher 
frequency bands (e.g., 1 MHz to 500 MHz). 

For signals on twisted pairs, the potential for signal to radiate 
tangentially relative to the propagation direction increases with the 
frequency of the communication.  This risk is increased if the lengths 
of electrical segments in the environment is a match for the twisted 
conductor lay lengths within the cable.  The worst case would be a 

very close match between these lengths.  The alien crosstalk test 
described in section C.8 of ANSI/TIA-568.2-D takes this a step 
further by matching the effective lengths.  Identical cables placed 
adjacent to each other would have matching twisted pair lay lengths. 

To allow for higher frequency communications, the twisted pair cable 
designs need to be able to resist environmental impacts, including 
alien crosstalk from neighboring cables of the same design.  This can 
be accomplished by various methods.  Thick jackets, very tightly 
twisted and well-balanced pairs of conductors, and metallic barriers 
are common design features used to reduce the impact of alien 
crosstalk. 

The same features that protect a cable from alien crosstalk also 
protect it from other forms of electromagnetic interference or noise.  
Thick cable jackets give increased distance from noise sources.  
Tightly twisted pairs of conductors that are physically and electrically 
balanced do not easily couple external noise.  Metallic barriers 
prevent external signals from interacting with the communications 
pairs. 

A worst-case environmental noise scenario would require a 
combination of factors.  A close proximity between the noise 
generator and the disturbed channel is necessary to minimize 
distance-related attenuation of the noise signal.  The noise source will 
be most effective at coupling signal into the transmission pairs if it 
uses antennas or the equivalent that are matched to the transmission 
pairs. 

If the noise is sufficient, the Ethernet link could be impacted in a 
variety of ways.  If the system is overloaded with noise, link could be 
dropped and not reacquired.  Noise could instead interfere with 
packet transmission, causing errors and dropped frames.  This level 
of noise will result in a lossy cabling system that operates with less 
goodput due to retransmissions.  A lossy cabling system also has the 
potential for security vulnerabilities. 

In some cases, lossy cabling can make networks more susceptible to 
cybersecurity attacks [1].  One type of attack, known as packet-in-
packet (PIP), masks a malicious frame within the payload of an 
otherwise benign packet as shown in Figure 1.  These malicious 
packets can be released via a properly timed bit flip error that 
effectively sheds away the headers of the benign packet.  Naturally, 
cables that are more susceptible to errors are more susceptible to this 
type of attack.  If these lossy cables are located at critical parts of the 
network, it can allow these malicious embedded packets to traverse 
security measures. 
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Figure 1. Embedded Malicious Packet 

 
For these types of attacks to be successful, a specific byte needs to be 
corrupted by a bit flip error.  Ethernet frames are preceded by a 
sequence of bytes known as a preamble.  These bytes denote the 
beginning of a packet and assist with clock synchronization between 
the transmitter and receiver.  Immediately following the preamble is 
the start frame delimiter (SFD), which denotes the end of the 
preamble and beginning of the Ethernet frame.  If this byte is 
corrupted from its original value (0xD5), the Ethernet PHY will 
continue scanning until the appropriate value is found.  If the 
appropriate value is found within the payload of the transmitted 
packet and is followed by valid headers, the PHY could potentially 
interpret the embedded packet as a legitimate packet. 

The embedded packet needs to be configured with valid information 
in order to be interpretted by the PHY.  First, the attacker needs to 
know the content of a valid packet’s headers in order to tailor the 
attack for a specific connection and accurately predict the checksum.  
In order to do this, the attacker needs to know the source/destination 
MAC addresses and the source/destination Internet Protocol (IP) 
addresses.  This can be acquired via packet sniffing software within 
close proximity of or physcially attached to the network containing 
the victim’s computer. 

Secondly, the attacker needs to match the checksum of the outer 
packet to the checksum of the embedded packet.   Even though the 
start of the interpretted packet can be moved by tricking the PHY into 
reading the wrong SFD byte, the end will remain fixed.  As such, the 
embedded packet will be discarded if its calculated checksum does 
not match the expected checksum of the outer packet.  The outer 
packet and embedded packet checksums can be synchronized by 
inserting 4 bytes into the payload of the outer packet, but before the 
preamble of the embedded packet as shown in Figure 2.  This allows 
the attacker to adjust the checksum of the outer packet without 
affecting the checksum of the embedded packet. 

 
Figure 2. Contents of Packet-In-Packet Attack 

 

Because this type of cybersecurity attack relies on lossy channels or 
faulty Ethernet links, noise mitigation strategies are especially 
important.  Even if a cable is transmitting error-free data within one 
environment, there is no guarantee that it can maintain an adequate 
degree of signal integrity in the presence of external noise.  There are 

numerous design methods that can be used to assure category 6A 
compliance, but the question of efficacy is important.  Knowing 
which noise mitigation strategies are most effective will help system 
designers better prepare their network for possible cybersecurity 
attacks. 

2. Test Setup 
A set of channels were built and prepared for external electrical noise 
testing.  Different designs of category 6A cables were selected.  
These designs included a U/UTP (unshielded) cable with no metallic 
tapes or isolation wraps, a cable with an isolation wrap made of 
isolated metallic segments, a cable with an isolation wrap made of a 
continuous metallic layer enclosed in nonconductive material on all 
sides, and a F/UTP (shielded) cable as listed in Table 1.  For the rest 
of this document, these cables will be referred to as (1) U/UTP, (2) 
Discontinuous Wrap, (3) Continuous Wrap, and (4) F/UTP. 

Table 1. Constructions of Category 6A Cables Under Test 

Cable Construction 

1 
This is an unshielded U/UTP cable containing no metallic tape 
layers.  This cable is designed to be used with unshielded 
connectors. 

2 
All the twisted pairs are surrounded by an isolation wrap made of 
discontinuous metallic segments.  This cable is designed to be 
used with unshielded connectors. 

3 
All the twisted pairs are surrounded by an isolation wrap made of 
a metallic layer enclosed in nonconductive material.  This cable is 
designed to be used with unshielded connectors. 

4 
This is a shielded F/UTP cable where the overall shield that 
surrounds all the pairs is designed to be used with shielded 
connectors. 

 

The channels were then wrapped with four twisted pairs to assess 
each cable design’s resistance to external noise as shown in Figure 3.  
A segment of each cable type had its jacket removed and the twisted 
pairs were extracted.  These disturbing pairs were used as a noise 
source at one end of the channels under test.  The disturbing pairs 
were comprised of the same pairs present within the cable under test.  
For example, the disturbing pairs used to test the F/UTP cable were 
pairs extracted from another length of that same F/UTP cable.  These 
four pairs were then fastened to the outside of the cable under test 
with a non-metallic binding. 

 
Figure 3. Arranging Disturbing Pairs around Cable 

 

This setup has similarities to the alien crosstalk test described in 
ANSI/TIA-568.2-D.  The standard alien crosstalk test is performed 
by maintaining a 6-around-1 parallel configuration such that the 
disturbing cables are within proximity of the victim cable.  The 
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external noise test in this paper further reduces the distance between 
disturbing signal sources and pairs of the cable under test.  This 
increases noise coupling.  Because there is no jacket, tape, or other 
layer between the disturbing pairs and the disturbed cable, a greater 
amount of noise can be transmitted to the cable under test than in the 
alien crosstalk test.  As this test is attempting to simulate unknown 
noise with similar metallic lengths (thus same pair design), there is 
no need to completely enclose the cable in pairs. 

From experimentation, it was found that the impact of the disturbing 
pairs could be changed by adjusting the length of the disturbing 
region and the location of the noise source.  The disturbing region 
was set to a portion of the channel length on one side of the channel.  
To this end, 15 m of the horizontal cable section of the channel was 
exposed to the disturbance and the entirety of the patch cord and 
connector region on that side was also exposed. 

Noise was produced by energizing the disturber pairs with a 
waveform generator.  The generator was set to produce a random 
noise signal approximating a Gaussian noise surpassing the 1-500 
MHz frequency range used in twisted pair data communications 
telecommunications with the maximum peak-to-peak voltage set to 
2.0 V.  By generating random noise across a wide band, the victim 
cable’s resistance to alien crosstalk throughout the category 6A 
frequency range could be adequately assessed.  Specific frequency 
noise could target individual components of the channel if the 
lengths/frequency of the components were known.  By using random 
noise, the channel could be targeted without knowing specific 
vulnerable frequencies for the components that make the channels.  
In addition, the wide spectrum of the noise could allow for multiple 
paths of ingress through the different channel components. 

For each of the four cable types in this test set, the following channels 
were constructed and tested: 

1. A 90 m link with a 5 m shielded patch cord on each end 

2. A 90 m link with a 5 m equipment cord constructed out of 
the same cable type with plugs added on the disturbed end 
and a 5 m shielded patch cord on the other end 

3. A 90 m link with a 1 m shielded patch cord on the disturbed 
end and a 5 m shielded patch cord on the other end 

4. A 90 m link segment with a plug on the disturbed end and 
a 5 m shielded patch cord on the other end 

The four channel configurations were chosen to explore the impact 
of the shielded cords and the impact of the plug/jack location.  Figure 
4 shows these configurations. 

 

 

 

 

 
Figure 4. Channel Setups that were tested 

 

The disturbed region on the one end of the cable included the patch 
cord or equipment cord region.  In this region, the pairs of the cable 
are exposed as they are routed to the jack.  The connection points of 
a channel are also where coupling can occur between shielding 
elements and transmission pairs.  The disturbing pairs were tightly 
fastened to the jack and plug location as well as to the cords. 

Theoretically, the shielded cords on the one end should provide 
isolation from disturbing noise.  The balance performance of the 
plug/jack mating and the continuity of the shielding elements will 
impact this effect.   

Two types of measurements were taken for the channels while there 
was disturbing noise on the attached pairs.  With an oscilloscope, the 
peak voltage was measured on the disturbed pairs.  This was a direct 
verification of any noise coupling into the channel.  With an Ethernet 
data traffic generator (packet blaster), the rate of errors was 
measured.  The results of this test were expected to correlate with the 
voltage measurement. 

Four 1-hour frame error tests were performed on each cable type in 
each of the four configurations—one test for each disturbing pair.  
For the F/UTP, discontinuous wrap, and continuous wrap cables, the 
disturbing pair was energized to 2 Volts.  Because the U/UTP cable 
could not maintain link with the disturber energized to 2 Volts, the 
disturber voltage was decreased to the maximum level that the cable 
could support.  A packet blaster was used to transmit a stream of 194-
byte frames with 140-byte frames embedded into the payloads.  The 
194-byte frames were IPv4 packets while the 140-byte frames 
embedded within them were the payload containing all the parts of 
an IPv4 packet as seen in Figure 2.  An error detector was used to 
measure the total number of dropped frames and the total number of 
140-byte frames received. 
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3. Test Results 
A total of 64 test conditions were evaluated across the various cable 
designs, channel configurations, and disturbing pairs.  Each of the 
four cables under test were evaluated in four different channel 
configurations with each disturbing pair energized. 

3.1 Noise Voltage Transfer Results 
The oscilloscope test yielded voltage measurements on the pairs of 
the cable.  The disturbed pairs maximum and average voltage values 
are stored in Table 2 and Table 3. 

The F/UTP cable did not experience any measurable voltage transfer 
to the transmission pairs throughout the test set.  The cable with the 
continuous isolation wrap had a similar result.  The cable with the 
discontinuous isolation wrap showed barely measurable voltage 
levels in some of the setups.  The U/UTP cable showed noise voltage 
on the pairs for all the setups except when the 5 m shielded cord was 
at the disturbed side of the channel. 

Table 2. Maximum Voltage (mV) Measured on Disturbed 
Pairs when Noise Source was set to 2 Volts 

 5 m 
Shielded 

Patch Cord 

5 m 
Equipment 

Cord 

1 m 
Shielded 

Patch Cord 
RJ45 Plug 

U/UTP Cable 0 21 28 22 

Discontinuous 
Wrap 0 0 2 2 

Continuous 
Wrap 0 0 0 0 

F/UTP Cable 0 0 0 0 

 
Table 3. Average Voltage (mV) Measured on Disturbed 

Pairs when Noise Source was set to 2 Volts 

 
5 m 

Shielded 
Patch Cord 

5 m 
Equipment 

Cord 

1 m 
Shielded 

Patch Cord 
RJ45 Plug 

U/UTP Cable 0 15 17 15 

Discontinuous 
Wrap 0 0 1 0 

Continuous 
Wrap 0 0 0 0 

F/UTP Cable 0 0 0 0 

 

3.2 Packet-in-Packet Attacks 
The number of frame errors produced over the span of 1 hour varied 
across cable constructions and channel topologies as shown in 
Table 4.  None of the cables under test produced dropped frames 
when connected to a shielded patch cord within the disturbed 
region.  In all other scenarios, the U/UTP cable produced 
significantly more dropped frames than all other cable types.  In 
those scenarios, the U/UTP cable could not support a 10GBASE-T 
link while the disturbing pair was set to 2 V.  On average, the 
disturbing pair could prevent the U/UTP cable from maintaining 

link with 1.1 V.   The discontinuous wrap was the only cable with 
a metallic wrap that produced frame errors when paired with a 1-
meter shielded patch cord.  The fully shielded cable did not produce 
dropped frames under any scenario.  The number of dropped frames 
show some correlation to the voltage measured by the oscilloscope. 

Table 4. Maximum Frame Errors (1-hour) 

 

Number of Dropped 194-Byte Frames 

5 m 
Shielded 

Patch Cord 

5 m 
Equipment 

Cord 

1 m 
Shielded 

Patch Cord 
RJ45 Plug 

U/UTP Cable 0 24,952,377 38,116,845 12,938,156 

Discontinuous 
Wrap 0 0 44 159 

Continuous 
Wrap 0 0 0 3 

F/UTP Cable 0 0 0 0 

 
Like the number of frame errors, the number of successful PIP 
attacks over the span of 1 hour varied across cable constructions 
and channel topologies as shown in Table 5.  None of the cables 
under test allowed a successful PIP attack when connected to a 
shielded patch cord within the disturbed region.  In all other 
scenarios, PIP attacks were successful against the U/UTP category 
6A cable.  The number of successful PIP attacks shows some 
correlation to the voltage measured by the oscilloscope. 
 

Table 5. Maximum Successful PIP Attacks (1-hour) 

 

Number of Embedded 140-Byte Frames Received 

5 m 
Shielded 

Patch Cord 

5 m 
Equipment 

Cord 

1 m 
Shielded 

Patch Cord 
RJ45 Plug 

U/UTP Cable 0 160,527 223,100 83,541 

Discontinuous 
Wrap 0 0 0 1 

Continuous 
Wrap 0 0 0 0 

F/UTP Cable 0 0 0 0 

4. Conclusions 
Category cabling should be designed to resist external signals 
coupling into the system.  Category 6A cable specifically has alien 
crosstalk performance requirements to restrict external signals from 
coupling to adjacent cables.  Shields, isolation wraps, thick jackets, 
and other design features are commonly used to provide the needed 
noise resistance. 

Metallic wrap layers are effective at isolating the twist pair 
transmission lines from the noise.  The test setup in this paper 
produced more noise than what is observed in the ANSI/TIA-568.2-
D alien crosstalk test.  The EMI was made into a stronger noise source 
by bringing the disturbing source closer, increasing the voltage, and 
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using randomly generated signals.  With this noise, the cables with 
metallic wraps demonstrated lower unwanted coupled voltage 
compared to cables without these wraps.  The U/UTP cable had noise 
voltage transfer in almost all setups.  The continuous wrap cable and 
the F/UTP cable had no voltage transfer in any of the setups.  The 
discontinuous wrap showed barely measurable noise voltage transfer. 

The U/UTP category 6A setup proved to be vulnerable to the type of 
noise signal used in this test.  The different physical setups produced 
results that provide insights for noise mitigation.  When the channels 
were terminated in the RJ45 plug and when a 5 m unshielded 
equipment cord was used, noise voltage transfer and frame errors 
were observed.  When a 1 m shielded patch cord was used, the noise 
voltage transfer and frame errors were worse.  When the 5 m shielded 
cord was used, there was no noise voltage transfer and no frame 
errors.  By comparing the 5 m shielded cord test and the other setups, 
the noise voltage does not propagate through the longer cord.  The 1 
m shielded cord test being the worst setup suggests that a mismatch 
point like an unshielded cable/shielded cord connection close to the 
end of the channel is quite vulnerable. 

The setups that had the highest voltage signal in the one test had the 
most frame errors in the other test.  The frame error results, and the 
cybersecurity packet attack results, followed the same pattern.  In this 
testing, the less metallic barriers in the cable and the less shielded 
cordage used, the more noise impact was observed. 

Cables that are more resistant to external noise are less susceptible to 
packet-in-packet attacks.  As noise coupling increases, the probability 
that the appropriate error conditions will occur over a fixed time 
frame also increases.  Thus, the test conditions that produced the most 
dropped frames over the span of an hour also produced the greatest 
number of successful packet-in-packet attacks.  These types of 
cybersecurity attacks rely on blasting a network with malicious 
packets with the hope that eventually the proper error conditions will 
occur.  Designing networks to include more robust resistance to 
external noise is a logical way to reduce the success rate of these 
attacks.  Though they may both meet the category 6A requirement 
for alien crosstalk, fully shielded cables generally provide more 
robust resistance to noise sources not accounted for in standard tests. 
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Abstract 
In this paper, we study the worst-case degradation in multimode 
fiber (MMF) channel performance due to low optical return loss 
(ORL) i.e., high levels of reflected optical power.  In this study, 
variations in channel ORL are generated using a reflector, 
attenuator, and optical coupler to produce optical reflections which 
can result from dirty or poorly mated interfaces within a MMF 
channel. The impact of ORL on 400Gbps transmission over MMF 
is studied by means of BER measurements utilizing 400GBASE-
SR8 transceivers. The results confirm some power penalty is 
incurred, however, the power penalty is insignificant even with 
ORL as low as 11 dB.  

Keywords: Fiber optics components, fiber optics links and 
subsystems, multimode fibers, OM3, OM4, OM5, optical 
interconnect, fiber measurements, ORL, MPI. 

1. Introduction 
 
Multimode fiber channels using VCSEL-based transceivers are 
widely deployed in data centers for high-speed short-reach optical 
communications.  MMF channels have larger alignment tolerances 
and are more resilient to contamination than single-mode fiber 
connectivity.  In addition, VCSEL based transceivers used in MMF 
channels are less expensive than single-mode transceivers. The 
IEEE 802.3 Ethernet Standards body recently specified aggregate 
data rates up to 400Gbps utilizing PAM4 modulation, where each 
of eight fiber pairs carry 50Gbps (400GBASE-SR8) or 
alternatively, carrying two signal wavelengths over four fiber pairs 
(400GBASE-SR4.2).  Channel reaches are short providing at least 
70m over OM3 and 100m over OM4/OM5 MMF [1].  Currently 
the IEEE 802.3df Task Force is working on standardizing 100Gpbs 
per lane, i.e., per fiber pair, providing 800Gbps Ethernet using a 
single wavelength [2].  These high data rate specifications will 
enable long lifetimes for MMF for short reach applications up to 
800Gbps over OM3, OM4 and OM5 MMF. 
400GBASE-SR8 defined in IEEE 802.3cm specifies dual-row 24-
fiber MPO and single-row 16-fiber MPO media dependent 
interface (MDI) variants (Fig. 1), both with flat interface according 
to IEC 61754-7-2 and IEC 61754-7-4 respectively. 

 

 
Fig. 1. 400GBASE-SR8 MPO MDI variants (a) Two-row, twelve-

fiber interface (b) Single-row, sixteen-fiber interface 

Although IEEE 802.3cm (400Gbps) specified only flat MPO MDI, 
at least one optical module vendor provided a 16-fiber single-row 
version of 400GBASE-SR8 modules in APC form factor.  This 
form factor was thought to be require as a result of an early 
adopter’s evaluation of first production transceivers, which was 
later found to have high internal reflections at the VCSEL interface. 
Consequently, an angled connector interface has no effect on the 
internal reflection. It is the opinion of the authors of this paper, as 
well as other industry leaders that an angle polished MPO at the 
transceiver bulkhead interface should not be propagated since 
introducing an angled MPO results in the need of hybrid patch 
cords to interconnect equipment cables to Structured cabling.  
Another incorrect assumption of the early adopter was assuming 
the issue was due to MPI.  In [3], authors of this paper studied the 
impact of MPI for 400GBASE-SR8 MMF transmission. It was 
reported that although coherence length of VCSELs were in the 
same range as the stub fiber length between the module MPO 
interface and the optical sub-assembly inside the module (a few 
centimeters), measurements and MPI modeling indicated that MPI 
penalty is negligible and does not need to be considered in the 
MMF link budgets. Power spread among VCSEL modes, 
orthogonality among MMF modes are considered to be main 
factors for MMF MPI not being significant. 
In [4-5], BER measurements on 400GBASE-SR8 links are reported 
with varying link ORLs. Pre-FEC error floor of 1E-7 is reported 
corresponding to 9 dB ORL, which is significantly worse than the 
application ORL limit of 12 dB. These measurements indicate BER 
penalty due to severe channel ORLs however the BER levels are 
still much lower than FEC limit of 400GBASE-SR8 application, 
2.4E-4. Unless a serious connector end-face anomaly or multiple 
complete airgaps due to non-contact connector end-face happens, 
these very low ORLs are not possible in a MMF structured cabling 
compliant to local and international standards.  
More recently, due to the absence of ORL measurement data, the 
initial drafts of IEEE 802.3db specified angle MPOs.  However, 
when the Draft Standard was moved to the Standard Association 
(SA) for balloting, measurement data was presented to the Task 
Force and the flat MPO MDI was adapted as the recommended 
MDI form factor.  To enable early production transceivers to be 
Standards compliant, the angled MPO was specified as an optional 
MDI. This allows the utilization of familiar flat polished MPO 
based MMF structured cabling systems for these new applications. 
In addition to changes in MDI form factor specification, minimum 
channel ORL and maximum receiver reflectance requirements are 
also tightened for these applications. In the current draft 
(8023db_D3p2.dpf), minimum channel ORL is increased from 12 
dB to 14 dB, and maximum receiver reflectance reduced from -12 
dB to -15 dB based on [6]. Optical modules with multifiber MPO 
applications are usually designed with an MPO connector interface 
with a short fiber attached, where the receiver reflectance is lower 
than -15 dB [3] (Fig. 2). 
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Fig. 2. 400GBASE-SR8 QSFP-DD module with two-row, twelve-

fiber interface, short MMF ribbons are used to connect the MMF flat 
MPO MDI to optical subassemblies 

 
In this paper, we study the effect of ORL on  MMF channel 
performance.  
 

2. MMF Channel ORL 
ORL in a MMF channel can be modeled assuming the non-coherent 
addition of reflections from reflective interfaces such as transmitter 
and receiver interfaces and connectors. IEEE specified maximum 
discrete reflectance of MMF connectors as -20dB, which is the 
maximum allowed connector reflectance in international structured 
cabling standards ISO/IEC 11801 and TIA 568.3-D. Channel ORL 
can be written as a function of connector ILs and RLs (1, 2) based 
on the schematic diagram in Fig. 3. In (1), only a single reflection 
towards the transmitter is taken into account, because the impact of 
secondary reflections toward the transmitter are negligible.  
 

 
Fig. 3. MMF channel ORL is a function of sum of all reflected signals 

at connector interfaces (multiple reflections are neglected) 
 

𝑂𝑅𝐿(𝑑𝐵) = 10𝐿𝑜𝑔10 (
𝑃𝑇𝑋𝑜𝑢𝑡

𝑃𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑𝑡𝑜𝑡𝑎𝑙

)   (1) 

𝑂𝑅𝐿(𝑑𝐵) = 10𝐿𝑜𝑔10 (
1

10
−𝑅𝐿1

10 +⋯+10
−(𝑅𝐿𝑁+2(𝐼𝐿1+⋯+𝐼𝐿𝑁−1))

10  
+10

−(𝑅𝐿𝑟𝑒𝑐+2(𝐼𝐿1+⋯+𝐼𝐿𝑁))
10

) (2) 

 
In Fig.4, ORL in equation (1) is plotted as a function of number of 
connectors. A mated-pair connector IL of 0.2dB is used for these 
calculations. ORLs for three different receiver reflectance’s are 
plotted. Receiver reflectance of 12 dB shows double reflection from 
flat polished glass air interface approximately. This is the worst-
case receiver reflectance condition that IEEE Ethernet applications 
had used until the current IEEE 802.3db. In reality, optical modules 
have much lower receiver reflectance, e.g. 28.5 dB measured on a 
400GBASE SR8 module with 12 -fiber 2-row MPO interface 
reported in [3].  
The ORLs plotted in Fig. 4 do not include statistical variation of 
RLs for each connector but assume the same value. When the 
statistical variation is also included, ORL values get close to the 
lowest reflection in the channel, which is usually the ORL due to 
receiver reflectance when the fiber is unterminated at receiver side 
of optical subassembly. This is the reason why the channel 
minimum ORL limit in IEEE 802.3db was raised from 12dB to 
14dB, because the maximum receiver reflectance was increased 
from -12dB to -15 dB, in alignment with what optical module 

manufacturers were able to do for 100G and beyond MMF 
applications. 

 
Fig. 4. MMF channel ORL is a function of sum of all reflected signals 

at connector interfaces (multiple reflections are neglected) 
 

3. Measurements 
To study the impact of low ORL on MMF channel performance, 
we conducted BER measurements without FEC on several 
commercially available 400GBASE-SR8 modules with sixteen 
fiber single row APC interface. Viavi 400G Ethernet Analyzer was 
used for these tests, and BER performance was measured on 
individual 50Gbps lanes separately, utilizing PAM-4 modulation. 
Measurement set-up is shown in Fig. 5.  
 

 
Fig. 4. BER measurement set-up 

 
A MMF reflector and one port of a computer controlled multiport 
MMF attenuator are used to create desired ORL. A second port of 
the attenuator is used for the receiver side. A thin film based 2x2 
splitter provided the means to separate reflected path and received 
path without causing any impact on the modal distribution in MMF. 
A power meter connected to the other input side splitter port is used 
to measure the reflected power for ORL calculation.  
Back-to-back BER measurements with only short (1 m) OM3 
equipment patch cords with different ORL levels are conducted for 
reference. BER measurements with a 58m OM3 MMF with a right-
tilted DMD profile and a Minimum Effective Modal Bandwidth 
(EMB) of 1890 MHz.km, fiber-1, closely represent worst-case 
MMF channel performance. DMD profile of this MMF is shown in 
Fig. 5. In the same figure a second worst-case OM3 MMF, fiber-2,  
with a similarly right-tilted DMD profile is also shown. For 
comparison, we conducted BER measurements with a 94m long 
fiber-2 spool in addition to 58m fiber-1. 400GBASE-SR8 
application required operating range for worst-case OM3 is 70m. 
BER measurement results are shown in Fig. 6 (a-g). 
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Fig. 5.Measured DMD profiles of worst-case OM3 MMFs Fiber 1 and 
Fiber 2, used for BER measurements. Calculated modal bandwidths 

(minEMB) of these MMFs 1890 and 1860 MHz.km respectively 
 

 

 

 

 

 

 
Fig. 6. BER measurement results 

The results indicate small power penalty due to ORL. Around -8.4 
dBm of received power level (minimum average received power 
for 400GBASE-SR8), <0.2 dB power penalty is observed for 
transceivers from both manufacturers. Increased dispersion did not 
affect impact of ORL (Fig. 6 d, g) significantly. 
  

 

(b) 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 
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4. Discussion, Summary and 
Conclusions 
In this paper, we studied worst-case MMF channel performance 
degradation due to channel ORL. The impact of ORL for 
50/100Gbps/lane/wavelength MMF applications has been 
discussed recently to specify channel ORL and receiver reflectance 
to find out if APC connectivity is required. Our measurements 
indicate that ORL adds small power penalty at very low ORL levels 
of around 11 dB. For an MMF structured cabling system 
manufactured and installed according to international standards, 
flat polished MMF connectors would not have significantly low 
RL, therefore ORL limitation would normally come from receiver 
reflectance, and this can be managed by module manufacturers 
without requiring the entire structured cabling to be based on 
angled polished connector interface. 
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Abstract 
This paper discusses the feasibility of data rates beyond 100 Gbps per 
wavelength, i.e., lane, using vertical-cavity surface-emitting laser (VCSEL) 
based transceivers over multimode fibers (MMF). Modeling and 
experiments to evaluate factors to improve data rate, such as quasi-single 
mode VCSELs, modal-chromatic dispersion compensation, pulse amplitude 
modulation with more than four levels, multi-wavelength transmission 
meeting eye safety requirements, are described. The impact of future 
VCSEL-MMF channel on future data center network architectures, 
particularly the short-reach space, i.e., switch-to-server where they will 
coexist or replace the copper interconnects, is discussed.  
 

Keywords: Fiber optics components, fiber optics links and 
subsystems, multimode fibers, OM3, OM4, OM5, optical 
interconnect, fiber measurements, offset launch. 

1. Introduction 
The fast growth of data center traffic has driven the continuous 

development of fiber optic networks from 1 Gbps systems to 10, 
25, 40, 50, 100, 200, 400 Gbps and next gen 800 Gbps. VCSEL 
based transceivers operating within the short wavelength (850 nm) 
window using intensity modulation (IM) VCSELs and direct 
detection (DD) receivers continue to be the most cost-effective 
solution for high-speed, short-reach interconnects. Non-return to 
zero, on-off keying (NRZ-OOK) has been used for most Ethernet 
and Fibre Channel (FC) applications for data rates up to 28 Gbps 
per lane, e.g., 100GBASE-SR4 and 32G FC. For those data rates, 
NRZ-OOK has enabled channels with excellent signal integrity 
requiring no forward error correction (FEC) or simple correction 
codes, which is desirable for low latency applications such as high-
performance computing.  

The adoption of Pulse-Amplitude Modulation with four levels 
(PAM-4), which is more spectrally efficient than NRZ, has 
facilitated the development of newer multimode Ethernet variants. 
For example, 400GBASE-SR8, using eight duplex fiber pairs to 
transmit 50 Gbps per pair using the traditional 850 nm wavelength, 
and 400GBASESR4.2, using four duplex fibers employing two 
wavelengths to transmit 50Gbps per lane bidirectionally.   

The standard developed for operation at 100Gbps PAM-4 per 
wavelength will be released this year (IEEE 802.3db). This 
standard will enable transmission of 400Gbps over four pairs of 
MMF up to a reach of at least 100 m over OM4 or OM5 fiber.  
These MMF data rates will be used primarily for switch-to-switch 
interconnections (400GBASE-SR4) and up to at least 30 or 50 m 
for switch-to-server interconnections (400GBASE-VR4) over 
OM3 or OM4/5 respectively, Fig. 1.  

Those short links,  currently dominated by copper connectivity, 
face challenges in efficiently transmitting data ≥400 Gbps in 
densely populated racks. This situation will worsen since large 
radix switch ASICs support large numbers of servers mounted in at 
least 4 to 8 racks requiring reaches of at least 20 m, not supported 
by copper connectivity.  This will result in more efficient 

deployment of End-of-Row (EoR) switches than Top-of-Rack 
(ToR) switches for switch-to-server interconnections. For EoR to 
server distances, there are significant advantages to using VCSEL-
MMF channels, such as reducing size and weight, the flexibility of 
the cabling, and the reduction of electromagnetic interference.  

This transition from copper to new low-cost MMF 
interconnects designed for operation at 100Gbps per lane 
(400GBASE-VR) represents an enormous new market for optical 
multimode assemblies and transceivers.  

There is another transition in data center networks for reaches 
beyond 100 m operating at data rates ≥ 50Gbps per lane due to 
VCSEL and fiber bandwidth limitations. That application space can 
use single-mode transceivers such as 400GBASE-DR4, enabling 
high-speed switch-to-switch interconnections up to500 m. 

PAM-4 significantly reduces channel bandwidth requirements 
since it transmits two bits per symbol. However, it requires better 
equalizers and forward error correction (FEC) schemes than the 
previous generation that used non-return-to-zero (NRZ) 
transceivers. 

 Higher data rates beyond 100 Gbps per wavelength over short 
reach MMF links can be challenging. As data rates increase, inter-
symbol interference (ISI) penalties become predominant due to the 
modal and chromatic dispersion of the MMF and the bandwidth 
limitations of the VCSEL. 

Recent experiments up to 200 Gbps per wavelength [1] have 
shown the potential to achieve high data rates. However, the 
complexity of equalization and FEC pose significant challenges for 
the switch-to-server market that requires low cost, low power 
consumption, and reduced latency FECs.   

This paper discusses techniques to increase the data rate of 
future short reaches MMF channels that use direct modulated, IM, 
VCSELs, and DD receivers.  

  
Fig. 1. MMF interconnections for EOR switch-to-server applications  

 

2. Considerations to increase the 
VCSEL-MMF Channels Throughput 
 

The factors that impact the maximum data rate achievable using 
IM lasers with DD receivers over MMF can be classified into three 
categories: (1) serial data rate per wavelength which includes the 
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spectral efficiency, (2) spatial multiplexing domain, and (3) the 
optical spectrum domain. A list of some relevant factors is shown 
in Fig. 2.  

The laser and fiber bandwidth, modulation schemes, 
equalization, and FEC are primary factors that impact the 
maximum achievable data rate per wavelength. 

The spatial domain captures technologies where a fiber array, a 
multicore fiber, or mode multiplexing is used to enable aggregated 
higher data rates. The optical spectrum domain includes short 
wavelength division multiplexing (SWDM) schemes, which have 
constraints due to eye safety hazards due to the lower eye-damaging 
thresholds of light in the 850 nm spectral windows. Another factor 
that applies to all domains is the power efficiency, which targets 
values below 20 pJ/bit for future short-reach data center optical 
interconnects. 

The latest specification for Ethernet over MMF channels, which 
is expected to be released in September of this year (IEEE 802.3db), 
will operate at data rates of 106.25 Gbps over up to 100 m.  Fibre 
Channel standard for physical-interface 8, FC-PI-8, has targeted 
112 Gbps over 100 m. Going beyond those data rates per 
wavelength is currently challenging even using PAM-4. 

One limiting factor of the VCSEL-MMF channel is the MMF 
bandwidth. The fiber bandwidth is determined by the magnitude of 
the modal and chromatic dispersion and the link length. MMF 
vendors specify an effective modal bandwidth measured at 850nm. 
However, there are significant uncertainties on the actual modal-
chromatic bandwidth of the channel due to the VCSEL launch 
conditions, its central wavelength, and spectral width [3]. 

VCSELs are multimode sources. However, different from 
Fabry-Perot lasers that have longitudinal modes, VCSEL generates 
transversal modes that resonate at slightly different wavelengths, 
broadening its spectrum. The more significant number of modes, or 
the larger their spectral separation, the broader the VCSEL optical 
spectrum and the larger its chromatic dispersion. The desired 
method to improve VCSEL performance is to reduce its number of 
modes. Experiments using SM VCSELs or quasi-SM VCSELs 
have achieved transmission over longer reaches due to the low 
chromatic dispersion and their launch condition that can also 
reduce the modal dispersion [2-3]. Overall, this significantly 
improves the bandwidth-length product of the optical channel. 

 

 
Fig. 2. Factors that impact the future aggregated data rate of MMF 

channels.  

Our experiments in [3] achieved 100 Gbps at 850 nm for 1 km. 
However, the experiments also indicated that the VCSEL 

bandwidth is not significantly better than other high-speed 
multimode VCSELs tested.  

Modal-chromatic dispersion compensation is a method used to 
reduce the overall dispersion of the fibers. Modal and chromatic 
dispersion interaction (MCDI) occurs in VCSEL-MMF channels 
and can have a significant impact on ISI [3]. By using a laser-
optimized fiber with specific characteristics [3], the modal and 
chromatic dispersion can act against each other, reducing the fiber 
ISI. Although this type of fiber can enable longer reaches and a 
better signal-to-noise ratio, it still needs a fast VCSEL to enable 
data rates beyond 100 Gbps per wavelength.  

For distances equal to or below 50 m, the modal-chromatic 
bandwidth of OM4 or OM5 MMF is not the primary constraint for 
achieving higher data rates. For example, the combined modal and 
chromatic bandwidth for a 0.6 nm VCSEL and OM4 fiber is 
50 GHz which might be adequate for 200 Gbps transmission, as 
shown in Fig. 3.  

 For those short reaches, the VCSEL bandwidth is one of the 
main factors that limit the increase of data rates beyond 100 Gbps 
per wavelength.  

 
Fig. 3. MMF modal-chromatic bandwidth vs. reach at 850nm (green 
dotted lines shows that  50GHz bandwidth can be achievable at 50 m 

using OM4/OM5 fibers)  

3. Modulation and VCSEL Channels 
Bandwidth 
 

VCSEL modeling based on [4-5] indicates the changes required 
to improve the signal quality for high data rates. Improvement of 
the VCSEL bandwidth requires reducing active cavity volume, 
the photon lifetime, and enhancing the differential gain. The 
impact of some of those parameters on the VCSELs post-equalized 
eye diagrams was modeled and shown in Fig. 4. It can be seen that 
the bias current is one of the most critical parameters. However, 
increasing the bias current also increase the spectral width of the 
VCSELs, which increases the chromatic dispersion and therefore 
reduces the channel bandwidth. Moreover, the bias current 
increases the average optical power of the laser, which needs to be 
constrained due to non-linearities and eye safety hazards, as 
described in the following section. 

The bandwidth of the VCSELs is expected to improve using 
novel VCSEL designs. For example, anti-waveguiding, where the 
cavity region is made of low instead of high refractive index, 
improves the confining factor and increases the VCSEL bandwidth 
[5]. Also, another approach is to use VCSELs with multiple cavities 
placed in close proximity so that light is leaked among them, 
producing resonances at higher frequencies, increasing the 
bandwidth of the VCSEL [5-6].  

However, the required time to implement those novel VCSEL 
designs in manufacturing and the magnitude of the bandwidth 
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improvements is uncertain. Note that today's VCSEL used in 
400 Gbps transceivers have a bandwidth typically below 22 GHz, 
and ideally, to reduce complexity and power consumption of future 
transceivers operating at 200 Gbps per wavelength, the VCSEL 
bandwidth should be increased to near 50 GHz.  

 
Fig. 4. High-speed VCSEL modeling 

In addition, for 100 Gbps channels, the pre-emphasis of the 
VCSELs is critical. In principle, a high pre-emphasis can reduce 
the dispersion penalties of the VCSEL and the fiber. However, the 
higher the pre-emphasis, the higher the overshoot of the laser 
signals, which impacts the performance at shorter reaches. Methods 
to optimize the pre-emphasis by having preset values for short and 
mid reaches, e.g., 2 m and 100 m, are currently being considered 
for standardization in FC-PI-8.  

Due to the VCSEL bandwidth limitation, better equalization is 
required as the transceiver data rate increases. While 50 Gbps 
requires a receiver equalizer of 5 taps, 100 Gbps will need at least 
equalizers with nine taps and, in many cases, high levels of pre-
emphasis. Pre-emphasis can improve the yield of lasers since it 
reduces the bandwidth requirements of the VCSELs. 

Current FEC for 100 Gbps per wavelength, RS(544,514), is 
suitable to correct random bit error ratios (BER) of  2.4 e-4 or 
better. Although FEC techniques that can correct up to 4e-3 are 
available, they can significantly increase the latency and power 
consumption of the transceiver.  

Recent demonstrations of 200 Gbps per wavelength (effective 
187 Gbps due to FEC overhead) appear to have a bandwidth 
between 25 GHz to 30 GHz bandwidth [1]. A complex FEC has 
been used to achieve that high data rate, a non-linear equalizer, 
Volterra equalizer with 80 taps.  

More spectral efficient modulation schemes such as PAM-6 or 
PAM-8 can reduce the baud rate and, therefore, the need for higher 
bandwidth. For example, PAM-8 could send 3 bits per symbol, 
achieving 200 Gbps with 67 GBaud, while PAM-4 requires 100 
GBaud. However, as the number of PAM levels increases, the 
vertical and horizontal eye opening reduces. For example, Fig. 5 
shows some of our experiments using PAM-8 and a VCSEL with 
22 GHz bandwidth. Due to the narrower eye diagrams, the noise, 
particularly the relative intensity noise (RIN), becomes the main 
limitation to achieving higher data rates. 

 
Fig. 5 High order modulation: 75Gbps PAM-8, 3 bits per symbol (a) 

Mathematical signal (b) driver signal VCSEL output (c) measured eye 
after 100m using an equalizer with 13 taps. (cd) measured eye after 

100m using an equalizer with 15 taps 

 

4. Spatial and optical spectrum 
multiplexing 

 
It seems unlikely that high bandwidth VCSELs capable of 100 

GBaud per wavelength (200 Gps PAM4) with acceptable latency 
and power consumption will be in the market in the near term. 
Other techniques in the spatial and spectral domains need to be 
considered. 

Mode multiplexing can be achieved by exciting the modes of 
the MMF separately. However, this approach requires single-mode 
VCSELs and has a significant limitation—first, major losses 
typically are produced by Spatial modulators or alternative launch 
systems. Second, the crosstalk among modes is exacerbated by a 
small error in transceiver launch and the connectivity of the 
channel. Even for one mode, it is challenging to avoid coupling to 
other modes due to small misalignments of optical connectors [7].   

The technology for multicore multimode fibers can provide a 
future way to increase the bandwidth per fiber but is still immature. 
There are still challenges to improving crosstalk due to bending, 
super-modes propagation, and connectivity. Also, the cost per core 
is still high compared to traditional MMF, making it unsuitable for 
low-cost short reaches links. 

The use of parallel fibers is still a better approach to increase 
the aggregate throughput of MMF channels. For example, grouping 
four 100GBASE-SR will enable 400GBASE-SR4. This approach 
has been followed in IEEE and FC standards.  

The use of optical spectrum by having a set of VCSEL 
transmitters at different wavelengths is not new. Several years ago, 
it was used in 100G SWDM and 100G BiDi.  

Simulations indicated that VCSELs with a bandwidth of around 
22 GHz could enable channels ≥50 m over the 850 nm - 940 nm 
spectral range [8].   A recent publication using 28 GHz VCSELs 
and SWDM wavelength achieved 400 Gbps PAM-4 per MMF pair 
using standard FEC [9].   

As shown in Fig. 2, SWDM can be implemented differently: 
two or four wavelengths, co-propagating, or counter-propagating. 
The way they are implemented impacts the optical power accessible 
to an installer or data center operator when patching optical 
connections.  

 As the data rates increased during the development of new 
generation transceivers, the optical modulation amplitude (OMA) 
has also been increased to overcome dispersion penalties of the 
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channels. The OMA is proportional to the average optical power 
emitted by the transmitter. The maximum levels of that averaged 
optical power are defined by a series of standards, IEC 60825, for 
different laser classes. Transceivers used in the data center are 
limited to class 1 or class 1M. The way to compute the maximum 
level for each class depends on several parameters such as 
numerical aperture, number of fibers, accessible distance, and 
wavelength of light. In general, the longer the wavelength, the less 
restrictive are the power limits. A collaborative work to understand 
the eye safety hazards for Ethernet and Fiber Channels optical 
channels produces a spreadsheet that can be used to verify if the 
transceiver power levels will pass class 1 or 1 M [10].  

Using that spreadsheet model [10], we can verify that 100 G 
SWDM-4, which uses four co-propagating wavelengths to transmit 
the signals at 25 Gbps per lane, meets class 1M requirements if the 
maximum power for each wavelength is 2.4 dBm which is specified 
in IEEE 802.3bm. 

  However, the maximum allowable power level for 100 Gbps 
signals, defined in 802.3db for 850 nm is 4 dBm, which is needed 
to improve the VCSEL yield. At this high level, four co-
propagating wavelengths will exceed the limits of class 1M. 
Therefore, a transceiver using four wavelengths and optical power 
levels defined in 802.3db will need to use the counter-propagation 
method.  
For example, 850 nm and 940 nm wavelengths propagate in one 
direction and 880 and 910 nm wavelength in the opposite direction. 
Using this approach, up to 1.6 Tbps can be transmitted using four 
fiber pairs and 3.2 Tbps using eight fiber pairs using class 1M 
transceivers.  
 

5. Summary and Conclusions 
 

The technologies review shown in previous sections indicates a 
possible roadmap for VCSEL-MMF channels shown in Fig. 6. The 
standards for 400GBASE-SR4.2 (eight fibers, using two 
wavelengths) and 400GBASE-SR8 (eight fibers) were released 
early in 2020. Those transceivers that used VCSELs with 
bandwidths typically between 15 to 18 GHz will enable efficient 
switch-to-switch connections using preferable 400GBASE-SR4.2 
and breakouts between switch-to-server at speeds of 50 Gbps. 

In the short-term, PAM-4 with VCSEL bandwidths between 19 
to 25 GHz can enable data rates of 100 Gbps per wavelength using 
higher levels of pre-emphasis and equalization with at least nine 
taps. Those data rates per wavelength will enable 400 Gbps over 
four MMF pairs. Using similar technology but increasing the 
number of fibers to eight MMF pairs, aggregated data rates of 800 
Gbps can be transmitted. Work is being done in 802.3df to enable 
those data rates at the media access control, MAC, layer for 
800GBASE-SR8. Those transceivers will enable breakouts 
between switch-to-server at a data rate of 100 Gbps per port. 

 
Fig. 6. VCSEL-MMF channels roadmap.  

 
An alternative method to enable power efficient higher data 

rates for 100 Gbps channels has been presented in Fibre Channel 
[11]. Modeling work indicates that the equalization capacity of the 
switch ASICs, which can enable more than 20 taps, can be used to 
equalize the electrical and optical links altogether. This approach is 
shown in Fig. 9 as Linear Physica Interface, LPI, will remove DSP 
functions from the transceivers, enabling simpler and lower-cost 
transceivers. It is still uncertain if this proposal will be accepted in 
FC-PI-8. However, it is an exciting alternative to reduce the power 
consumption and latency of multimode channels, which is relevant 
for switch-to-server links.   

Recently an MSA has started to work in 1.6 Tbps using eight 
pairs and two wavelengths. The release date is still undefined. 
However, since most of the work will be leveraged from previous 
standards, the initial drafts are expected this year. For example, 
parameters for the utilization of two wavelengths and bidirectional 
transmission were already defined in 802.3cm. The specifications 
for transmission at 100 Gbps between 842 to 948 nm (for 50 m) are 
almost finalized in 802.3db. MMF channels at 1.6 Tbps will be 
needed for future switch-to-switch, or switch-to-server 
interconnects. 

For higher aggregate data rates, work already done for the 
previous standard can be leveraged without the need for higher 
bandwidth VCSELs. For example, the combination of 8 fibers and 
four wavelengths in counter-propagation transmission can enable 
aggregated data rates of 3.2 Tbps. For those channels, the use of 
OM5 or better fiber optimized for longer wavelengths can help to 
achieve longer reaches. 

Those data rates will ensure that MMF channels for data center 
applications will maintain relevance during this decade. 
Breakthroughs in VCSEL performance enabling bandwidths 
≥50 GHz can increase VCSEL-MMF channel data rates to 6.4 Tbps 
over eight pairs.  

There is an exciting future for the VCSEL-MMF channel in 
data centers due to new markets, such as the large volume switch-
to-server interconnects and the possibilities of faster data rates 
while maintaining low energy consumption and low costs which 
have characterized MMF channels for almost two decades.  
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Network Bandwidth Explosion

• Explosion of network bandwidth demand
• Network traffic by 2025 is expected to be 2.3x 

to 55.4x traffic levels of 2017
• Data Center Capacity Shipped >10x

• The impact of COVID-19 has highlighted the 
critical role of networking

3

Source: IEEE 802.3 Beyond 400GbE CFI
https://www.ieee802.org/3/ad_hoc/ngrates/public/calls/20_1029/CFI_

Beyond400GbE_Rev7_201029.pdf

Source: IEEE 802.3 Ethernet Bandwidth Assessment, Part II, March 2020  
https://www.ieee802.org/3/ad_hoc/bwa2/BWA2_Report.pdf
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DC Traffic Growth
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AI & ML Growth
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Transformation to Cloud Infrastructure Drives Higher Speeds and Capacities

Source: 650 Group (2022)/CommScope 
Used with permission from CommScope
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Historically VCSEL-MMF links have advantages for 
lower cost and lower power short-reach interconnects
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§ VCSELs:

• Low Cost, Manufacturability, Integration, 
Reliability, Testability, Scalability, Packaging, 
Custom Packaging, Low Power

§ MMF:

• Larger core size decreasing alignment 
costs, leading to lower cost connectivity 
solutions relative to SMF

• Higher resilience to contamination. Higher 
usability relative to SMF

§ High volume, reliable, interoperable, commercially 
successful solutions

§ Established short reach solution for high-speed 
networks over the past 20+ years

Source: OFS

Source: OFS

Source: OFS

Source: Coherent/ II-VI/Finisar
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VCSELs – Growing Volume & Markets 8

Source: II-VI. Used with permission from II-VI
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Evolution of Multimode Ethernet Standards

10 Gb/s
IEEE 802.3ae™

(2002)

25 Gb/s
IEEE 802.3bm™

(2015)

50 Gb/s
IEEE 802.3cd™

(2018)

100 Gb/s
IEEE P802.3db

(approved, 2022)

200 Gb/s
(2027?)

10 Gb/s
IEEE 802.3ae

(2002)

100 Gb/s
IEEE 802.3bm

(2015)

400 Gb/s
IEEE 802.3cm™

(2020)

800 Gb/s
IEEE P802.3df

(2024?)

Lane Speeds Link Speeds

9
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IEEE 802.3 cm – 400 Gb/s Ethernet

• 400GBASE-SR8 
• Eight 50G lanes to support 400G links
• Eight pairs of multimode fiber
• 2x200G to support 200G links - implemented

• 400GBASE-SR4.2
• Initially targeted at short reach 100G server links in data centers

PMD Link Distance Fiber Count λ Optical 
Modulation

400GBASE-SR8 100 m OM4/OM5 8 pairs MMF 1 (850nm) 50G PAM-4

400GBASE-SR4.2 100m OM4
150m OM5 4 pairs MMF 2 850/910 nm

Bi-Directional 50G PAM-4

400GBASE-SRx.y
# wavelengths per fiber# fiber pairs

10
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IEEE P802.3db - 100 Gb/s, 200 Gb/s, and 400 Gb/s Ethernet

• Call For Interest November 2019. Short-reach 100 Gb/s signaling open to either MMF or SMF
• IEEE Study Group/Task Force selected MMF 100 Gb/s lanes for short-reach optical links
• Initially targeted at short reach 100G server/storage/accelerator links in data centers
• 200G-VR/SR & 400G-VR/SR MDI: MPO-12 PC interface, APC interface (alternative, optional)
• IEEE Approvals: 21 September 2022. Target Publication date: end of 2022

PMD Link Distance Fiber Count λ Optical  Modulation
100GBASE-VR 50 m OM4/OM5 1 pair MMF 1 (850nm) 100G PAM-4
100GBASE-SR 100m OM4/OM5 1 pair MMF 1 (850nm) 100G PAM-4
200GBASE-VR 50 m OM4/OM5 2 pairs MMF 1 (850nm) 100G PAM-4
200GBASE-SR 100m OM4/OM5 2 pairs MMF 1 (850nm) 100G PAM-4
400GBASE-VR 50 m OM4/OM5 4 pairs MMF 1 (850nm) 100G PAM-4
400GBASE-SR 100m OM4/OM5 4 pairs MMF 1 (850nm) 100G PAM-4

11
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Hyperscale DC – Use Case from Expert Affiliated with Google

Source: https://www.ieee802.org/3/db/public/November-05-2020/shen_3db_01a_110520.pdf

12
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Adopted Physical Layer Objectives for IEEE P802.3df

Source: https://www.ieee802.org/3/df/public/22_01/dambrosia_3df_01_220111.pdf
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IEEE P802.3df MMF Objectives

Source: https://www.ieee802.org/3/df/proj_doc/objectives_P802d3df_220317.pdf

Speed Support Specification for Operation at Data Rate

800 Gb/s 
Related

Support optional 8-lane or 4-
lane 800 Gb/s attachment unit 
interfaces for chip-to-module 
and chip-to-chip

• over 8 pairs of MMF with lengths up to at least 50 m
• over 8 pairs of MMF with lengths up to at least 100 m

14
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The Evolution to 800 Gb/s Switch Ports

• Individual racks are pre-configured and 
cabled off site

• On-site cabling is run rack-to-rack
• Structured cabling minimizes the 

amount of on-site cabling required, 
decreasing installation time.

....

High Radix, 
Multi-ASIC Switch

 800Gb/s Ports

100 GbE VR/SR 
Server

100 GbE VR/SR 
Server

100 GbE VR/SR 
Server

100 GbE VR/SR 
Server

100 GbE VR/SR 
Server

100 GbE VR/SR 
Server

100 GbE VR/SR 
Server

100 GbE VR/SR 
Server

100 GbE VR/SR 
Server

Patch Panel Patch Panel Patch Panel Patch Panel

Pre-Configured
Server Rack 

e/w 
in-rack cable

Pre-Configured
Switch Rack 

e/w 
in-rack cable

Pre-Configured
Server Rack 

e/w 
in-rack cable

Pre-Configured
Server Rack 

e/w 
in-rack cable

                                                  Fiber Pathway

8x100 GbE EoR/MoR Switch Architecture
Multimode Structured Cabling 

High Radix, 
Multi-ASIC Switch

800Gb/s Ports 

….
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IEEE P802.3df SMF Objectives

Source: https://www.ieee802.org/3/df/proj_doc/objectives_P802d3df_220317.pdf

Speed Support Specification for Operation at Data Rate

200 Gb/s Related
Optional Single-lane 200 Gb/s 
attachment unit interfaces for chip-to-
module and chip-to-chip

• over 1 pair of SMF with lengths up to at least 500 m
• over 1 pair of SMF with lengths up to at least 2 km

400 Gb/s Related
Optional two-lane 400 Gb/s attachment 
unit interfaces for chip-to-module and 
chip-to-chip

• over 2 pairs of SMF with lengths up to at least 500 m
• over 4 pairs of SMF with lengths up to at least 2 km

800 Gb/s Related
Support optional 8-lane or 4-lane 800 
Gb/s attachment unit interfaces for chip-
to-module and chip-to-chip

• over 8 pairs of SMF with lengths up to at least 500 m
• over 8 pairs of SMF with lengths up to at least 2 km
• over 4 pairs of SMF with lengths up to at least 500 m
• over 4 pairs of SMF with lengths up to at least 2 km
• over 4 wavelengths over a single SMF in each direction with lengths up 

to at least 2 km
• over a single SMF in each direction with lengths up to at least 10 km
• over a single SMF in each direction with lengths up to at least 40 km

1.6 Tb/s Related
Support optional 16-lane or 8-lane 1.6 
Tb/s attachment unit interfaces for chip-
to-module and chip-to-chip applications

• over 8 pairs of SMF with lengths up to at least 500 m
• over 8 pairs of SMF with lengths up to at least 2 km

16



Your Optical Fiber Solutions Partner®

Copyright © 2022 OFS Fitel, LLC. All Rights Reserved.

MMF-VCSEL Ethernet Links based on 100 Gb/s PAM4 VCSELs

• IEEE Ethernet PMDs under development for 100 Gb/s PAM4 VCSELs currently are:
• 100GBASE-VR/SR (SFP112)
• 200GBASE-VR2/SR2
• 400GBASE-VR4/SR4 (QSFP56-DD) - with breakout to 4×100GBASE-VR/SR
• 800GBASE-VR8/SR8 - with breakout to 8×100GBASE-VR/SR

• Possible PMD/MSAs for 100 Gb/s PAM4 VCSELs include:
• Two-wavelength BiDi transmission

• 200G-VR/SR1.2, 400G-VR/SR2.2
• 800G-VR/SR4.2 (under development) , and 1.6T-VR/SR8.2 (under development)

• Four-wavelength SWDM4 technology
• 400G-VR/SR1.4, 800G-VR/SR2.4, 1.6T-VR/SR4.4

• Note:  While only some of the possible PMD/MSAs will have adequate support/need to become either an IEEE 802.3 standard or MSA, 
100 Gb/s PAM4 VCSELs lay the foundation for VCSEL-MMF links supporting 800G and 1.6T MAC rates as those rates become 
standardized in the future.

17
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OM5 – Optimized for Multiple Wavelengths 
BiDi (850 nm, 910 nm). Fewer Fiber Pairs - Higher Density

18

100G BiDi on Duplex Wideband OM5 fiber
(two fibers, both transmitting and receiving 50G BiDi)

50 Gb/s

50 Gb/s

50 Gb/s

50 Gb/s

Send λ1 Receive λ1

Send λ2Receive λ2

Send λ2

Send λ1 Receive λ1

Receive λ2
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Multimode 40G and 100G BiDi Cumulative Shipments

1) Cumulated > 6M units of 40G BiDi and 100G BiDi module shipment to date 
2) 400G BiDi (SR4.2 per IEEE 802.3cm) in early horizon of deployment to reuse MPO-12 connector based 

multimode fiber (MMF) cables 
3) Terabit BiDi MSA on the way with > 10 companies’ support to formulate a standard for 800G BiDi

and 1.6T BiDi by 2023  to reuse MPO-12 connector based multimode MMF cables 

0 5 10 15 20 25 30 35

Quarters

Cumulative BiDi shipments

100G BiDi
40G BiDi

> 6 million BiDi
units in total

Source: Broadcom. Used with permission from Broadcom  
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Terabit BiDI MSA

Leading Optical Companies Form Terabit BiDi MSA to 
Enable Cost-Effective Data Center Connectivity in order to:
• Promote a common set of optical interface specifications 

based on 100 Gb/s per lane BiDi technology in order to 
advance the development and adoption of high density 
800 Gb/s and 1.6 Tb/s multimode pluggable optical 
interfaces.

• Facilitate development and adoption of 800 Gb/s and 1.6 
Tb/s high density optical interconnects for data center and 
cloud networking that include multimode links with a 
focus on low-cost, low-power, proven and available optical 
component technologies.

• Achieve cost-optimal and faster deployments of multi-
mode 100 Gbps/lane signaling on high density 25.6 Tb/s 
and future 51.2 Tb/s switches by leveraging the existing 
significant parallel multimode fiber (MMF) installed base.

Source: https://terabit-bidi-msa.com/

FOUNDING MEMBERS
20
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Multimode Cabling Infrastructure – Support for Multiple Generations
10G to 200G for 1-pair cabling; 40G to 800G for 4-pair cabling

Lane Rate  Rate/pair MAC Data Rate PMD for 4p Cabling λ OM3 OM4 OM5

10G 10G 40G 40GBASE-SR4 1 100 m 150 m 150 m

25G 25G 100G 100GBASE-SR4 1 70 m 100 m 100 m

50G 50G 200G 200GBASE-SR4 1 70 m 100 m 100 m

50G 100G 400G 400GBASE-SR4.2 2 70 m 100 m 150 m

100G 100G 400G 400GBASE-SR4 1 60 m 100 m 100 m

100G 200G 800G 800G-BiDi1 2 45 m1 70 m1 100 m1

21

1     Terabit BiDi MSA, 0.1 draft – not final/published
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IEC & TIA Specification Available for Parallel MMF PMDs 22
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There is a Large Installed Base of MMF Cable Worldwide that was 
Deployed, Based on a 100 m Reach for SR & SR4 Optics

• MMF deployments worldwide grow about 3.6% CAGR, and MMF modules will remain
35% to 40% of modules shipped

• Large Enterprise & Tier2 Cloud markets, where cabling was designed around the 100m reach 
• Aligns with Fibre Channel FC-PI-8/128 GFC 100 m reach requirements

Source: CRU, August 2022. Used with permission from CRU Source: LightCounting Market Research, July 2022. Used with permission from LightCounting
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Multimode & Single Mode Transmission Shipment Growth

Used with permission from LightCounting.

24
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2-Fiber (duplex) link speeds Parallel (quad) link speeds

16GFC
FC-PI-5
(2009)

32GFC-SW
FC-PI-6
(2013)

64GFC-SW
FC-PI-7
(2019)

128GFC-SW
FC-PI-8
(2023?)

128GFC-SW4
FC-PI-6P

(2016)

256GFC-SW4
FC-PI-7P

(2021)

25
Evolution of Multimode Fibre Channel Standards
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Fibre Channel Standards (Duplex)

FC

Product 
Naming

Throughout 
(Mbytes/s)*

Line Rate 
(Gbaud)

T11 Specification Technically 
Complete (Year)+

Market Availability 
(Year)+

8FC 1,600 8.5 NRZ 2006 2008

16GFC 3,200 14.025 NRZ 2009 2011

32GFC 6,400 28.05 NRZ 2013 2016

64GFC 12,800 28.9 PAM-4 2017 2020

128GFC 24,850 56.1 PAM-4 2022 2024

256GFC TBD TBD 2025 Market Demand

512GFC TBD TBD 2029 Market Demand

1TFC TBD TBD 2033 Market Demand

“FC” used throughout all applications for Fibre Channel infrastructure and devices, including edge and ISL interconnects.
Each speed maintains backward compatibility at least two previous generations (i.e. 32GFC backward compatible to 16GFC and 8GFC)
* These numbers are representative throughput values for the line rate and are payload dependent
+ Dates: Future dates estimated

Source: https://fibrechannel.org/wp-content/uploads/2020/06/FCIA_SPEEDMAP_v23.pdf

26
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MMF-VCSEL Ethernet Links based on 100G, 200G, 400G, 800G, 1.6T Data Rates
Up to 100 m / 150 m reach

27

Data Rate
Gb/s

Ethernet Standard 
Proprietary/MSA Module

IEEE 
Standard/MSA/

Proprietary

Adoption/ 
Introduction

# fiber 
pairs # l’s Optical 

Modulation

Reach (m)

OM3 OM4 OM5

100 100GBASE-SR4 IEEE 802.3bm 2015 4 1 25G NRZ 70 100 Same as OM4

100 100G – SWDM4 MSA 2017 1 4 25G NRZ 75 100 150
100 100G – BiDi Proprietary 2017 1 2 50G PAM4 70 100 150
100 100GBASE-SR2 IEEE 802.3cd 2018 2 1 50G PAM4 70 100 Same as OM4
100 100GBASE-VR IEEE P802.3db

Task Force 2022 1 1
100G PAM4 30 50

Same as OM4
100 100GBASE-SR 100G PAM4 60 100
200 200GBASE-SR4 IEEE 802.3cd 2018 4 1 50G PAM4 70 100 Same as OM4
200 200GBASE-VR2 IEEE P802.3db

Task Force 2022 2 1
100G PAM4 30 50

Same as OM4
200 200GBASE-SR2 100G PAM4 60 100
400 400GBASE-SR8

IEEE 802.3cm 2020
8 1

50G PAM4
70 100 Same as OM4

400 400GBASE-SR4.2 4 2 70 100 150
400 400GBASE-VR4 IEEE P802.3db

Task Force 2022
4

1 100G PAM4
30 50

Same as OM4
400 400GBASE-SR4 4 60 100
800 800GBASE-VR8 IEEE P802.3df 2024? 8 1 100G PAM4 30? 50? Same as OM4
800 800GBASE-SR8 Task Force 60? 100?
800 800G-BiDi Terabit BiDi

MSA 2023?
4

2 100G PAM4
45? 70? 100?

1600 1.6T-BiDi 8 45? 70? 100?

4/800/1600 4/800/1600GBASE-SRm.n(?) Future Technology 1/2/4/8 TBD 100G PAM4 100m over MMF
Maximum reach over OM5 MMF
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SMF Ethernet Links based on 100G, 200G, 400G, 800G, 1.6T Data Rates
Up to 100 m / 150 m reach

28

• There are no SMF PMDs/PHYs for short-reach (up to 100 m / 150 m) links in 
IEEE, Fibre Channel, MSAs, Proprietary solutions. They are all targeted as 
effective solutions for up to 500 m, 2 km, 6 km, 10 km, 40 km.

• Google, Alibaba & Chinese Hyperscale Cloud companies use/will use VCSEL-MMF 
SR/SR4/SR8/SR4.2 and now VR/VR4/VR8 optics for 30 m to 100 m links

• Most of the other top Hyperscale Cloud companies use AOCs (VCSEL-MMF links) 
for 5 m to 30 m (and up to 100 m) point to point links

• For short-reach (30 m to 150 m) VCSEL-MMF links have enduring advantages of:
• Low transceiver costs (gap is closing with SMF transceivers as data rates get higher)
• Lower power (for 100G-SR4 2.5 W vs. ≥ 3.5W for PSM4/CWDM4/LR4/DR), lower 

operating cost 
• Higher Usability – MMF connections less affected by contaminations, dust
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Multimode and Single Mode 400G, 800G, 1.6T Transceivers 

Source: LightCounting Market Research, July & September 2022. 
Used with permission from LightCounting.
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• 2x200 (400G-SR8) 2nd fastest 
growth

• 400G-SR4.2 forecast to grow

• 800G VR8, 50 m forecast to grow • 1.6T SR16, 100 m forecast 
to grow
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MMF-VCSEL Publications – 60G to 600G
Includes 850 nm VCSEL-MMF 200G PAM4/lane, 100 m 

30

Year Speed
OOK or 
PAM4

MMF 
type L(m)

SM or 
MM 
VCSEL

VCSEL 3 dB Small 
Signal BW @ Current & 
T

Threshold/
operation current (mA) Wavelength/RMS (nm) Waveguide notes Equalization Receiver Link Notes Publication

2014 64 Gb/s OOK OM4 57 MM
26 GHz
@8.5mA&25C 0.67mA/8.5mA 850nm/0.68nm

5 strained InGaAs quantum 
well, 5 um aperture size

2 tap FFE(Tx)/2 tap 
FFE(Rx)

GaAs PIN 21um active
area, 22 GHz (3dB e-
BA)

a full wire bond 
IC-to-IC optical 
link

OFC 2014, Th3C.2.pdf, 
D.M. Kuchta et al. (IBM), P. 
Westbergh et al. (Chalmer)

2019 60 Gb/s OOK OM5 800 SM

26GHz
@3 mA&25C; 
22GHz@3mA&85C 0.50mA/3mA 852~856nm

anti-waveguiding AlAs-rich 
core, detuning FP-dip and PL 
peak None

32 GHz receiver 
integrated to scope

RF probe, Tx 
optical power 
>2mW@25C, 
1.3mW@85C

OFC2019, Th48.6.pdf, N. 
Ledentsov et al. (VI System 
& Warsaw)

2015 4λx40 Gb/s OOK

OM4(D
MD 
left 
tilted) 100 MM

13~17 GHz
@25C &8-10mA 0.7mA/8-10mA

855/0.62,882/0.49, 
914/0.36, and 
947/0.35nm

standard wafer design/
processing for 850nm VCSEL 
with In-doping adjusted, 
7μm aperture NA

Commercial InGaAs
PIN

IC wire bond 
optical link

OFC 2015, W1D.4.pdf, 
D.M. Kuchta et al. (IBM), D. 
Gazula et al., (Finisar)

2017 4λx40 Gb/s OOK OM4 50 MM
refer to OFC'15 
W1D.4.pdf 2 tap FFE (Tx)

two PIN diode w/ 
130nm BiCMOS
receiver Ics

IC wire bond w/ 
optical 
MUX/DMUX

OFC 2017, Tu2B.5.pdf, T.N. 
Huynh et al. (IBM), D. 
Gazula et al., (Finisar)

2018

4λx100 Gb/s 
scaling to 1 
Tb/s PAM4 OM5 100 MM

~20GHz intrinsic (~27 
GHz w/Tx equalization)

850nm/0.54nm,880nm/
0.47nm, 910nm/
0.43nm, 
940nm/0.56nm

Based on Finisar high volume 
850nm VCSEL production 
process

Tx pre-emphasis & RC 
pulse shaping; Rx 
equalization using 
SiCOMOS filters

InGaAs 20 μm aperture 
PIN, low noise Inphi 
TIA, 29 GHz

unpackaged using 
RF probe, AWG & 
Scope

JLT 2018, vol 36, No. 18, 
p4138, J. Lavrencik et al. 
(Gatech)

2019 100 Gb/s PAM4 OM5 100 SM >23 GHz NA/~6mA ~1060nm

three strained InGaAs
quantum wells, 1/2λ cavity, 
5μm aperture

Tx pre-emphsis & RC 
pulse shaping, 10 taps 
FFE

Thor Labs DXM308BF 
Ultrafast detector 
w/SHF 807 amplifier

RF probe, AWG & 
Scope

OFC 2019, M1F.3.pdf, J. 
Lavrencik et al., (Gatech & 
Chamlmer & HP)

2021 400Gb/s PAM4 MCF 60 MM ~850nm,910nm
400GBASE-SR4.2 
transceivers Y. Sun et al., IWCS 2021

2021 200Gb/s PAM4 OM4 100 MM N/A 4mA 850nm N/A
pre-distorted w/ 10 taps 
FFE

PIN receiver (NF 1484-
A-50)

noise 
cancellation, 
partial response 
signaling an 
simlified Volterra 
NLE

TJ Zuo et al., IEEE PTL Vol. 
33, No. 18, p1042, 2021

2022 500Gb/s PAM4 OM5 100 >28GHz NA
850nm, 880nm, 910nm, 
940nm

SWDM Mux/DeMux pre-equaized
PD+TIA MartIQ-o2e 
1201-1-FA 30 GHz

N. Ledentsov et al., OFC 
2022

600Gb/s DMT
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Summary – Networking Speeds Beyond 100G

• Multimode 
• Multimode solutions continue to support increased Ethernet and Fibre 

Channel speeds beyond 100G for short reach links up to 100 m
• Remains low-cost, low-power, high-usability short-reach optical solution
• 800 Gb/s & 1.6 Tb/s links will be available when the market demands
• Multi-wavelength solutions will support higher speed duplex and parallel links 

with up to 200G/fiber pair
• Single Mode

• Single mode solutions continue to support increased Ethernet, OIF and Fibre 
Channel speeds beyond 100G for 500 m, 2 km, 10 km, 40 km links, and for co-
packaged 

• 200 Gb/s signaling will be developed to support 800 Gb/s and 1.6 Tb/s 
speeds
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Abstract 
In this work, we analyze the first-installation cost and power 
consumption of typical high-data rate single-mode fiber and 
multimode fiber-based solutions in short reach data centers with up 
to 100m link lengths and the associated greenhouse gas emission 
impact from the improved energy efficiency. In addition, a large 
core multimode fiber (LCMMF) has been proposed to meet the 
capacity need for next-gen MMF solution for short reach high data 
rate data center applications. 

Keywords: Multimode Fiber, large core MMF, data center, 
sustainability. 

1. Introduction 
Global Internet Protocol (IP) traffic has been skyrocketing in 

the cloud and in enterprise data centers (DCs), driven by the 
growing number of internet users and connected devices, faster 
broadband access, high-quality video streaming, metaverse 
connectivity, and ubiquitous social networking. This trend has 
accelerated during the COVID-19 pandemic as people stay more 
time at home with family and rely on the high bandwidth internet to 
make video conference calls with colleagues, and upload short 
videos or other shared content into the cloud. 

To name several macro trends: Global peak internet traffic has 
increased by 47% [1]; Facebook (now Meta) witnessed an instant 
messaging usage jump of 50% [2]; and since the pandemic began in 
early 2020, 23% of US consumers have added at least one new paid 
streaming video service, which is largely delivered by optical fiber 
[3]. To support fast-growing cloud-based services, DCs are being 
built globally to provide necessary computing, storage, and content 
delivery services to enterprise and cloud users. 

Over the past two decades, the DC market has become one of the 
most dynamic, fastest-growing markets driving innovation in many 
technical fronts. DC operators are striving to build faster, denser, 
easier-to-install, more-cost-effective and more-power-efficient data 
centers, with resiliency and sustainability top-of-mind. One of the 
key questions that DC operators need to consider is how to make a 
decision on the fiber solution, to ensure the most cost-effective and 
power efficient DC operations. In this work, we summarize our 
study on the techno-economic analysis and power consumption 
analysis for single-mode and multimode fiber (MMF)-based 
solutions. Also, a LCMMF concept is introduced as a contender for 
next-gen MMF option in high-speed short reach DC applications. 

 

2. Outlook of Multimode Fiber Market 
As DC traffic continues to grow, hyperscale and enterprise DCs are 
constantly upgrading their infrastructure by deploying higher speed 
ethernet transceivers. Although some hyperscale DCs deploy more 
single-mode solutions, the multimode-based solution remains an 
important option for DC operators, especially for enterprise DCs. 
Transceiver shipments are often used as a key indicator of market 
trends. Figure 1 illustrates the multimode transceiver shipments by 
data rate. As illustrated, MMF transceiver shipments are expected to 
continue to grow for the foreseeable future [4]. Specifically, we see 
the following trends:  

• The sales of MMF transceivers are projected to contribute 
over 45% of all transceiver shipments [4], indicating that a 
significant portion of DC infrastructure build-out will be based on 
multimode solutions. 

• Higher speed MMF transceiver shipments will dominate 
MMF growth in the next five years as DC operators migrate to 
higher speed. For example, 100G and 400G MMF transceiver 
shipment volumes are expected to outnumber 10G and 40G MMF 
transceiver shipments combined by 2025.  

 
Figure 1. Multimode fiber transceiver shipments are 

projected to be significant in the future  

The robust growth of multimode solutions is mainly driven by 
enterprise DCs in North America and big cloud DCs in China. 
Unlike their North American hyperscale DC counterpart, that 
typically spreads the DC campus over the size of a football stadium, 
cloud DCs in China are typically located in multi-story buildings 
with much smaller footprint. Given this, 100 m link length is most 
likely sufficient to cover majority of the switch-to-switch 
interconnect, which is ideal for a MMF-based solution. It is 
therefore widely expected that Chinese big cloud DCs will deploy a 
large volume of 200G and 400G MMF-based solutions in the next 
five years. 
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3. Data Center Technoeconomic Analysis 
3.1 Data Center Link Cost Analysis 
Because of its natural compatibility with cost-effective Vertical 
Cavity Surface-Emitting Laser (VCSEL) sources at 10G and 40G 
speeds, MMF has become an essential part of modern DC systems. 
While DCs are evolving to higher data rates, and the industry is 
preparing to deploy 400G transceivers, there is still an open 
question about whether an MMF solution still remains more cost-
effective than a single-mode fiber solution, given that SiP 
technology has significantly reduced the cost of single-mode 
transceivers. To quantitatively compare the 400G first-installed cost 
of multimode and single-mode solutions, we established a cost 
model that includes optical transceivers, structured cables, and 
connectivity. Specifically, we consider commercially available 
400G transceiver types including 400G SR8 (MMF, parallel) and 
400G DR4 (single-mode, parallel) and 400G FR4 (single-mode 
fiber, duplex). Corning EDGETM Solutions are included as 
connectivity solutions to match each transceiver type, respectively. 
In addition, the trunk cable is based on OM4 fiber in this analysis, 
which offers a worst-case modal bandwidth of 4700 MHz∙km 
(defined by IEC 60793) to ensure 100 m reach. In this analysis we 
focus on DCs with link distance of <100m, where 400G multimode 
based solution is still considered as an important option. It is worth 
noting that we assume different transceiver prices in the cost model 
for hyperscale and enterprise DCs, to reflect the fact that hyperscale 
and enterprise DCs follow vastly different business models in terms 
of procurement and operation. In Figure 2, the relative first-
installation cost comparison is shown for typical hyperscale DC and 
enterprise DC. Based on the analysis, as illustrated in Figure 2, we 
conclude that: 
For Hyperscale DCs: 

• Multimode 400G SR8 based solution is the most cost-
effective solution in most of the short reach applications.  

• Single-mode 400G FR4 solution is slightly more cost-
effective than a multimode-based solution (400G SR8) 
for 100 m. 

• Duplex 400G single-mode fiber (FR4) is lower cost than 
Parallel 400G single-mode fiber (DR4) due to highly 
efficient connectivity usage. 

For Enterprise DCs: 
• Multimode 400G SR8 based solution delivers 20%+ cost 

benefit over single-mode solutions (FR4 and DR4).  
• Parallel single-mode 400G DR4 based solution is more 

cost effective than Duplex single-mode 400G FR4. 

 

 
Figure 2. Link cost analysis for hyperscale DC and 

enterprise DC 

Clearly, the cost advantage of multimode fiber-based solutions is 
still viable at 400G for the majority of data center scenarios.  

3.2 Power consumption considerations 
Global DC electricity usage in 2020 was 200-250 TWh, or around 
1% of global electricity demand [5], and this is only anticipated to 
grow with one prediction suggesting an increase to 8% by 2030 [6]. 
It’s critical to reduce the power consumption and avoid the harmful 
emission of greenhouse gases (GHGs) associated with the 
production of electricity, hence achieving greater DC energy 
efficiency.  

 

Figure 3. Multimode vs. Single-mode 100G and 400G 
transceiver power consumption comparison 

 

From a transmission technology standpoint, MMF based solution 
exhibits lower power consumption in up to 100m links in DCs, 
which is associated with the low power and low lasing threshold 
nature of  VCSEL-based multimode transceivers. As is shown in 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum414



 

 
 

Figure 3, multimode 100G transceiver is roughly 40% more power 
saving than 100G single mode transceiver. In spite that the power 
consumption gap will be narrowed at 400G due to the inevitable 
adoption of PAM-4 DSP in 400G transceiver technologies, 
multimode 400G transceivers still consume less power than single-
mode options, for example, compared to a single-mode based 400G 
DR4 transceiver, MMF-based 400G transceivers (e.g., 400G SR8) 
deliver more than 20% power savings. Although both transceiver 
types require power-hungry digital-signal-processors (DSPs), 
VCSELs in an SR8 transceiver enable a two watt power reduction 
compared to 400G DR4 single-mode transceivers. For the 400G 
SR4 transceiver that is under development (future-generation MMF 
400G option suggested by IEEE 802.3db), the power advantage is 
projected to be even higher, as the number of optical components 
and transimpedance amplifier (TIA) is cut in half. 

As a DC potentially deploys tens of thousands of optical 
transceivers, the choice of a lower power consumption transmission 
solution potentially may deliver reduction in GHG emissions. 
Deploying a 400G multimode transceiver for less than 10m links in 
a DC with 500 switches, as detailed in Figure 4, not only reduces 
electricity costs, but also helps to reduce GHG emissions. For 
example, in a 10-year period, the multimode solution delivers a 5 
million kWh energy savings, which translates into approximately 
3,543 metric tons less carbon dioxide equivalent (CO2e) emitted, as 
estimated using the United States Environmental Protection Agency 
GHG equivalencies calculator [7]. That's equivalent to the carbon 
sequestered by 4,341 acres of US forest in one year. When 
compared with single-mode fiber, the MMF solution offers a 
distinct opportunity to reduce the power consumption of today’s DC 
operation, especially in short reach DC scenarios with connection 
reach of less than 100m. 

 
 

Figure 4. Reduction in power consumption and GHG 
emissions offered by multimode fiber-based solution over the 
single-mode counterpart 

4. Large Core Multimode Fiber 
For DC intra-connect links less than 500-m, MMF is typically 
preferred due to its cost effectiveness and power efficiency. Laser 
optimized 50 μm MMF, i.e., OM2-OM5 (defined by 
TIA/IEC60793-2-10), has been available to support the 
transmission. As DCs increase optical interconnect density, higher 
bandwidth MMF may be needed to accommodate higher data rates 
up to 100 Gbps and beyond. To meet this requirement, a LCMMF is 
proposed with an alpha graded-index profile similar to OM2-OM5 
MMF [8]. In our design of LCMMF, the core delta is 1%, the same 
as the 50 μm core MMF while the core diameter is larger than 50 
μm, in the range of 70-100 μm.   
4.1 LCMMF design concept 
The relative refractive index profile of the LCMMF is an alpha 
graded-index profile similar to OM2-OM5 MMF, 

                                          

Where Δ0 is the relative refractive index in the center of the core, a 
is the core radius, and α is the profile shape parameter, which is 
around 2.1.  

 
Figure 5. The graded profile design of LCMMF. 

One advantage of LCMMF is its potential to deliver high 
bandwidth. When a LCMMF is used with a VCSEL transceiver 
designed for 50-µm core MMF, the core is underfilled when light is 
launched into the core. As shown in Figure 5, the excited core 
portion of LCMMF has a radius of r1 and an effective delta of ∆eff. 
which is a function of relative refractive index ∆eff and excited 
portion radius r1, i.e.  
 
 
The radius r1 of the excited core portion can be calculated using the 
relationship of etendue conservation. Since the bandwidth reversely 
scales with ∆eff2, namely, 
 
 
The effective bandwidth of the excited core is increased for the 
LCMMF design. For example, for a core diameter of 70, 85, and 
100 μm, the peak bandwidth at 850 nm is increased by a factor of 2, 
3 and 4, respectively. In addition, the bandwidth at 950 nm is also 
higher, which is beneficial for multiwavelength applications such as 
BiDi [9] and SWDM. Another advantage of LCMMF is low 
connector loss with large tolerance to lateral offsets due to the large 
core size.    
 

 
Figure 6. Measured modal bandwidth for the two 

LCMMFs. 

 
We measured the modal bandwidth of the LCMMF using the 
standard encircled flux launch condition over a range of 
wavelength. The measured modal bandwidth curves for the two 
fibers are shown in Figure 6. For the 100 μm core fiber, the peak 
modal bandwidth is about 24 GHz∙km around 870 nm wavelength. 
For the 70 μm core fiber, the peak modal bandwidth is 16 GHz∙km 

a 

 

 

eff 

r1 

 

=  
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around 850 nm wavelength. Both fibers have the peak bandwidth 
much higher than that of a typical 50-µm OM4 MMF. 
 

 
Figure 7. Measured modal bandwidth versus launch offset. 

 
We also measured the impact of the launch offset on the modal 
bandwidth of the 100 μm LCMMF and the results are shown in 
Figure 7. The modal bandwidth drops slightly when the launch 
offset increases and is stabilized to a value around 12 GHz.km even 
with an offset as large as 45 μm. 

4.2 System Transmission Results 
As a result of its high bandwidth, the LCMMF is expected to 
perform better in short-range transmission than OM4 MMF. To 
demonstrate transmission capability of LCMMF, we conducted a 
system testing using the 100 μm LCMMF mentioned above, with a 
25G SR transceiver operating at 850 nm.  
In the system testing setup, A Keysight BERT system operating at 
25 Gb/s was used to measure the bit error rate (BER). The controller 
controls the pattern generator and error detector, which provides 
231-1 pseudorandom binary sequence (PRBS) pattern that was used 
in our experiments. The BER measurements were done with a short 
fiber around 1-m length (i.e., back-to-back or B2B case), and 
various distances over LCMMF, and OM4 for comparison. The 
OM4 fiber used in the experiments has a typical OM4 modal 
bandwidth of around 5 GHz∙km. We obtained the BER vs. received 
optical power for each case.  
As shown in Figure 8 (a), under the B2B condition, the system 
reaches error-free performance with a received optical power of 
around −11 dBm. with the 300 m fiber, LCMMF does not show an 
obvious penalty, while OM4 exhibits a 2.4 dB penalty after 300m 
transmission. In addition, 500 m LCMMF only results in a 4.5 dB 
penalty, while 400 m OM4 has a 5.3 dB penalty. The demonstrated 
better transmission performance using LCMMF is due to its much 
higher modal bandwidth compared to a typical OM4. 

 

 
Figure 8. BER testing results comparison between 

LCMMF and OM4. 

 

5. Conclusions 
We explored the first-installation cost and power consumption of 
single-mode and MMF based solutions with up to 100m link lengths 
in hyperscale and enterprise data center environments. The analysis 
demonstrated the sustained value of MMF solutions for short reach 
data center operations. In particular, when compared with single-
mode fiber, the MMF solution offers a distinct opportunity to 
reduce the power consumption, and hence, the emission of the 
greenhouse gas from today’s data centers. 
To address the needs for high-capacity multimode operation in 
high-speed short reach data center applications, we fabricated a 
LCMMF demonstrating higher modal bandwidth, and better 
connector tolerance, which makes it an ideal contender for next-gen 
MMF in high-speed data center applications. 

6. References 
[1] Paul Brodsky, Internet traffic and capacity in Covid-Adjusted 

terms. Telegeography. 
[2] Alex Schultz et.al. https://about.fb.com/news/2020/03/keeping-

our-apps-stable-during-covid-19/ 
[3] Forbes, How the pandemic has changed video content and 

consumption. 
[4] LightCounting, Vendor survey Report, Sept. 2021. 
[5] IEA (2021), Data Centres and Data Transmission Networks, 

IEA, Paris. https://www.iea.org/reports/data-centres-and-data-
transmission-networks  

[6] Digital Realty®, https://www.digitalrealty.com/blog/green-
data-centers-are-imperative-for-enterprise-success  

[7] United States Environmental Protection Agency. 
https://www.epa.gov/energy/greenhouse-gas-equivalencies-
calculator  

[8] Kangmei Li, Xin Chen, Aramais R. Zakharian, Jason E. 
Hurley, Jeffery S. Stone, and Ming-Jun Li , "Large core 
multimode fiber with high bandwidth and high connector 
tolerance for broadband short distance communications", APL 
Photonics 6, 070802 (2021) https://doi.org/10.1063/5.0056669 

[9] https://www.cisco.com/c/dam/en/us/products/collateral/interfa
ces-modules/transceiver-modules/at-a-glance-c45-740242.pdf. 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum416

https://about.fb.com/news/2020/03/keeping-our-apps-stable-during-covid-19/
https://about.fb.com/news/2020/03/keeping-our-apps-stable-during-covid-19/
https://www.digitalrealty.com/blog/green-data-centers-are-imperative-for-enterprise-success
https://www.digitalrealty.com/blog/green-data-centers-are-imperative-for-enterprise-success
https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator
https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator
https://doi.org/10.1063/5.0056669


TABLE OF 
CONTENTS

PANEL 
DISCUSSIONS

SESSION 
4

SESSION 
7

SESSION 
10

SESSION 
13

EXECUTIVE & 
PLENARY

SESSION 
2

SESSION 
5

SESSION 
8

SESSION 
11

POSTER 
PAPERS

CANCELED 
PAPERS

SUPPLIER 
SPOTLIGHT

SESSION 
3

SESSION 
6

SESSION 
9

SESSION 
12

POSTER PAPERS

Click on a session below to navigate to that section of the Proceedings.

POSTER SESSION 
Chairperson: Professor Alistair Duffy, De Montfort University

• Optical Accurate Diameter Measurement; Mr. Patrick Jones, Taymer International Inc., Canada

• Development of Anti-Hacking Optical Cable;  Yongchan Park, GAON Cable, Republic of Korea

• A New Carbon Black for High Voltage Power Cable Application; Dr. Zhaokang Hu, Birla Carbon, USA

Click here to return to the Table of Contents
2022 Proceedings: IWCS Cable & Connectivity Industry Forum417



Optical Accurate Diameter Measurement
Mr. Craig Girdwood, Mr. Patrick Jones 

Taymer International Inc. 
Markham, Ontario, Canada 

+1-905-473-2614 · craig.girdwood@taymer.com 

 
Abstract 
The use of optical accurate diameter measurement greatly improves 
quality control of wire and cable. The diameter of the wire or cable is 
continuously monitored by a machine vision system at production 
line speed. The diameter measurements are able to be viewed live 
and/or recorded for 100% of the cable length.  Diameter defects are 
identified, and images of the defects are recorded together with 
position information. This technology improves the quality of the 
cable produced and greatly reduces defective products from reaching 
the customer. 

Keywords: Wire, Cable, Cable  Inspection, Diameter 
measurement, Quality control,  Blemish, Pinholes, Bulges, Neck-
downs. 

1. Introduction 
A significant quality issue created during the production of wire 
and cable is diameter defects including neck-downs and bulges. 
These defects are not only a cosmetic problem, but they can lead to 
the core being exposed to the surroundings, resulting in short 
circuits and failure of equipment. Through the identification and 
detection of these defects during production, corrective action is 
able to be taken and defective pieces can be discarded. With the 
constant and immediate feedback from the machine, operators and 
process engineers are able to pinpoint the root cause of the defects. 

The LN System contains a single camera capturing real-time 
images of cable at high-speed. The LN software is able to 
accurately measure the diameter of the cable, as well as determine 
both the type and size diameter defects. Diameter variances as low 
as 0.01mm can be measured for cables with diameters from 0.6mm 
to 5mm. When a defect is detected a digital image is enhanced, 
magnified and displayed on a remote monitor, enabling the operator 
to verify the defects. This allows operators to determine the type of 
defect or to identify false positives (i.e. vibration).   
The diameter measurements for the entire cable are saved to a 
database along with a record of any defect information. The defect 
information includes defect type, size and location on the cable in 
meters or feet. This allows defects to be isolated quickly by 
operators after production is completed. 
The LN system is able to be easily integrated into existing 
production lines and performs well for a wide range of cable types. 
The LN System makes sure that any problems are discovered prior 
to any defective products are sent to customers.  
The lifetime of the lights can be over 50,000 hours of usage and 
they are the only consumable part.  
 
 
 

2. Current Diameter Measurement 
Limitations 

 

2.1 Laser Diameter Gauges 
A laser diameter gauge is used to measure diameter and detect 
bulges, neck-downs. The machine uses a laser and shadow 
technology to measure the diameter of the cable. The diameter 
measurement is extremely accurate and can be used to classify 
bulges or neck-downs. However, from just the laser gauge 
information there is no way to truly know if the defect detected is 
an actual defect. For example, a dust particle or water droplet on 
the cable would increase the diameter measurement, resulting in a 
false positive. Laser diameter gauges can also have trouble 
measuring the diameter of transparent materials. 
 

2.2 Vision Systems 
Previous configurations of defect detection systems were unable to 
accurately measure cable diameter due to vibrations in the cable 
changing the relative size of the cable in the field of view. These 
systems were limited to observing relative changes in diameter 
such as a bulge or neck down. The LN inspection system has been 
improved with a new series of optics technology that fixes the cable 
in the field of view to be able to get accurate diameter 
measurements. 
 

3. Machine Vision Inspection System 
 
3.1 Optical Mechanical Design 
The LN system consists of multiple high resolution cameras and 
adequate lighting to capture images of cable moving at speeds more 
than 1200 feet (400 meters) per minute. Accurate diameter 
measurement is achieved by improving the optics technology in 
one or more cameras to keep the cable as a fixed size in the field of 
view. 

The single camera with mirror assembly provides a two-axis view 
of the cable. The single camera system produces high quality 
images at these speeds by at a very high frame rate. The frame rate 
is synchronized with an encoder and speed algorithm.  

The lighting varies depending on the application. The factors in 
consideration are the reflectivity of the material, profile, color, line 
speed and camera type.  

To ensure consistency in the images, the setup features an enclosure 
to prevent ambient lighting, outside particles, etc from affecting the 
results. Vibration of the cable is minimized by wire guides, 
preventing images from being out of focus.  
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An advanced algorithm is used to process the images. A typical 
algorithm is capable of detecting cable defects such as neck-downs, 
and bumps. The algorithm requires analysis of the pixels of the 
image and grouping them for further interpretation.  

If a defect is detected, an alarm will notify your operator and an 
error report is saved to the ongoing data log. The defect will also 
show up on the display for operators to clarify.   

3.2    Improving Quality Assurance  
 
Suitable for any type of Products 
Since the LN system uses machine vision, it is able to be used to 
inspect diameter for any type of products such as bare wire, cables, 
pipe, tube, and tapes. It is the most thorough method of detecting  
flaws available and the advanced algorithm can help classify the 
type of defects accordingly. The accurate diameter measurement 
technology is currently designed to measure cables with outer 
diameter ranges between 0.6mm to 5mm to an accuracy of 0.01mm. 
 
Reduced Defects 
The system can provide the operator with a view of current  images 
as well as both the most recent  defects with defect dimensions and 
the current cable diameter. This continuous stream of real time 
information – especially failure data - allows the operator to isolate 
the causes of jacket imperfections. Identifying when and how a 
defect occurs will allow the technical staff to learn the root cause 
of defects and reduce their occurrences.  
 
For example, running the LN system at a number of facilities 
around the world has shown that defects are caused by: 

 the extruder screw being improperly cleaned 
 poor quality compound  

Understanding the source of defects allows cable facilities to 
eliminate the root causes of the defects by statistical measures. 
 
Quality Assurance 
The system will continuously and accurately monitor the diameter 
of the cable, and record the measurements for later analysis. Images 
of cable defects are captured and saved to a hard disk for use in 
quality reports. The LN system’s display makes it easy for 
engineering and production supervisors to examine both diameter 
and defects without having to see the defect itself. Defect images 
and diameter measurements are saved together with location 
information allowing your operators to quickly find and eliminate 
defects before they reach your customers or fail in the field. 

3.3 Limitations 
 
There are a few limitations to the  LN system.  

 Sometimes significantly different cables (round vs convoluted 
vs figure 8) will require adjustment to the optical setup or 
software changes.  
 

3.4 Test Results 
 
The LN system has been tested in numerous production lines 
around the world. The LN is able to record the diameter along the 
entire cable length, as well as detecting variances in the cable 
diameter. 

Some samples images of defects can be seen below from Figure 1 
to 7.  

 
Figure 1: Bulge 

 
Figure 2: Neck Down 

 
Figure 3: Diameter Defect 

4. Conclusions 
With a LN system both the imperfections of the cables will be 
detected and the diameter is accurately measured and recorded. The 
system provides several benefits.  
 

 Ensure the customer will not get defective products 
improving customer relationship and confidence 

 Reduce rework and eliminate cable waste resulting in 
material cost and labor cost 

 Assist in internal improvement to production process to 
reduce defects 
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Development of Anti-Hacking Optical Cable
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Abstract 
 With the development of the information age, the need for protection 
of digital assets increases. It is necessary to prevent information loss 
due to hacking even on optical cable communication lines, which are 
large capacity information communication media. The need for 
preventing optical communication hacking has emerged, and 
accordingly, an anti-hacking coating resin that prevents hacking has 
been developed and applied to optical fibers. After coating an anti-
hacking resin on the optical fiber, through a coloring operation the 
same 12 colors as the existing optical fiber colors were implemented.  
The quality of the anti-hacking optical fiber applied optical cable was 
verified, and according to the application of 12 colors, there is no 
problem such as optical fiber identification when connecting with an 
existing cable. 
  

Keywords: Hacking, Anti-Hacking, 12 colors,  

 

1. Development Background 
General optical cables are hacked through bending loss caused by 
hacking tool. It is a method of hacking information such as images or 
data by artificially bending the optical fiber using a hacking tool and 
using the light loss generated from the bending. 

 

 
Figure 1. Hacking method by using hacking  tool (bending method) 

 

By developing a special resin that prevents hacking, optical signal 
does not escape to the outside of optical fiber even when the optical 
fiber is bent. The anti-hacking coating acts as a blocking so that the 
optical signal from escaping out of the optical fiber. 

 
Figure 2. Comparison General Optical cable vs. Anti-Hacking 
Optical cable 

 

 

2. Development History 
 
2.1 Application of commercially available  

infrared blockers 
The first development was carried out by mixing the commercially 
available infrared blockers and the existing coloring ink in a certain 
ratio and coating the optical fiber. Coloring and tubing were also 
carried out, and it was confirmed that fiber loss increased during 
the process. 

 
Figure 3. Structure of Anti-Hacking optical fiber 
 
When coating resin mixed with infrared blocking agent and 
coloring ink on the bare fiber, light loss is max. It was confirmed 
that the increase was up to 0.068dB/km. The reason for the increase 
in optical loss is considered to be the effect of bending on the 
optical fiber due to the application of the new resin. 
 

Table 1. Fiber attenuation between bare fiber to tubing  

Color Bare 
fiber Coloring Tubing 

Bare vs. 
Coloring 

Coloring vs. 
Tubing 

Blue 0.183 0.194 0.200 0.011 0.006 
Green 0.183 0.183 0.194 0 0.011 
Violet 0.183 0.202 0.211 0.019 0.009 
Brown 0.183 0.197 0.206 0.014 0.009 
Black 0.183 0.193 0.198 0.010 0.005 
Gray 0.183 0.251 0.245 0.068 -0.006 
Min. 0.183 0.183 0.194 0 -0.006 
Max. 0.183 0.251 0.245 0.068 0.011 

-. Test wavelength : 1550nm / Unit : dB/km 

In the case of coloring, only 6 colors are implemented according to 
the mixing of infrared blockers and existing coloring inks, so it is 
difficult to implement the existing 12 colors. Therefore, it is expected 
that problems will occur as the color of the optical fiber is different 
when connecting the already installed optical cable and optical fiber. 
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Figure 4. 6colors after coloring applied with new resin                                                                      

(Blue, Green, Violet, Brown, Black, Gray) 

 

The coating material was broken during the process by applying a 
coating resin mixed with coloring ink and infrared blocker.  

 

  
Figure 5. New coating resin particles generated after rubbing test 

 
Anti-Hacking test was conducted on the developed Anti-Hacking 
optical fiber. The test method was carried out as follows according to 
the test specifications of the Korea Institute of Optical Technology. 
(Spec. No. : SPS-C KOPTI 0006-7340 : 2019) 
Connect the light source and power meter #1 at both ends of the 
optical fiber coated with anti-hacking material. 
Place the hacking tool at the test location of the optical fiber and 
connect the power meter #2. 
After bending the optical fiber with a hacking tool, measure the 
optical loss value with power meter #2. 
Spec. values measured at 1550nm should be less than -28dBm. 
 

 
Figure 6. Test method for Anti-Hacking test 

 

As a result of the anti-hacking test, it was suitable for a maximum of 
-47dBm. (Spec. : ≤ -28dBm @ 1550nm) 

Table 2. Test results of Anti-Hacking test  

Item Test result Remarks 
Min. -63 No. of test : 10 times 

Spec. : ≤ -28dBm 
Wavelength : 1550nm 
Unit : dBm 

Max. -47 

Ave. -53 

 

The Anti-Hacking test was suitable, but secondary development was 
carried out to solve the increase in fiber attenuation during process 
and the inability to implement 12 colors to solve the problem when it 
is connected with installed optical cable. 

 

2.2 Development of new Anti-Hacking resin 
 As a result of the primary development, a secondary new Anti-
Hacking resin was developed. As with the first developed product, 
the coloring work was performed by mixing it with the existing 
coloring ink. Coloring workability, loss characteristics, and Anti-
Hacking characteristics were good. 

Table 3. Fiber attenuation between bare fiber to tubing  

Color Bare fiber Coloring Anti-Hacking Remarks 

Yellow 0.185 dB/km 0.192 dB/km -50dBm  
 

However, as a result of mixing infrared blocker with the existing 
coloring ink yellow, the color changed to olive green instead of 
yellow, so additional development was required for color realization. 

 

 
Figure 7. Comparison Color (Coloring ink + Infrared blockers) 

 

2.3 Development of new Anti-Hacking resin and 
      new structure of coating 
However, as a result of mixing infrared blocker with the existing 
coloring ink yellow, the color changed to olive green instead of 
yellow, so additional development was required for color realization. 
We developed a new resin that has the same level of blocking effect 
as the resin mixed with existing infrared blocker, and as a result of 
verifying the infrared blocking index, we have secured properties 
above the same level. 

 In addition, depending on the coating thickness of the newly 
developed resin, it was confirmed that the characteristics are different, 
and the optimum thickness was obtained through testing. 
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Table 4. The coating thickness of Anti-Hacking resin 

tem A B C Remarks 

Coating Thickness Thin Middle Thick  
Anti-Hacking Test Bad Bad Good 

 

In order to realize the same color as the existing coloring color, we 
did not mix coloring ink and new resin, but developed a structure in 
which the new resin is coated on bare fibers and then the coloring ink 
is coated. As a result, the anti-hacking fiber color equivalent to the 
existing 12 colors was realized. 

 
Figure 8. New Structure of Anti-Hacking optical fiber 

 

By applying a new structure in which the newly developed Anti-
Hacking resin is applied as an inner coating, the color equivalent to 
the existing coloring color is realized. 

 
Figure 9. Anti-Hacking Fiber 12 Colors 

 

An Anti-Hacking test was conducted on the optical fiber to which the 
newly developed Anti-Hacking coating resin was applied. We tested 
fiber optics with anti-hacking coatings and the results are shown 
below. Measurements were made for 12 different fiber colors at 
each 3 positions. 

Table 5. Test results of Anti-Hacking test  
Color Test results Remarks 

Blue 0 / 0 / 0  
Measurement 
wavelength : @ 1550nm 
 
Spec. : ≤ -28dBm 

Orange 0 / 0 / 0 

Green 0 / 0 / 0 

Red 0 / 0 / 0 

Yellow -62 / -58 / -60 

Violet 0 / 0 / 0 

Brown -62 / 0 / 0 

Black -48 / -49 / -48 

White -59 / -59 / -62 

Gray 0 / 0 / 0 

Aqua 0 / 0 / 0 

Pink -46 / -51 /  -49 

Max. -46 

 

In addition, in order to verify the correlation with the inner jelly 
applied in the existing tube, it was confirmed that the color remains 
the same as a result of storing the anti-hacking fiber in the jelly for 
24 hours. 

In addition, in order to verify the correlation with the inner jelly 
applied in the existing tube, it was confirmed that the color remains 
the same as a result of storing the anti-hacking fiber in the jelly for 
24 hours. 

3. Performance evaluation tests 
For verifying the Anti-Hacking Fiber optic cable, optical and 
environmental test was applied according to IEC 60794 standard and 
GR-20 Core. 

 
3.1 Tube cut open test for 12F gel-free Anti-Hacking  

loose tube 

As the anti-hacking fiber can be applied to the mid span section, we 
need to verify the installation environment for finished cable. 
Because the cable is spliced individually without cable cut, we 
evaluated the characteristics of tube cut open test for 12F gel-free 
Anti-Hacking loose tube. 

Table 6. Tube cut open test for 12F gel-free Anti-Hacking  
loose tube  

Fiber core Optical loss Remarks 
Blue 0.02 dB  

Orange 0.01 dB  
Green 0.01 dB  
Brown 0.02 dB  
Gray 0.02 dB  
White 0.02 dB  
Red 0.01 dB  

Black 0.01 dB  
Yellow 0.02 dB  
Violet 0.02 dB  
Pink 0.01 dB  
Aqua 0.02 dB  
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Figure 10. Configuration of tube cut open test  

 
3.2  12F gel-free Anti-Hacking loose tube freezing test 

First prepared the 30m length of finished cable and the take out the 
cable jacket until the loose tube is appeared on the middle part of 
cable. We removed the surface of 12F gel-free Anti-Hacking loose 
tube as 1mm length as shown below. 

 

 
Figure 11. Configuration of tube cut for freezing test 

 

Apply the water into the cable through the 12F gel-free Anti-Hacking 
loose tube by 1m water pressure with T shape tool for 1hour. 

 
Figure 12. Configuration of apply the water for freezing test 
 

Put the cable into the temperature cycling chamber at +20℃~-30℃ 
for 2cyclses and 4hours for each temperature. The optical loss is 
measured during the temper cycling.  

 
Optical loss change during the temperature cycling was max. 0.2 dB 
and verify the good performance for 12F gel-free Anti-Hacking loose 
tube for freezing test with water immersion. 

 

4. Anti-Hacking Cable Characteristics  
The test result of optical characteristics is shown in Table 6. The cable 
has good performances for optical performances. 

Table 7. Test results of optical characteristics 

Item Test condition Result Remarks 

Attenuation @ 1310nm Max. 0.332 dB/km 
Avg. 0.330 dB/km 

  

@ 1550nm Max. 0.193 dB/km 
Avg. 0.191 dB/km 

@ 1625nm Max. 0.208 dB/km 
Avg. 0.205 dB/km 

PMD - Max. 0.08 ps/√km 
Avg. 0.06 ps/√km 

  

Dispersion @ 1290~1330nm Max. 2.7 ps/nm.km 
Avg. 2.5 ps/nm.km 

 

@ 1550nm Max. 17.4 ps/nm.km 
Avg. 16.9 ps/nm.km 

 

 

The test result of mechanical and environmental characteristics is 
shown in Table 7. They show good performances.  

 

 Table 8. Test results of mechanical/environmental characteristics 

Item Test condition Result Remarks 

Tensile 

Strength 
800N, 1hr 0.08 dB IEC 794-1-E1 

Impact 1.0kg/1m, 10 points 0 dB IEC 794-1-E4 

Crush 100kg/50mm, 5min 0 dB IEC 794-1-E3 

Bending 
20*D/±180º, 10turns 
(D : overall diameter) 

0 dB IEC 794-1-E6 

Torsion ±720º, 10turns 0 dB IEC 794-1-E7 
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Temp. 
cycling 

+20℃→+60℃→ 
-30℃→+20℃ 

Dwelling time : 24hr 

0.02 dB/km IEC 794-1-F1 

Water 
penetration 3m/1hr No leakage IEC 794-1-F5 

Tube cut 
open Min. 1m tube cut 0.02dB  

Tube 
freezing 

+20℃→-0℃→+20℃ 
→-30℃→+20℃ 
Dwelling time : 4hr 

0.2dB  

 

5. Conclusion 
This paper with a purpose of verifying the new developed Anti-
Hacking fiber optic cable which is consist of gel-free loose tube. We 
tested optical, mechanical and environmental test and also Anti-
Hacking test for fiber which is applied a new developed Anti-
Hacking coating resin on the optical fiber. With proper Anti-Hacking 
coating resin, Anti-Hacking coating thickness, structure and process 
condition, we obtained good performance for optical, mechanical & 
environmental characteristics. And it is thought that there will be no 
problems when installing and connecting the anti-hacking optical 
cable in the section where information security is required through 
the implementation of the same 12 colors as the optical fiber color of 
the existing optical cable. 
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Abstract 
In this paper, we describe the concept of designing a new carbon 
black with unique colloidal properties for high voltage power cable 
applications. In order to increase its electrical conductivity, the 
material was engineered with a high aggregate structure which was 
measured by Oil Absorption Number (OAN) > 200 cm3/100 g. 
Meanwhile, this product offers a relatively low surface area (60 - 70 
m2/g) to enable good dispersibility and processability. In addition to 
the colloidal and general physical properties, the surface electrical 
resistivity of the carbon black was measured in polypropylene (PP) 
at various loading levels demonstrating improved electrical 
conductivity as compared to an industrial benchmark product 
Conductex 7055 Ultra (abbreviated as C7055U) carbon black. 
Furthermore, the morphology of this product was evaluated using a 
Transmission Electron Microscopy (TEM) technique to confirm a 
relatively high retention of carbon black structure, after a high shear 
compounding process, necessary for developing high electrical 
conductivity.  

Keywords: Carbon Black; Wire; Cable; High Voltage; Electrical 
Conductivity; Electrical Resistivity; Conductor Shield; Insulator 
Shield. 

1. Introduction 
In 2021, semicon wire and cable applications consumed 79 KT of 
conductive carbon blacks. As one of the largest growth segments for 
specialty carbon blacks, demand in this market is forecast to grow 7% 
per year to 111 KT in 20261. This market relates to carbon blacks 
used in the conductor shield and the insulation shield, which are 
essential components for delivering desired conductive performance 
for cable protection.  
 
Besides high electrical conductivity, typical requirements for 
conductive carbon blacks include extremely high purity as related to 
sieve residue content, ash, sulfur, metals, and other organic 
extractables. Low moisture adsorption and good dispersibility are 
required to ensure a smooth surface finish and complete bonding with 
the insulation layer. Birla Carbon has a broad portfolio of carbon 
blacks to meet the demanding conductive applications required in the 
wire and cable industry. The Conductex 7055 Ultra carbon black, as 
one example, has been successfully employed in the industry 
mainly for medium voltage conductor shield. A designed 
morphology delivers an optimum balance of properties, including 
conductivity, processing, strippability, mechanical properties, and 
surface smoothness. When a higher conductivity is required with 
the Conductex 7055 Ultra carbon black, then an increase in loading 
is needed.  This elevated loading may impact mechanical properties 
and processing.  
 
In this paper, the Conductex 7055 Ultra carbon black was used as a 
reference together with the new product BCD7138, to demonstrate 
the important features of carbon black for improving electrical 
conductivity during product design.  By tuning those characteristics, 

BCD7138 with the tailored morphology allows ease of dispersion 
with subsequent high electrical conductivity. It will be a good 
extension to the conductive space currently occupied by the 
Conductex 7055 Ultra carbon black. 
  

2. Materials and Tests 
2.1 Materials 
Both Conductex 7055 Ultra and BCD7138 carbon black beads from 
Birla Carbon USA, Inc. were used as packaged. Polypropylene 
homopolymer (PP, MI35; Pinnacle Polymers PP 1635) resin was 
received from Entec Polymers (Orlando, FL) in pellet form. 

2.2 Carbon Black Properties 
All carbon black properties were characterized in compliance with 
certain standards as listed in Table 1. Nitrogen surface area (NSA) 
/ statistical thickness surface area (STSA) of the carbon blacks were 
measured with nitrogen (N2) gas in a BET analyzer (Micromeritics 
Gemini VII). Oil absorption numbers (OAN) were tested by an 
Absorptometer System (Hitec DABS; Hitec Luxemburg) using the 
EFA oil (epoxidized fatty acid ester). The structures were also 
tested after compressing the carbon blacks at 165 MPa for COAN. 
Void volumes of the carbon blacks were analyzed by using a 
Dynamic Void Volume Analyzer (DVVA II, Micromeritics) at 
various pressure. The sieve residue levels were examined by a 325-
mesh screen. Ash content was determined after pyrolysis at 550℃ 
in air. The sulfur content of the carbon blacks was analyzed by 
using a combustion analyzer (Leco SC832). The intrinsic moisture 
pick-up (MPU) content was analyzed during moisture sorption-
desorption cycle in a Dynamic Vapor Sorption tester (DVS 
Intrinsic 2, Surface Measurement Systems, Allentown, PA). Pre-
dried carbon black samples were placed in a chamber with 
controlled relative humidity (RH). The RH was stepwise ramped 
by an interval of 10% from 10 to 90% during moisture sorption, 
and then from 90 to 10% during moisture desorption. The MPU 
was determined by monitoring sample weight change under each 
RH condition for 5 hours during the moisture sorption-desorption 
cycle. 

2.3 Preparation of PP / Carbon Black Compounds 
Carbon blacks were pre-dried at 125 ℃ for more than 2 hours prior 
to compounding. A PRISM twin-screw extruder (D = 16 mm, L/D 
= 25) was used to compound the carbon blacks in PP resin with 
loading levels ranging from 10 to 30 wt.% at a total feed rate of 30 
g/min. The screw speed was set at 250 rpm and the barrel 
temperatures were set from 200 – 230 ℃ (hopper – die) during 
extrusion. A tape die (50 x 1 mm slip opening) was used to collect 
tape samples with a thickness around 1.2 mm for electrical 
resistivity measurement. 
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2.4 Electrical Resistivity and Microscopic 
Characterization 
The electrical percolation behavior was studied by measuring the 
surface resistivity (Rs) on tape samples per ASTM D257 with a 
resistivity meter (Loresta GP MCP-T600 equipped with a 4-pin 
probe for low resistivity range & Hiresta UP MCP-HT450 
equipped with a concentric ring probe for high resistivity range, 
Mitsubishi Chemical Corporation, Tokyo, JP).  

Aggregate morphology of the carbon blacks after compounding 
was investigated by using a transmission electron microscope 
(TEM) per ASTM D3849. The carbon blacks were recovered from 
the extruded PP tapes by pyrolysis at 800℃ in N2 atmosphere and 
then analyzed by TEM via automated image analysis (TEM/AIA). 

3. Results and Discussion 
In a typical furnace manufacturing process, carbon black is 
manufactured through incomplete combustion of hydrocarbons. 
Primary particles with mean particle size of a few nanometers created 
during the process will simultaneously coalesce with each other to 
form so-called aggregates as shown in Figure 1.  

 

 
Figure 1. Morphology of a Typical Carbon Black 
Aggregate by TEM 

 

There are a few key parameters commonly used to characterize the 
colloidal properties of carbon blacks, including BET surface area 
(NSA) using nitrogen gas as probing molecule. Accordingly, 
statistical total surface area (STSA) can be calculated by this same 
method. Structure describes how these primary particles coalesce to 
form aggregates as measured via OAN.  Together with surface area, 
these are two of the most important characteristics of carbon blacks 
as a conductive filler. In theory, either increasing surface area 
(decreased particle size) or structure (OAN) will help improve the 
electrical conductivity of plastic compounds. It is well known that 
increasing either of these two parameters will result in an increased 
viscosity, making it more difficult for carbon blacks to be dispersed 
homogeneously in polymeric systems and achieve the desired 
electrical conductivity. This means that for any carbon black there is 
a limit to the conductive performance delivered for a specific balance 
of properties.  

With a design based on our existing carbon black Conductex 7055 
Ultra, BCD7138 has a higher OAN (Table 1). This increased 
structure is believed to enhance the effectiveness of the carbon black 
aggregate network formation. It provides electrical pathways in the 
polymer matrix necessary for higher conductivity. BCD7138 has a 
similar NSA and STSA, which results in a minimal porosity. This is 
beneficial since it allows for reduced viscosity and good 
processability.  

Both ash and sulfur content are very critical especially for high 
voltage cable applications. While maintaining an extremely low ash 
level, the sulfur content of BCD7138 carbon black was also 
significantly reduced from 0.54% for the Conductex 7055 Ultra 
carbon black to 0.15% through optimization of our manufacturing 
process.   

 

Table 1. Characteristics of Carbon Black  
 

Properties Testing Method C7055U BCD7138 

NSA, m2/g ASTM D6556 61 61 
STSA, m2/g ASTM D6556 55 60 
OAN, cm3/100 g ASTM D2414 170 220 
COAN. cm3/100 g ASTM D3493 101 112 
325M Residue, ppm ASTM D1514 < 20  < 20 
Ash, % ASTM D1506 0.02 0.03 
Sulfur, % ASTM D1619 0.54 0.15 

 

The change of carbon black structure was measured under a single 
uniaxial compression by a Dynamic Void Volume Analyzer2. By 
increasing the applied pressure, the void volume of the tested 
samples at first rapidly decreased due to sample de-aeration then 
the decreasing slowed down which is believed to be associated with 
close packing and structure breakdown of carbon black aggregates. 
As a rule of thumb, the higher void volume under high pressure, the 
higher shear resistivity during compounding process. As shown in 
Figure 2, the Dynamic Void Volume measurement corroborates the 
OAN and COAN results very well. BCD7138 demonstrates a 
dynamic void volume higher than the Conductex 7055 Ultra carbon 
black at all pressure levels, indicating a high structure and minimal 
aggregate breakdown.   
 

 
Figure 2. Dynamic Void Volume Comparison  
 
The percolation curves are presented in Figure 3. Surface resistivity 
of the 15 wt.% BCD7138 sample is as low as 104 Ohm/square, a 
typical threshold for conductive plastics. A similar sample loaded 
with 15 wt.% the Conductex 7055 Ultra carbon black appears still 
an insulator with the surface resistivity of 1013 Ohm/square.  
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Figure 3. Percolation Curve in PP  
 
High shear mixing in polymeric systems causes significant 
aggregate breakdown relative to the dry state. In order to study the 
structure retention of those aggregates after compounding, the 
morphology of carbon black has been examined by TEM. PP resins 
were removed from the compound via pyrolysis. A relatively high 
level of structure retention was observed on BCD7138 which might 
explain the low surface resistivity as shown in Figure 4. Using an 
automated image analysis software, a higher percentage of 
aggregates with the size in the range of 150 to 400 nm were 
discovered for BCD7138.  
 

 
Figure 4. Morphology of Carbon Black in PP Compound: 
(a) C7055U; (b) BCD7138 (Scale bar is 1 micron) 
 
High moisture in wire and cable compounds can cause processing 
difficulties and trigger water treeing.  This is a phenomenon that 
will cause cable defects and eventually reduce its service life3,4. It 
is common for compounders to apply stringent requirements for 
moisture pick up on raw materials including carbon blacks.  It was 
sometimes believed that a fluffy, high structure carbon blacks with 
lots of voids between individual aggregates tend to adsorb more 
moisture. This is not necessarily true for beaded carbon blacks.5 
Equilibrium moisture pick-up has been studied via a sorption-
desorption cycle and compared between the two samples (Figure 
5). Under ambient conditions, the moisture pickup level is typically 
less than 0.5 wt.% for the Conductex 7055 Ultra carbon black 
which satisfies the requirements as a raw material for most of the 
medium voltage power cable applications. BCD7138 is less 
sensitive to relative humidity (RH). After being staged at room 
temperature, 90% RH for 5 hrs., BCD7138 demonstrated the lower 
RH sensitivity by adsorbing only 0.5 wt.% of moisture. This makes 

BCD7138 a suitable candidate for high conductive applications 
where stringent requirements on moisture adsorption are applied. 
 

 
Figure 5. Equilibrium Moisture Pick-Up (sorption/→ - 
desorption/← cycle) on Different Relative Humidity 
Conditions 

4. Conclusions 
The basic principles for design of conductive carbon black have been 
presented. Ideally carbon blacks with high surface area and aggregate 
structure tend to deliver high electrical conductivity. It is worth to 
note that these two parameters also directly impact the processability 
and ultimately performance in plastics after compounding. It is 
critical for carbon blacks with a good balance of colloidal properties 
and aggregate morphology along with other properties such as high 
purity and very low moisture pick-up to be used for high voltage 
power cable applications. 
 

5. References 
[1] World Specialty Blacks (Aug 2022) by Notch Consulting, Inc.  
[2] G.A. Joyce, W.M. Henry, A.W. Thornton and J.C. Hodgin, 

“Carbon Black Intra-aggregate void Volume from dynamic 
compression measurements,” Rubber World 244 (6), 21-28 
(Sep, 2011) 

[3] T Kaneko, H Ohno, A. Toya, etc., “Aging phenomenon by 
water treeing and its mechanism in high voltage transmission 
XLPE cables,” Proceedings of IEEE International Symposium 
on Electrical Insulation. IEEE, 1994 

[4] S.A. Boggs and M. S. Mashikian, “Role of Semiconducting 
Compounds in Water Treeing of XLPE Cable Insulation” IEEE 
electrical insulation magazine 10 (1), 23-27 (1994) 

[5] Unpublished Data by Birla Carbon 
 
 
 
 

 

2022 Proceedings: IWCS Cable & Connectivity Industry Forum428



TABLE OF 
CONTENTS

PANEL 
DISCUSSIONS

SESSION 
4

SESSION 
7

SESSION 
10

SESSION 
13

EXECUTIVE & 
PLENARY

SESSION 
2

SESSION 
5

SESSION 
8

SESSION 
11

POSTER 
PAPERS

CANCELED 
PAPERS

SUPPLIER 
SPOTLIGHT

SESSION 
3

SESSION 
6

SESSION 
9

SESSION 
12

CANCELLED PRESENTATIONS

Click on a session below to navigate to that section of the Proceedings.

• Carbon Black Performance in Virgin and Recycled Polyethylene Sheath Material; Mr. Kesen Yang, State Key Laboratory of 
Optical Fiber and Cable Manufacture Technology, China

• Study on Fire Resistance of All Dielectric Optical Cable; Mr. Binhua Wu, Hengtong Optic-electric Co, China

• Prediction of Ice Thickness of Optical Fiber Composite Overhead Ground Wire (OPGW) Based on Multi-Class Support 
Vector Machine; Dr. Xuan Li, Information and Communication Branch, State Grid Beijing Electric Power Company, China; Yangtze 
Optical Fibre and Cable Joint Stock Company, China

• Effect of Freezing on Dry High Fiber Density Ultra-Large-Count Bulk Fiber Optic Ribbon Cable; Mr. Jia Wang, Yangtze Optical 
Fiber and Cable Joint Stock Limited Company, China

• Analysis, Detection and Prevention of Fungus Growth on Optical Cable; Mr. Jianbin Duan, State Key Laboratory of Optical Fiber 
and Cable Manufacture Technology, China; Yangtze Optical Fibre and Cable Joint Stock Limited Company, China

• Research on Shrinkage Performance of Loose Tube Optical Cable; Mr. Jianbin Duan, State Key Laboratory of Optical Fiber and 
Cable Manufacture Technology, China; Yangtze Optical Fibre and Cable Joint Stock Limited Company, China

• Tensile Strength of Bare Optical Fibers Based on Indoor Cable Application Scenarios; Mr. Hui Fang, Yangtze Optical Fibre and 
Cable Joint Stock Limited Company, China; State Key Laboratory of Optical Fiber and Cable Manufacture Technology, China

• Study on New Design, Material and Application of Bow-Type Drop Cable; Mr. Cheng Liu, Fiberhome Telecommunication 
Technologies Co., LTD., China

The following Papers will not be presented at the 2022 IWCS Forum in Providence, RI, USA due to unfortunate COVID-19 related 
travel restrictions beyond the speaker’s control. 

Click here to return to the Table of Contents
2022 Proceedings: IWCS Cable & Connectivity Industry Forum429



A comparative analysis of virgin and recycled polyethylene sheath material 
about carbon black performance 

Kesen Yang, Zhuang Xiong, Jianbin Duan, Xiang Wang, Huixia Gao, Shaojun Duan 
State Key Laboratory of Optical Fiber and Cable Manufacture Technology, Wuhan 430073, China 

Yangtze Optical Fibre and Cable Joint Stock Limited Company
●

, Wuhan 430073, China 
+86-027-65520138 · yangkesen@yofc.com 

 
Abstract 
This paper present a comparison of

●
 virgin and recycled 

polyethylene (PE) sheath material about carbon black performance. 
Carbon black was obtained by high-temperature pyrolysis under 
nitrogen protection, then dispersed in isopropanol by sonication. 
The absorbance testing showed that virgin polyethylene have a 
higher UV absorption capacity, and better stability. 

Keywords: Recycled polyethylene, Carbon black, UV 
absorption, Aging, Optical cable. 

1. Introduction 
In some region, recycled PE is being used as a partial replacement 
of virgin PE for reducing cost and resource reuse. The use of 
recycled PE will be a win-win situation for the cable manufacturer 

●

and the user because of lower costs as well as less resources 
consumption than virgin PE if recycled PE meets the requirement of 
relevant standard. While there will also be certain quality risks, such 
as rapid aging and cracking, due to the recycled PE less 
ultraviolet(UV) resistance.  

This paper mainly studies the difference of carbon black absorbance 
between the virgin and recycled PE, which provides a new 
performance evaluation method for the use of recycled PE. Carbon 
black is usually filled in PE as UV light stabilizer. It was obtained 
by high-temperature pyrolysis under nitrogen protection, then 
dispersed in isopropanol by sonication. The absorbance was 
measured using UV-Visible spectrophotometer. 

According to the study, the absorbance of carbon black filled virgin 
PE changed linearly as the wavelength increases, while the 
absorbance of carbon black filled recycled PE had no regularity. 
Carbon black filled virgin PE can be uniformly dispersed in the 
solvent, while carbon black filled recycled PE will agglomerate and 
settle soon. 

Recycled PE are inevitably used b
●
ecause of unique advantages. By 

analyzing the absorbance and dispersion effect of carbon black in 
the recycled PE, a new method can be provided to reduce the risk of 

●

use. 

2. Apparatus 
Thermal Gravimetric Analyzer (TGA), type TA TGA Q50; 

UV-Visible spectrophotometer, type Thermofisher Evolution220. 

3. Experiment 
3.1 Materials 
Virgin PE are a kind of black PE sheath compounds based on virgin 
PE resin.  

Recycled PE is a kind of black PE sheath compounds based on 
recycled PE resin.  

 

3.2 Test Procedures 
10mg PE sample was weighed, then the sample was pyrolyzed 
using TGA apparatus, as the following procedures: 

20℃/min heating rate up to 850℃ temperature，then cool down to 
ambient temperature. The whole process was under nitrogen 
protection. 

The main ingredient of the residue is carbon black. The carbon 
black will be dispersed in 100 mL isopropanol by sonication for 
subsequent analysis. 

The absorbance of carbon black solvent was measured on UV-
Visible spectrophotometer by quartz glassware size 10mm*10mm. 
The wavelength scanning range is 300nm to 600nm, including the 
main ultraviolet region of sunlight. According to ASTM D3349 
[1], carbon black absorption coefficient was measured at 375nm. 
This paper will also analyze absorption of carbon black solvent at 
375nm. 

4. Result and Analysis 
4.1 Absorbance of Carbon Black Solvent 
Carbon black solvent from virgin PE have a linear absorbance curve, 
as shown in Figure 1. While carbon black solvent from recycled PE 
have an irregular curve with obvious fluctuation, as shown in Figure 
2. This phenomenon indicates that the carbon black in virgin PE is 
more uniformly dispersed than recycled PE. 

      

Figure 1. Absorbance of carbon black solvent from 
virgin PE 
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Figure 2. Absorbance of
●

 carbon black solvent from 
recycled PE 

Carbon black was dispersed in 20mL isopropanol by sonication, 
then diluted to 40 mL, 60 mL, 80 mL, 100 mL. The absorbance at 
375nm was measured, and listed in table 1. Figure 3 and Figure 4 
shows the curves from table 1 values. Obviously, virgin 
polyethylene have a higher UV absorption capacity under the same 
conditions. And Absorbance of carbon black solvent have a linear 
relationship with dilution factor.

●
 

Table 1. Comparison absorbance results 

Dilution factor Virgin PE Recycled PE 
 1    (20 mL) 1.249 0.879 
1/2   (40 mL) 0.624 0.396 
1/3   (60 mL) 0.411 0.264 
1/4   (80 mL) 0.308 0.176 

 1/5   (100 mL) 0.251 0.124 
 

 

Figure 3. The relationship between absorbance and 
●

dilution factor from virgin PE 

 

Figure 4. The relationship between
●

 absorbance and 
dilution factor from recycled PE 

4.2 Stability of Carbon Black Solvents 
To compare the stability of carbon black solvent, leave the solvent 
for a while. After 3 days, carbon black precipitate in the solvent 
from recycled PE. However, this phenomenon does not occur in 
virgin PE. It is shown in Figure 5 and Figure 6 below. In fact, 
significant precipitation of carbon black have occurred after 12 
hours, in the carbon black solvent from recycled PE. Carbon black 
from recycled PE is easier to precipitate, possibly because recycled 
PE contains more inorganic impurities [2]. 

  

 (a) Beginning                    (b) After 3 days 

Figure 5. Carbon black solvent from virgin PE  

  

  (a) Beginning                    (b) After 3 days 

Figure 6. Carbon black solvent from recycled PE 

5. Conclusions 
We have analyzed the absorbance and stability of carbon black 
solvent from virgin and recycled PE. The results show that carbon 
black from virgin PE can be more uniformly and long-lasting 
dispersed in isopropanol. Virgin polyethylene have a higher UV 
absorption capacity under the same conditions. Absorbance of 
carbon black solvent linearly dependent on solvent volume, 
whether virgin PE or recycled PE. 
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Study on fire resistance of all dielectric optical cable 
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Abstract: In some high-end civil occasions, some optical cables are 

laid together with electric cables. Due to the threats of electric 

breakdown and corrosion of electric cables to optical cables, all 

dielectric fire-resistant optical cables reflect their values. At present, 

there is a lack of solutions for this situation in the industry, and the 

fiber is broken when the optical cable is burned or cooled. This 

paper will focus on the structure and material selection of all 

dielectric fire-resistant optical cable, studying its fire resistance after 

burning at 750 ℃± 50 ℃ for 90 minutes and cooling for 15 

minutes, the optical fiber in the optical cable still maintains 

communication. And the additional attenuation value of 

single-mode fiber is ≤ 1dB within the flame duration and cooling 

time.    

Key words: all dielectric, fire-resistant, burning, cooling, maintains 

communication. 

1 Introduction 

With the acceleration of global network construction, in some 

high-end civil occasions, some optical cables are laid together with 

cables. In order to reduce the electrical breakdown, corrosion and 

communication paralysis of the communication cable to the 

communication cable, the customer put forward stricter fire 

resistance requirements on the basis of the high flame retardant 

optical cable. There is currently no solution in the industry for this 

situation where the fiber breaks when the cable cools down after 

burning in a flame.In this article, we choose the structure and 

material of the all-dielectric fire-resistant optical cable, so that the 

fire-resisitant performance of the optical cable can be burned at a 

temperature of 750℃±50℃ for 90 minutes, followed by cooling 

for 15 minutes, and the optical fiber in the optical cable can be keep 

signal transmission. During the flame duration and cooling time of 

the optical cable, the additional attenuation value of a single 

single-mode fiber is less than or equal to 1dB. 

2 Structural Design of All-Dielectric Fire-Resistant 

Optical Cables 

Conventional fire-resistant optical cables generally have a 

fire-resistant layer, a metal armor layer, and a flame-retardant 

sheath layer. Refractory layer has the effect of fire and heat 

insulation. The metal armor layer has the effect of anti-vibration and 

protects the optical fiber. And the flame retardant sheath layer has 

the effect of preventing the spread of flame. Because the 

all-dielectric fire-resistant optical cable has no metal armor layer, the 

structural design of the optical cable is very important. According to 

the above description, the designed optical cable structure diagram 

(Figure 1) is as follows： 

 

Figure 1. Structure of all-dielectric fire-resistant fiber optic 

cable 

The refractory optical cable adopts an all-dielectric 

non-metallic structure; the loose tube adopts a double-layer 

structure, and the loose tube is covered with a composite tape.  

Loose tubes are stranded around a non-metallic central strength 

member to form a cable core. The cable core is covered with water 

blocking tape, ceramic mica tape, and nano aerogel thermal 

insulation material in turn. The sheath adopts a double sheath 

structure, the inner and outer sheaths are covered with ceramic 

mica tape with excellent fire resistance, and non-metallic auxiliary 

reinforcements are placed. Auxiliary reinforcements can be made of 

aramid yarn, glass fiber yarn/tape, fiber reinforced composite 

materials, etc. 

3 Material selection and principle analysis 

3.1 Ceramicized polyolefin material 

    Under high temperature flame, ceramized polyolefin material 

can be ablated into hard shell residue. The residue is pure ceramic 

inorganic material, and the flexural rupture strength of the shell 

residue is 7~12Mpa. The ceramic shell can fix and protect the optical 

fiber. At the same time, the ceramic shell leaves many micropores 

due to the decomposition of the polymer material, which greatly 

improves the thermal insulation effect of the shell and greatly 

reduces the temperature change rate, which can prevent the optical 

fiber in the cable from being damaged by the temperature rate. If 

the change is too fast, the fiber produces huge stress and strain, 
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which makes the fiber break.  

3.2 Ceramic mica tape 

   The working principle of ceramized mica tape is the same as that 

of ceramized polyolefin material. It forms a hard shell through high 

temperature combustion, which can withstand vibration, fix, protect, 

and isolate heat for the optical fiber. 

3.3 Nano aerogel thermal insulation material 

    Nano aerogel insulation material is wrapped outside the cable 

core, and its thermal conductivity is extremely low. At an average 

temperature of 800℃, its thermal conductivity is 0.052W/k•m. 

Compared with conventional thermal insulation materials, 

nano-aerogel thermal insulation materials can provide more 

efficient thermal insulation performance. 

3.4 High flame retardant low smoke halogen free polyolefin material 

    The outer sheath is made of highly flame-retardant, low-smoke, 

halogen-free polyolefin material with high flame retardancy and 

high environmental resistance.。 

4 Process control 

4.1 Secondary Coating Process 

The loose tube is made of double-layer casing, the inner loose 

tube is made of PBT material, the outer loose tube is made of 

ceramicized polyolefin material, and the double-layered loose tube 

is wrapped with ceramicized mica tape. This process needs to focus 

on controlling the wall thickness of the outer loose tube to ensure 

that the ceramicized polyolefin material can be ablated into a shell 

under a high temperature flame. Mica tape needs to be wrapped 

outside the loose tube, and it is necessary to focus on controlling the 

wrapping tension of the mica tape to prevent damage to the optical 

fiber in the loose tube due to excessive wrapping tension, or cause 

unstable routing in the production process. The overlap ratio of 

mica tape is controlled at 50% to ensure that there is enough 

refractory layer outside the loose tube. At the same time, using the 

tension of the take-up and pay-out line, the temperature difference 

of the multi-stage water tank, etc., control the excess length of the 

loose tube within a reasonable range. 

4.2 Stranding Process 

    Loose tubes are stranded around a non-metallic central 

strength member to form a cable core. The cable core is covered 

with water-blocking tape, ceramic mica tape, and nano-aerogel 

thermal insulation tape in turn. It is necessary to focus on controlling 

the coating tension of the coating equipment to ensure that the 

cable core is rounded as a whole after coating the water blocking 

tape, mica tape, and thermal insulation tape. 

4.3 Sheathing Process 

   The sheath adopts a double sheath structure, the inner sheath is 

made of ceramicized polyolefin material, and the outer sheath is 

made of high flame-retardant, low-smoke, halogen-free polyolefin 

material. Compared with conventional flame-retardant, low-smoke, 

halogen-free polyolefin materials, ceramicized polyolefin materials 

are prone to stress cracking during processing. Therefore, in the 

production process, it is necessary to strictly control the 

temperature of each area of the extrusion head, pay attention to 

control the production speed, ensure that the sheath has sufficient 

thickness, and ensure that the surface of the optical cable is smooth 

and round, and the process is stable.  

5 Test verification 

For the performance verification of the all-dielectric 

fire-resistant optical cable, the test verification is mainly carried out 

in terms of mechanical performance, environmental performance 

and fire resistance. 

5.1 Mechanical properties and environmental properties 
Regarding the test verification of mechanical properties and 

environmental performance of all-dielectric fire-resistant optical 

cables, the test methods and test results are shown in Table 1. 

Table 1. Test methods and results for mechanical properties 

and environmental properties 

Test Name Test Method 
Acceptance 

Criteria 
Test Results 

Tensile Strength 

IEC 60794-1-2 

E1 

-Long-term load：

600N 
-Short-term load：

1500N  

-Length of cable：

≥50m； 

-Load Time：1min 

-No obvious 

loss change and 

strain under 

long-term load;  
-Short-term 

loss Change 

≤0.1dB 

@1550nm; 

-Short-term 

fiber strain≤

0.15％； 

-No fiber break 

and no sheath 

damage; 

-No obvious loss 

change and 

strain under 

long-term load;  
-The maximum 

short-term 

loss change is 

0.008dB 

@1550nm； 

- The maximum 

short-term fiber 

strain is 0.02％； 

- No fiber break 

and no sheath 

damage; 

Crush Test 

IEC 60794-1-2 

E3 

-Long-term load：

300N; 

-Song-term load：

1000N; 

-Load Time：1min 

-No obvious 

loss change and 

strain under 

long-term load;  
-Short-term 

loss Change 

≤0.1dB 

@1550nm; 

-No fiber break 

and no sheath 

damage 

-No obvious loss 

change and 

strain under 

long-term load;  
-The maximum 

short-term 

loss change is 

0.002dB 

@1550nm； 

-No fiber break 

and no sheath 

damage 

Impact Test -Points of impact： -No obvious -No obvious loss 
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IEC 60794-1-2 

E4 

5； 

-Times of per 

point：1； 

-Impact energy：

4.5J 

loss change； 

- No fiber break 

and no sheath 

damage 

change  
-No fiber break 

and no sheath 

damage 

Repeated 

Bending 

IEC 60794-1-2 

E6 

-Bending radius: 

20 x OD 
-Load：150N； 
-No. of cycle：30 

-Loss Change 

≤0.05dB 

@1550nm； 

- No fiber break 

and no sheath 

damage 

-The loss 

change is 

0.011dB 

@1550nm； 

- No fiber break 

and no sheath 

damage 

Torsion 

IEC 60794-1-2 

E7 

-Length：1m； 

-No. of cycle：10 

-Twist angle：±

180° 

-Load: 150N 

-Loss Change 

≤0.05dB 

@1550nm； 

- No fiber break 

and no sheath 

damage 

-The loss 

change is 

0.007dB 

@1550nm； 

- No fiber break 

and no sheath 

damage 

Water 

Penetration 

IEC 60794-1-2 

F5B 

-Height of water：

1m； 

-Sample length：

3m； 

-Time：24h 

-No water 

should leak 

through the 

open end 

-No water 

should leak 

through the 

open end 

Temperature 

Cycling 

IEC 60794-1-2 

F1 

-Temperature 

range： 

-40℃~+70℃ 

-Cycle time：12h 

-Cycles：2 

-Loss Change 

≤0.02dB 

@1550nm 

-The loss 

change is 

0.013dB 

@1550nm 

NOTE: The absolute value of the fiber loss change in the test does not exceed 

0.03dB, which can be judged as no obvious loss change. In the test, the fiber 

strain does not exceed 0.1‰, which can be judged as no obvious strain 

5.2 Fire resistance 

Fire resistance tests are carried out in accordance with 

standards IEC 60331-11 and IEC 60331-25. Take a sample of at least 

5 meters for the test, the flame temperature is 750℃±50℃, the 

fire time is 90 minutes, and the cooling time is 15 minutes after the 

fire is finished. During the duration of the flame and the cooling 

time after the flame is extinguished, the optical fiber maintains 

communication and the additional attenuation of a single 

single-mode fiber is less than or equal to 1.0dB. The picture of the 

fire resistance test site is shown in Figure 2, and the picture of the 

optical cable after the fire resistance test is shown in Figure 3. 

 
Figure 2. Fire resistance test site 

 

 

Figure 3. Optical cable after fire test 

In this fire resistance test, the maximum additional attenuation 

of a single single-mode fiber was measured to be 0.614dB, and the 

fire resistance test was qualified. The test results are shown in Figure 

4. 

  

Figure 4. Test Results 

Concluding remarks 

   The all-dielectric fire-resistant optical cable introduced in this 

paper adopts a double-layer casing and a double-sheath structure, 

and uses materials such as ceramicized polyolefin. Through strict 

process control, the fire resistance of the finished fiber optic cable 

can reach 90 minutes of burning at a temperature of 750℃±50℃, 

and 15 minutes of cooling after burning, and the optical fibers in the 

fiber optic cable maintain communication. And in the flame duration 

and cooling time, the additional attenuation value of a single 

single-mode fiber is less than or equal to 1dB. This paper provides a 

good solution for special occasions with refractory requirements. 
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Abstract
We demonstrate a prediction model of ice coating thickness of
OPGW based on multi-class Support Vector Machine (SVM),
which can improve the efficiency and accuracy of judgment.

Keywords: OPGW, SVM, Optical fiber sensing, ice thickness
prediction.

1. Introduction
Optical fiber composite overhead ground wire (OPGW), which
consists of ground wire and optical fibers, plays an important role at
electric power communication system. In daily operation, due to
bad low temperature, OPGW will be covered by ice, which will
lead to OPGW galloping and sleet jump of the wire. Meanwhile,
OPGW icing can also make the wire with strain, which has the
possibility of fiber fracture. Therefore, it is very important to judge
and predict the state of OPGW icing. Currently, there are several
icing monitoring schemes as follows. The weighing method is only
applicable to the steady-state ice-covered condition, and the sudden
change of tension value should be used to exclude the low-
frequency and large-amplitude dancing of unice-covered
transmission lines[1]. Image monitoring method is the most
intuitive, accurate and effective. However, in practical engineering
application, due to fog, low temperature and other weather reasons,
the image resolution may sharply decline and even the real-time
image of OPGW optical cable cannot be collected. At the same time,
there is the problem of insufficient battery life, resulting in the loss
of collected data [2]. Analog wire method has low cost, convenient
installation, does not affect normal transmission operations, does
not involve live parts, but does not take into account the influence of
transmission line temperature, dancing and wind load, low
accuracy[3]. Support Vector Machine (SVM) serves as a
discriminative classifier to distinguish different classes, and it is
remarkably robust to sparse and noisy data, which makes it have
many applications, e.g. text categorization and protein function
prediction[4]. In this paper, a prediction model of ice coating
thickness of OPGW based on multi-class Support Vector Machine
(SVM) is proposed.

2. Principle of prediction of ice thickness
of OPGW
The structure of the prediction model is shown in Figure 1. In this
model, the optical cable icing data measured in actual operating
environment and laboratory simulation experiments are used as
the data set to construct the prediction model. Firstly, in order to
obtain high-quality data sets for modeling, existing historical ice
cover data should be screened and preprocessed. There are five
input variables to be screened including ice thickness of OPGW,
temperature, humidity, wind speed and the strain of OPGW

measured by Brillouin optical time domain reflectometer
(BOTDR). These data are selected by Principal component
analysis (PCA), and the calculation flow of the PCA method is as
follows:
Choose the smallest value of K that makes
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Where m is the number of data, ( )ix is the map value. Then the
sample need to be decentralized. By calculating the covariance
matrix, the eigenvectors, u(1), u(2), ... , u(k), corresponding to the
largest top K eigenvalues are finally obtained. After this process,
high-quality data sets of the optical cable icing data are obtained.

Since multi-classification SVM serves as a discriminative
classifier to distinguish different classes and it is remarkably
robust to sparse and noisy data, it is used to construct the
prediction model. For multi-classification SVM, one-against-one
method is adopted. The working principle of classification by
SVM is described as follows. The vector of input data sample is

expressed as  1 2, ,...,i MX x x x , where M is the number of

vector dimension and i = 1,2,..., N, i is the sequence of the data
sample. There are two classes for all the data samples, i.e. positive
class and negative class . The labels for positive and negative
classes are 1l  and 1l   , respectively. The decision
function for the data sample Xi is constructed based on the sign of

( ) Tf X W X b  as follows:

 
 

( ) 0 1   

( ) 0 -1   
i i i

i i i

sign f X l X is positive

sign f X l X is negative

   

   
(2)

W is a norm vector and b is the scalar intercept. In the case of
linearly separable data, it is possible to find a hyperplane
satisfying the following condition, which can be used to classify
each data sample into either positive class or negative class:

( ) 0Tf X W X b   (3)

The values of W and b give the position of the hyperplane. To
separate and classify the input data samples, SVM tries to find an
optimal hyperplane, which has the maximum margin between
itself and the nearest data samples, i.e. support vectors. In the
training phase of SVM, the norm vector W and intercept b are
determined through the learning from training data samples, with
a goal to maximize the margin width and hence find the optimal
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hyperplane and support vectors. After training, all the necessary
information needed to construct the SVM classifier is contained in
the optimal hyperplane and support vectors. In the testing phase,
the SVM model is used to classify the testing data samples
according to the optimal hyperplane and support vectors.

In the training phase, the data of temperature, humidity, wind
speed and strain of OPGW together with the labels of

corresponding ice-thickness classes serve as the training data
samples To determine the optimal hyperplane and support vectors
of the SVM model for ice thickness extraction. In the testing
phase, the historical data of ice thickness of OPGW are processed
by the SVM model with the optimal hyperplane and support
vectors. And the data of temperature, humidity, wind speed and
strain of OPGW is classified into one of the ice thickness of
OPGW classes.

Figure 1.The structure of prediction model of ice coating thickness of OPGW.

3. Results and discussions
In order to verify, modify, evaluate and optimize the model, k-
fold cross validation and F1-score are used to describe the
performance of the model, and the results of the model meet the
requirements.

K-fold cross-validation can make full use of the data set
to test the effect of the algorithm, that is, the sample is
divided into k parts, each time a sample is taken from the k
samples as the test set, cross-validated k times, and the
average value of the k results is calculated. as an estimate
of the accuracy of the algorithm. This study used 10 (k = 10)
fold cross-validation to evaluate and compare classification
results. When verifying the accuracy of the model, the
validation set uses 1/10 of the data that has not been used to
train the model. In addition to examining the prediction
accuracy, the dance prediction problem uses the recall rate
to represent the proportion of all real dance data that are
correctly predicted, and uses the precision to represent all
the data. The proportion of correct predictions in the results
that are predicted to be dancing, and finally get the F1-
score comprehensive evaluation, which represents the
overall performance evaluation of the model.

4. Conclusions
In summary, in this paper, a prediction model of ice coating
thickness of OPGW based on multi-class SVM is proposed.
Compared with traditional method to predict the ice coating

thickness of OPGW, the prediction model can improve the
efficiency and accuracy of judgment.
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Abstract 
A simulation test is carried out for the freezing conditions that may 
be encountered in the daily use of the all-dry optical fiber ribbon 
cable, and the effect of freezing on the optical fiber transmission 
performance, the mechanical properties of the optical fiber and the 
optical fiber ribbon, and the firmness of the ink and the combined 
resin with the optical fiber are recorded. 

Keywords: freezing, optic ribbon cable, attenuation, tensile 

1. Introduction 
All-dry, high-fiber-density, ultra-large core-count optical cables can 
provide greater network bandwidth support under limited pipe 
resources, but few studies have been conducted on the reliability of 
such optical cables in actual use environments. In this paper, we 
take the all-dry high fiber density ultra-large core-count fiber optic 
ribbon cable as the research object, and use the temperature cycle 
box to simulate the rapid temperature change. The effects of 
freezing on optical fiber transmission properties, mechanical 
properties of optical fibers and optical fiber ribbons, and the 
firmness of the bonding of inks and tie resins to optical fibers are 
studied. The research will provide important technical support for 
the further application of such optical cables. 

2. Experiment and Result 
2.1 The effect of freezing on the transmission 
performance  
2.2.1 Effect of external freezing on fiber attenuation 
(1) A 50-meter all-dry central bundle tube fiber optic ribbon cable is 
selected as the experimental sample. The optical fiber ribbon is 
placed in the central bundle tube, the water blocking tape is used in 
the central bundle tube to block water, and the outside of the bundle 
tube is wrapped by the optical cable sheath. The cable structure is 
shown in Figure 1. 

 
Figure 1. Schematic diagram of optical cable  

 

(2) Loosely coil the optical cable and make the outside of the optical 
cable fully immersed in water, as shown in Figure 2. 

 
Figure 2. External freezing experiment  

(3) The temperature is set according to IEC 60794-1-22 (2012) 
Method F15-Cable external freezing test, as shown in Table 1. 

Table 1. Temperature setting for the external freezing 
experiment 

TA1(+23 ℃)→TB1(+3 ℃)→TB2(-40 ℃) → TB3(-2 ℃) 

TA1(+23 ℃) Set the normal temperature attenuation 
of the fiber to zero. 

TA1(+23 ℃ )→TB1(+3 ℃)   Rapid cooling in half an hour. 

TB1(+3 ℃) Hold the temperature for 8 hours, then 
test the fiber attenuation change. 

TB1(+3 ℃) →TB2(-40 ℃) Rapid cooling in half an hour. 

TB2(-40 ℃) Keep the temperature unchanged for 4 
hours. 

TB2(-40 ℃) →TB3(-2 ℃) Rapid heating within half an hour. 

TB3(-2 ℃) Hold the temperature for 1 hour, then test 
the fiber attenuation change. 

(4) Use an optical insertion return loss tester to test the attenuation 
change of the optical cable at 1550 nm wavelength during the entire 
temperature cycle, as shown in Figure 3. 
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Figure 3. Optical insertion return loss tester 

2.1.2 Effect of internal freezing on fiber attenuation 
(1) Select a sample with a length of 30 m, open a hole in the sheath 
and central bundle tube of the optical cable sample according to 
GR20 CORE Issue 2, R6-75, with an aperture of 10 mm, connect 
the optical cable to the T-type water seepage table, and pour water 
into the cable through the aperture, lasting 1 hour. Put the samples 
after the water infiltration treatment into the temperature box, set the 
temperature cycle program according to Table 2, and repeat 30 
cycles. 

Table 2 Temperature setting for the internal freezing 
experiment 

TA1(+23 ℃)→TB1(-40 ℃)→TB2(+23 ℃) 

TA1(+23 ℃) Set the normal temperature attenuation 
of the fiber to zero. 

TA1(+23 ℃)→TB1(-40 ℃)     Cool down slowly for 12 hours to fully 
freeze the water in the sample 

TB1(-40 ℃) Keep the temperature unchanged for 4 
hours 

TB1(-40 ℃) →TB2 (+23 ℃) Warm up slowly for 12 hours to fully 
melt the ice 

TB2(+23 ℃)   Keep the temperature unchanged for 4 
hours 

(2) Before each temperature cycle, the inside of the fiber optic cable 
is saturated with water, and the water blocking tape is guaranteed to 
be in the water expansion stage before each temperature cycle 
begins. The attenuation change of the optical fiber at the wavelength 
of 1550 nm is detected in real time during the entire temperature 
cycle, and the attenuation data is collected every 12 minutes, as 
shown in Figure 4. 

 
Figure 4. Internal freezing experiment  

(3) In addition, 20 samples with a length of 30 meters are selected 
and placed under the same temperature cycle conditions for 
subsequent optical cable dissection and other tests. 

2.1.3 Results and Discussion 
(1) The external freezing test is carried out according to the 
IEC60794-1-22(2012). The water outside the optical cable is 
completely frozen after -2 °C, as shown in Figure 5. 

 
Figure 5. External freezing experiment 

During the whole experiment, the change value of the fiber at 1550 
nm is less than 0.05 dB, as shown in Figure 6. 
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Figure 6. Attenuation change of optical fiber at 1550 nm  

(2) The internal freezing experiment is carried out according to 
GR20 CORE Issue 2. Before the experiment, the inside of the 
optical cable is fully immersed in water, and the water around the 
optical fiber ribbon is fully frozen and expand at low temperature, 
and the resulting pressure is evenly applied to the optical fiber, as 
shown in Figure 7. 
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Figure 7. Internal freezing experiment  

Real-time monitoring of the attenuation of the optical fiber in the 
1550 nm band shows that the attenuation value does not change 
much regardless of whether the cable is iced or not, as shown in 
Figure 8. 

 
Figure 8. Real-time change of fiber attenuation at 1550nm  
When the optical cable is in different freezing states, even if there is 
an attenuation step, the change value of the attenuation value at 
1550 nm is all less than 0.05 dB, indicating that freezing has no 
obvious effect on the optical fiber transmission performance, and 
the performance of the fully dry optical fiber cable at low 
temperature is very good. In actual construction and application, the 
attenuation step caused by freezing conditions has little effect on 
optical fiber transmission. 

2.2 The effect of freezing on the strippability of 
coating layer  
2.2.1 Experiment 

In the internal freezing experiment, a 30-meter sample is taken after 
every five temperature cycle times, and the strippability of coating 
layer is tested according to IEC60793-1-32, as shown in Figure 6. 
The test data is recorded and compared to the parameter of the 
unfrozen sample. 

 
Figure 9. Coating strippability test 

2.2.2 Results and Discussion 
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Figure 10. Coating strippability of optical fiber 
As shown in Figure 10, the value of coating strppability is within 
the normal range before and after the freezing test, and the number 
of temperature cycles has little effect on the value of coating 
strppability, indicating that freezing has no essential effect on the 
strippability of the optical fiber. 

2.3 The effect of freezing on the tensile strength of 
optical fiber 

2.3.1 Experiment 

In the internal freezing experiment, a 30-meter sample is taken after 
every five temperature cycle times, and the tensile strength of the 
fiber is tested and recorded according to IEC60793-1-31, as shown 
in Figure 11. The tensile strength of the frozen samples is compared 
with that of the unfrozen samples. 
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Figure 11. Optical fiber tensile test 
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Figure 12. Tensile strength of optical fiber 

2.3.2 Results and Discussion 
As shown in Figure 9, the tensile strength of the optical fiber is 

within the normal range before and after the freezing test, and the 
number of temperature cycles has little effect on the tensile strength 
of the optical fiber, indicating that the internal freezing has no 
essential effect on the tensile performance of the optical fiber. 

2.4 Effects of freezing on mechanical property of optical 
fiber ribbon 

2.4.1 Experiment 

In the internal freezing experiment, a 30-meter sample 
is taken after every five temperature cycle times. The 
optical fiber ribbon is wound and fixed on the fixture as 
shown in Figure 13. The tensile property of the optical fiber 
ribbon is tested according to GB/T 13096-2008, and the test 
speed is 10 mm/min. In addition, take the fiber optic ribbon 
after the freezing experiment and bend it to observe 
whether the resin falls off due to freezing or even the fiber 
optic ribbon scatters into individual fibers.  

 

Figure 13. Fiber ribbon tensile test 

2.4.2 Results and Discussion 
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Figure 14. Tensile modulus of optical fiber ribbon 
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Figure 15. Tensile strength of optical fiber ribbon 
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Figure 16. Elongation at break of optical fiber ribbon 
(1) After 30 freeze cycles, the resin of the optical fiber ribbon does 
not fall off, and the appearance of the optical fiber ribbon is normal. 

(2) After the freezing test, the elastic modulus, tensile strength, 
elongation at break and other mechanical properties of the optical 
fiber ribbon have no significant difference compared with those 
before the freezing test, as shown in Figure 14-16. The experimental 
results show that the freezing conditions have no obvious effect on 
the tensile properties of the optical fiber ribbon, and there is no 
deterioration of the performance of the optical fiber ribbon caused 
by freezing. 

3. Conclusion 
During the test, even in the presence of the attenuation step, the 

attenuation change of the optical fiber at 1550 nm in the internal 
freezing and external freezing experiments is less than 0.05 dB, 
indicating that the low temperature performance of the all-dry fiber 
optic ribbon cable is very good. Freezing conditions do not 
seriously affect the transmission performance of the optical fiber, 
thereby causing communication blockage. 

In addition, repeated freezing has no substantial effect on the 
tensile properties of optical fibers and optical fiber ribbons, and the 
coating fastness of optical fiber inks and bundling resins. 
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Abstract 
In this paper, we have collected rare but occasional cases of fungus 
growth on optical cable. The mechanism and effects of fungus 
growth on optical cables was analyzed. Based on it, assessment 
methods and preventive measures were proposed. 

Keywords: Fungus resistance, Sheath material, Optical cable, 
Growth mechanism, Prevention methods 

1. Introduction 
Fungus growth is not urgent problem in the optical cable industry. 
But it happens times, especially in an environment with a high 

●relative humidity and a warm atmosphere, such as southern China. 
The phenomenon of fungus growth on electrical cables has been 
studied for decades [1]. However, there are few researches focus on 
optical cables.  

Under suitable conditions, fungus can live on most organic materials. 
They decompose certain organic materials as a normal metabolic 
process, thus degrading them and causing porosity and loss of 
structural integrity, even to function failure. 

Organic materials are commonly used in optical cable production, 
●such as sheath, buffer, filling/flooding compound, strength member, 

conductor insulation and fibre coating. These materials may have a 
possibility of fungus growth. Optical cables are generally expected 
to have a lifetime of more than 20 years. Therefore, research on 
fungus resistance of optical cable 

●

is necessary. 

2. Fungus growth 
Optical cables were first deployed commercially

●

 in 1977. Thus, 
we have more than 40 years
According to the actual experience, fungus growth generally 
occurs outside the jacket of optical cable. 

 

Figure 1. Fungus growing on indoor optical cable with 
PVC sheath 

The sheath is the component most susceptible to fungus attack in 
the cable. It is also the outermost barrier of optical cable. 

Therefore, the properties of the sheath material is quite important 
for fungus resistance of optical cable. 

According to the cases we have collected, fungus growth may 
happen for outdoor, indoor or indoor/outdoor optical cables 
installed in high temperature and high humidity environment. And 
the severity of fungus growth is closely related to its sheath 
material. 

Optical cable with a Polyethylene (PE) sheath have a good fungus 
resistance [2]. However, optical cable with Polyvinyl chloride 
(PVC), Low-smoke zero-halogen polyolefin (LSZH) or 
Thermoplastic polyurethanes (TPU) sheath may show fungus 
growth phenomenon, as shown in Figure 1 and Figure 2. 

 

Figure 2. Fungus growing on indoor/outdoor optical 
cable with LSZH sheath 

3. Mechanism analysis 
3.1 Mechanisms of fungus infection 
Fungus grow in, or on many types of common materials. They 

dust particles and various surfaces [3]. 

Thus the optical cable surface and the cable end into which air 
penetrates may be infected with spores. The infection can also 
occur during handling, for example, spores can migrate along with 
fingers. 

3.2 Environmental conditions for fungus growth 
According to microbiology, there are various factors which affect 
the germination and growth of spores. But the key factors are 
shown as follows: 

a) Moisture, One of the necessary conditions for spore growth 
and propagation is to maintain a certain amount of moisture. 
When the relative humidity is below 65 %, almost no 
germination or growth will occur, while the relative humidity 
is above 65%, the vast majority of spores can grow. And 
when the relative humidity is above 90%, the explosive 
growth will occur. 
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b) Temperature, Temperature has an important influence on 
the spore growth and propagation. The optimum temperature 
for different types of fungi is different. But the temperature 
range for most of fungus growth is 10 °C to 35 °C. In this 
range, the higher the temperature is, the faster the fungus 
grows. And almost no fungus type can grow below 0 °C or 
above 40 °C. 

c) Nutrient, Nutrients are essential to spore growth. Spores 
need to absorb nitrogen, potassium, phosphorus, sulfur and 
other elements from nutrients and digest certain organic 
materials for energy. Generally, nutrients may include 
inorganic salts and a carbon source. Basic resins of plastic do 
not usually serve as carbon sources for the growth of fungus. 

●But other components such as plasticizers, stabilizers, 
colorants, lubricants and cellulosics are responsible for the 
actual fungus attack. 

d) Airflow, Airflow also has an effect on the rate of fungus 
growth. High airflow can limit the growth and propagation of 
fungus. Stagnant air spaces and lack of ventilation can 
encourage fungus growth. 

3.3 Fungus resistance of common sheath material 
PE is the most widely used cable sheath material. PE material for 
cable sheath almost includes no inorganic salt fillers, and is 
inherently non-nutritive to fungus. Generally, no specific criterion of 
fungus resistance is required. 

PVC is also widely used in optical cables, especially for flame-
retardant cables. Actually, PVC resin has good fungus resistance 
like PE. However, for most PVC materials, large amount of small 
molecule additives, such as plasticizers, lubricants, antioxidants and 
so on, are used in the production process to improve other properties. 
These additives are rich in nutrients for fungus growth and reduce 

●its fungus resistance 

LSZH is commonly used as optical cable sheath material, especially 
●for indoor cables. It is filled with a large amount of hydroxide and a 

●certain amount of organic additives. So there is such a possibility for 
fungus growth on its surface. 

TPU has excellent abrasion resistance, high strength, good elasticity 
and strong weatherability. It is used as optical cable sheath material 
in specific scenarios. Similar to PVC, its resin has strong fungus 
resistance. However, due to the introduction of various additives, its 
fungus resistance deteriorates a lot and shows the possibility for 
fungus growth. 

4. Effects of fungus growth 
The effects of fungus on optical cable are influenced by two 
different actions: direct action in which the deterioration of material 
serves as a nutritive substance for the growth of fungus, and indirect 
action in which enzymes and organic acids produced during 
metabolism diffuse out of its cells and stay on the plastic part to 
cause performance degradation. The main effects are as follows: 

a) Affecting the appearance of optical cable, surface 
●discoloration, leaving traces after cleaning the fungus growth 

area; 

b) Sheath performance degradation, such as cracking, corrosion, 
modulus increase, weight and dimension change, 
embrittlement; 

c) Hardening of cable filling/flooding compounds; 

d) If the fungus enters into the optical cable from the cable end, 
the growing mycelium is very easy to absorb water, which 
may affect the performance of the optical fibre; 

e) Cause microbending loss of the fibre, with consequent 
increase in attenuation. 

5. Evaluation of fungus resistance 
At present, there is no specific international standard to evaluate 
the fungus resistance of optical cables. We suggest to follow IEC 
60068-2-10 [4] or TIA-455-56-C [5] and the following principles 
to perform fungus resistance test. 

 Fungus resistance test is only applicable to optical cables 
intended for transportation, storage or use in an appropriate 
environment for fungus growth. 

 For cable manufacturers, most of the required information 
about fungus resistance can be get from raw material 
suppliers. The fungus resistance test is used to verify specific 
product designs or materials that have not been tested. And if 
cable materials or components have passed the fungus 
resistance test, it is unnecessary to retest such materials or 
components by cable samples. 

 According to the growth law of fungus spores, duration of 28 
days is the shortest time for fungus growth and 
decomposition of carbon-containing molecule. 28-day test 
can reflect the anti-fungus ability of the material, but it is not 
enough to reveal structural damage and performance changes 
of the cable [6]. If the effect of fungus growth on product 
structure and performance needs evaluating, the test period 
may be extended to at least 56 days. 

 The test fungi should be selected according to the environment 
of the installation site or refer to local national standard. 

6. Prevention of fungus growth 
6.1 General 
If optical cable is properly deployed, the cable sheath will be the 
most probable component which is subject to fungus attack. Usually, 
fungus growth occurs only on the sheath of optical cable. However, 
there are situations where cable internal components are exposed to 
the air with a risk of fungus growth. These situations include, but are 
not limited to: 

 Accidental sheath damage, by mechanical force, rodent bite 
and so on; 

 Sheath cracking by environmental stress or ageing; 

 Optical cable closure is damaged or not tightly sealed after 
operation; 

 Improper installation or termination of optical cable; 

 Severe shrinkage of cable components after termination. 

6.2 Cable sheath 
Usually, there are physical methods and chemical methods for the 
prevention of fungus growth. 

As to cable sheath, physical methods for the prevention of fungus 
growth are listed below: 

 If possible, install the optical cable in the environment that is 
not suitable for fungus growth, for instance, the circumstance 
with low temperature, low humidity and good ventilation; 
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 The cable surface may be smooth to which dust is not easy to 
adhere; 

 Avoid pollution on the sheath surface, especially for those 
fungus nutrients; 

 For easy-to-maintain optical cables, for example, data centre 
cables, remove the existing fungus from the cable in time to 
prevent its further propagation; 

It is also common to prevent fungus growth by chemical means: 

 The preferred method is to select materials which do not 
promote fungus growth; 

 If the fungus resistance of the selected sheath material is not 
good enough, add suitable mildew inhibitor into the original 

●material.  

 Spray suitable fungicides directly on the cable surface to 
prevent fungus growth.  

6.3 Cable internal components 
The risk of fungus growth on cable internal components is not as 
high as that on sheath. Usually, choosing physical methods is 
more economical. Of course, if necessary, chemical methods can 
also be used. The suggested methods are as follows: 

 Ensure sheath integrity without tears, punctures, extrusion 
pinholes, or other defects on the cable sheath before 
installation; 

 Install and use the optical cable correctly, guarantee the quality 
of cable closures and other related products. Avoid any 
unnecessary exposure of cable internal components; 

 Cable ends may be kept dry and clean after handling; 

 If necessary, internal plastic cable materials, such as buffer, 
filling/flooding materials, fibre coating, can also be fungus

●

-
resistant. 

6.4 Cable drum 
Normally, the optical cable drum is made of wood, which is 

●highly susceptible to fungus attack
●

, as shown in Figure 3. During 
the rainy seasons, fungus grows even faster on wood material. The 
fungus may spread and pollute the surface of optical cable during 
cable storage and transport. So if optical cable needs to be stored 
or transported for a long time before use, the cable drums are 
recommended to be treated with fungicide before using. 

 

 

 

 

 

 

 

 

 

 

Figure 3. Cable wood drum with fungus growth 

7. Conclusions 
This paper is a review of optical cable fungus resistance 
performance. Based on 40 years of industry experience and 
related fungus growth cases, it summarizes growth mechanism and 
effects of fungus growth on optical cables. Further, it proposes 
standard and principles for fungus resistance test. Finally, it 
provides physical and chemical methods of anti-mildew for 
optical cable. 
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Abstract

●

 
In this paper, several environmental tests based on IEC 60794-1-22 
method F17 were designed to evaluate the thermal shrinkage 
performance of loose tube optical cable. Based on the experimental 
results, we summarize some basic conclusions

●

 for thermal shrinkage 
of loose t
●

ube optical cable and provides directions for further 
research

●

 on shrinkage performance of optical cable.  

Keywords: Cable Shrinkage, Cable Termination, Loose Tube 
Optical Cable, Fibre protrusion 

1. Introduction 
Shrinkage performance of optical cables has been studied for 
decades. But most researches focus on optical cables to be 
terminated with connectors. Actually outdoor optical cable, such as 
loose tube optical cable, has a high cable shrinkage which will 
seriously affect cable termination performance. 

Historical research shows that for loose tube cable, the change of 
protrusion of the central strength members was moderate and 
smaller than the fibre protrusion and little or no change of the loose 
tubes protrusion was induced [1]. So in general fibre protrusion is 
the most serious compared with other components. In this paper, we 
focus on the fibre protrusion in the cable shrinkage of loose tube 
optical cable. 

Two commonly used experimental methods for cable shrinkage test 
are test method F11 and test method F17 in IEC 60794-1-22 [2]. 
Method F11 is suitable for cables where the fibre or buffered fibre 
and the sheath of the cable are intended to be fully terminated into a 
connector at cable ends. Method F17 provide a method suitable for 
long optical cable sample (

●

10 m or longer). For the loose Tube 
outdoor optical cable, method F17 is a good choice. 

In this paper, we have designed several environmental tests based on 
IEC 60794-1-22 method F17 to evaluate the thermal shrinkage 
performance of loose tube optical cable. Based on it, we summarize 
some useful information about thermal shrinkage for loose tube 
optical cable user. 

2. Loose Tube Optical cable 
Loose Tube Optical cable is mainly used for outdoor cable. There 
are two typical types, stranded tube type and center tube type. In this 
paper, we choose stranded tube type for research. 

Figure 1 is a diagram of the cable structure we used in this paper. 
This is a typical outdoor optical cable with stranded loose tube. It 
contain 12 high-modulus plastic tubes with totally 144 fibres inside. 
It has a PE sheath and all-dry water-blocking material. 

 

 

Figure 1. Structure diagram of stranded loose tube 
optical cable sample 

Shrinkage is strongly dependant on the thermal and mechanical 
history of the cable. Some shrinkage can occur after cutting the 
sample from the drum, during storage or transportation. These 
shrinkage happens before testing will affect the reliability of cable 
shrinkage test results. The samples used in this paper is a fresh 
optical cable which was produced within a month before testing and 
stored in a standard laboratory environment.  

3. Experiment 
The experiments design and details were listed in table 1.  

Table 1. Experiments design and test conditions 

Experiments Sample Conditions 

Low temperature A 
Temp: -20°C, -40°C 
Test period: 8 days 

High temperature A 
Temp: 60°C, 85°C 
Test period: 8 days 

Temperature cycle A 

Low temp: -40°C 
High temp: 60°C, 70°C, 85°C 
Cycle number: 12 
Heating and cooling rate: 1 °C/min. 
Hold time at extreme point: 4 hour. 

Effects on optical 
performance 

A+B 

Temp cycle: -40 °C~ 70 °C, other 
condition is same with upper temperature 
cycle test. 
Loop one fibre in each tube, monitor the 
attenuation of the loop at 1550nm. 

Note:  
The cable coil diameter in all the test is 80cm; 
The sample length in all the test is 10 m. 
Sample A and B have same structure as shown in chapter 2. However, due to 
different production processes, they have different cable shrinkage 
performance. A has a high shrinkage and B has a low shrinkage. 
 

Other test conditions not mentioned in table 1 are according to 
method F17 of IEC 60794-1-22 except for the preparation of the 
cable ends and test data processing. In method 17, the tube and fiber 
should protrude 100mm and 200mm respectively. In our 
experiments, we only test the protrusion of the fiber relative to the 
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cable sheath. For the convenience of protrusion testing, we carefully 
cut the fiber optic cable end vertically without blocking the loose 
tube. So, the initial fibre protrusion is 0. For the final data 
processing, to reduce the impact of accidental factors, we take the 
average fibre protrusion in two cable ends as the test result. Typical 
cable end after test is shown in Figure 2. 

In Low temperature and High temperature tests, fibre protrusion was 
tested everyday. In Temperature cycle test, fibre protrusion was 
measured every two cycles. In the Effects on optical performance test, 
fibre protrusion was measured every six cycles. 

 

Figure 2
●

. Photo of cable end after cable shrinkage test 

4. Low & High temperature effect 
The results of continuous low temperature and high temperature test 
are listed in Figure 3. As shown in Figure 3, fibre protrusion of 
samples under 

●

low temperature or high temperature increase with 
test period. Most 
●

fibre protrusion occurred within the first 3 to 6days. 

Fibre protrusion results under high temperature test is significantly 
bigger than the low temperature test and the higher the high 
temperature, the greater the fibre protrusion. This may be because 
the higher the temperature, the greater the thermal shrinkage of the 
polymer material [3]. 

But the low temperature test did not exhibit the same trend. The 
fibre protrusion under -40°C is bigger than that under -20°C. The 
specific reasons for it need further analysis and research. 

 

Figure 3. Fibre protrusion
●

 measured under low and high 
temperature test 

5. Temperature cycle 
The results of temperature cycle test are listed in Figure 4. As shown 
in Figure 4, under the same low temperature conditions, the higher 
the upper temperature (60 , 70  and 85 ) in a TCT test, the 

higher the cable shrinkage. And fibre protrusion is stabilized after 8 
to 10 cycles. 

 

Figure 4. Fibre protrusion measured under temperature 
cycle test 

In addition, we put the TCT and the corresponding low and high 
temperature test results together for comparison and take time as the 
abscissa. The result is shown in Figure 5. It is obvious to see that 
TCT test induced higher fibre protrusion than a continuous high 
temperature aging or low temperature test using the same high or 
low temperature. 

 

Figure 5. Comparison of TCT test and continuous low 
temperature or high temperature test 

 

Table 2. Test results of effects on optical performance 
test 

Sample A B 

Fibre protrusion at 
Cycle 6 

27mm 6mm 

Max attenuation 
change before 

Cycle 6 
0.01 0.02 

Fibre protrusion at 
Cycle 12 

39mm 8mm 

Max attenuation 
change before 

Cycle 12 
0.02 0.03 
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6. Effects on optical performance 
Table 2 shows the results of two samples in effects on optical 
performance test. Based on the results, the fibre protrusion of 
sample A is more than four times that of sample B. But their 
attenuation change in TCT tests show almost no difference. So, a 
relationship between shrinkage and attenuation change was not 
obvious. 

7. Conclusions 
We have studied the shrinkage performance of a stranded loose tube 
optical cable based on IEC 60794-1-22 method F17. The fiber 
protrusion is taken as the index parameter in the designed 
environmental tests.  

According to the test results of stranded loose tube optical cable, 
temperature cycle induced higher shrinkage than a continuous high 
temperature aging or low temperature test using the same high or 

●low temperature. Most of the shrinkage occurred within 8 to 10 
cycles or 3 to 6 days (for continuous high or low temperature test). 
Under the same low temperature conditions, the higher the high 
temperature in a TCT test, the higher the cable shrinkage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A relationship between shrinkage and attenuation change was not 
obvious. 

There are many factors that affect the shrinkage performance of 
optical cable, and the change of fibre protrusion values vary 
significantly between the different cable types. In this paper, we 
have covered only one type cable and several factors. In the next 
step, we will further study more impact factors, such as cable length, 
cable coil diameter, cable sheath thickness, storage period with more 
cable type, like center tube type loose tube cable.  
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Abstract 

Generally, the majority of methods characterized the strength 

properties of optical fibers are determined by tensile fracture stress 

along the axial direction of the optical fiber. However, for 

measuring the strength property of the bare fiber, those methods 

have an obvious shortcoming, mainly because the bare fiber will 

break at the clamp due to the shear stress from the clamp before the 

test. In this paper, we demonstrated that the bending fracture stress 

can be calculated by the bending distance at fracture fiber using the 

two-point bending method accurately, and G.657.A2 fiber was 

selected as the typical fiber type to measure the bending fracture 

stress values of bare fiber. There were remarkable differences in the 

strength property of the bare fiber from different manufacturers, 

even though the tensile strength of optical fibers were similar. 

Meanwhile, several experiments were conducted to study the effect 

of coating removal method on the strength property of bare fiber, 

and measuring bending fracture stress is a facile and effective way 

to predict the strength property of bare fiber. This method contains 

several obvious advantages, including low cost, easy operation and 

well environmental adaptability, and contributes to study strength 

property of bare fiber in manufacture, splicing and installing 

process. 

Keywords: bare fiber; bending fracture stress; strength 
properties; 

1. Introduction  
The strength property of optical fiber always is the major 

consideration in the application of optical fibers in long-haul 

communication and sensor application [1-2]. Therefore, in order to 

meet requirements according to IEC standards, several test items 

are introduced to evaluate the strength property of the optical fiber 

[3-5]. For most test items, tensile strength is usually applied to 

assess the strength property of an optical fiber, and determined by 

the tensile fracture stress value in a tensile test. As the strength of 

optical fiber is almost entirely contributed by bare fiber, the 

strength property of bare fiber always has priority to be considered. 

Actually, in the process of manufacturing and installation, the bare 

fiber will inevitably be subjected to short-term or long-term tensile 

stress, which may irreversibly degrade its strength property [6-

7].The study of bare fibers’ strength is of great guiding significance 

in the actual production process, especially in stripping and splicing 

performance of indoor cables. However, the tensile test is not fit to 

assess strength property of bare fiber, which is a certain length of 

optical fiber pulling until it fractures with two ends gripped. The 

reason is obvious that bare fiber without protection of coatings 

always will break firstly by the shear stress from the gripper before 

test. 

Instead of measuring tensile strength to evaluate strength, an 

alternative method to measure bending fracture stress by two point 

bending technique was suggested. This method characterizes the 

strength property of bare fibers by measuring the distance between 

two plates at bare fiber fractures, and this method did not clamp 

bare fibers any more. 

In this paper, the purpose is addressed to evaluate the strength 

property of G.657.A2 bare fiber by two point bending technology 

and analyze the effect of different coating removal methods on their 

strength property. 

2. Experiment section 

2.1 Fiber samples 

In this paper, G.657.A2 was used as a typical fiber type to study the 
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fracture strength of bare optical fiber. G.657.A2 fibers from three 

manufacturers were selected, which met the IEC standards and did 

not undergo type test aging. The geometry parameters of G.657.A2 

fibers have well uniformity along the axis. Partial geometric 

parameters were shown in Table1.   

Table 1. Part geometric parameters of optical fibers  

Sample 
No. 

Cladding diameter 
/μm 

Buffer coating 
diameter 

/μm 

Fiber diameter 
/μm 

A 124.85 184.1 239.6 

B 124.81 184.5 240.3 

C 124.87 185.4 240.7 

 

All optical fiber specimens are sampled by 30 along the axis 

direction of themselves continuously, and the specimen length is 

around 20mm. In order to analyze the strength property of bare 

optical fibers, the coatings of optical fiber need to remove first. 

There are two methods to strip coatings. The conventional way is 

to strip coatings by Miller clamp, while the other one uses hot 

(approximately 200 degrees C) sulfuric acid to remove coatings [8]. 

Each obtained G.657.A2 fiber specimen (A, B or C) is divided into 

two parts and then removed the coating by mechanical or chemical 

way separately. According to different coating removal methods, 

bare fibers are obtained by Miller clamps were defined as the group 

1, and then the specimen number of is A1, B1 and C1 respectively, 

while specimens of A, B and C treated by hot sulfuric acid is 

defined as A2, B2 and C2 in turn. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic of two-point bending unit 

Before experiment, all of the specimens were placed in a relatively 

stable environment (20±2℃, 50±20% R.H.).Two point bending test 

system, shown in Figure1, was introduced to measure bending 

fracture stress values of bare fibers, which is produced by Fiber 

Sigma from Japan. According to IEC 60793-1-31 standard, tensile 

strength of optical fiber is measured by 0.5 m tensile strength test 

method in Figure2.  

 

 

 

 

 

 

 

 

Figure 2. Schematic of test apparatus of tensile strength 

3. Results and discussion 

3.1 Tensile fracture stress  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Fracture probability versus uniaxial tensile strength 

of specimen A, B and C tested at 0.5m 

In order to analyze their strength property, specimens A, B and C 

were subjected to uniaxial tensile test first. The Weibull distribution 
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of fracture probability versus uniaxial tensile strength data is shown 

in Figure 3, and the tensile strength of those specimens ranges from 

4.80 to 5.30 GPa. The strength at F50% fracture probability of 

specimen A, B and C was 5.23, 5.01 and 4.98 GPa respectively, 

which met the IEC standard [9]. Apparently, it shows that the 

distribution of tensile fracture stress of specimen A, B and C are 

similar.  

3.2 Bending fracture stress  

The strength property of optical fibers usually is determined by 

tensile fracture stress along the optical fiber axis for most methods, 

but they are not suitable for measuring the strength property of bare 

fibers. Although tensile fracture stress is one of the property 

performance indices to represent the strength of optical fiber, 

bending fracture stress can also be competent equally at a certain 

length [10]. Therefore, we used two point bending method to 

measure the bending fracture stress of bare fibers, and the bending 

fracture stress of bare fibers can be calculated following fraction: 

 

𝜎𝑓 = 𝐸𝑜 × 𝜀𝑓(1 + 0.5 × 𝑎′ × 𝜀𝑓)       (1) 

𝜀𝑓 = 1198 ×
𝑑𝑓

𝑑−𝑑𝑓+2𝑑𝑔
                (2) 

𝑎′ = 0.75𝑎 − 0.25                   (3) 

 

Here, σf is the bending fracture stress in GPa, E0 is the Young's 

modulus of silica glass, εf is the fracture strain at the apex of the 

fiber, α is the correction parameter for non-linear stress/strain 

behavior, df is the glass fiber diameter in μm, d is the distance 

between platen at fiber fracture in μm, 2dg is the total depth of both 

grooves in μm. If the total depth of both grooves is much smaller 

than the diameter of bare fiber, 2dg can be negligible. If so, the 

distance between platen at fiber fracture can be approximated as the 

fracture diameter of the fiber. Assuming  𝑎  is a constant, σf is 

mainly determined by the distance between platen at fiber fracture, 

d. Therefore, the bending fracture distance of bare fiber is a key 

indicated value of strength property.  

3.3 Bending fracture stress measurement  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. The bending fracture stress of different G.657.A2 

optical fiber after coating stripped by Miller clamp. 

Bending fracture stress data from specimen A1, B1 and C1 

obviously shown the differential in their fracture stress value 

distribution in Figure 4, and the average fracture stress value of A1, 

B1 and C1 is 1.35, 3.28 and 4.70 GPa respectively. For the 

distribution of bending fracture stress values, the range of A1 is the 

narrowest relatively, but the majority of its fracture stress values 

are lower than 2.0 GPa, which means the stress tolerance of A1 is 

poor and the strength property of it is weak. But the distribution 

region of B1 is the largest of the three, which indicated that the 

fracture stress values had a large range of volatility. In other words, 

the strength consistency of B1 is not as good as that of A1 or C1 

along the axis direction of the optical fiber. In addition to the 

fracture stress value distribution degree of C1, most of the fracture 

stress values were much higher than that of A1 and B1, so there is 

no doubt that the strength of C1 is the best in this group. However, 

those obtained fracture stress values may not precisely display the 

strength property of bare fibers, especially when coating stripped 

by Miller clamp. During the stripping process by Miller clamp, 

there will be a short-term shear stress acting on the bare fiber, which 

is always unavoidable. The shear stress may lead to the growth of 

random tiny flaws and defects of bare fiber, which will degrade the 

strength property of the bare fiber irreversibly, and even cut off it. 

In order to accurately test the strength of the bare fibers, we 

introduced a chemical method to remove the fiber coating, which 

was non-destructive to the bare fibers and hardly reduces the 
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strength property of the bare fibers [9]. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. The bending fracture stress of different G.657.A2 

optical fiber after coating removed by hot sulfuric acid 

As shown in the Figure 5, the fracture stress value region of C2 is 

still highest among three typical specimens, the fracture stress 

value region of B2 is much higher than that of A2. In addition, by 

comparing with Figure4, the distribution of the bending fracture 

stress values of A2, B2 and C2 is so similar with that of A1, B1 and 

C1, and the difference between them is that the bending fracture 

stress values of A2, B2 and C2 is a litter higher than that of A1, B1 

and C1. The average value of the bending fracture stress of A2, B2 

and C2 was up to 1.95, 4.16 and 5.44 GPa respectively. Obviously, 

the mechanical methods to strip coatings will have certain negative 

impacts on the strength property of bare fiber more or less, which 

was closely related to the size of the clamp and the angle between 

the optical fiber and the clamp. Furthermore, the stripping force of 

the coating may also affect the strength property of the bare fiber. 

According to fracture stress results shown in the Figure 4 and 

Figure 5, apart from the damage of removing coatings, indeed there 

is essential differences in bare fiber strength of three typical 

specimens apparently, and the strength of bare fiber often depends 

on the purity of raw materials and manufacturing process of 

preforms and optical fibers. 

4. Conclusions 

In this paper, by taking advantage of the two point bending test 

method to measure the distance between platen at fiber fracture, the 

fracture stress values of the bare fibers were precisely calculated. 

When compared with the majority of tensile tests along the axis, 

this method dexterously avoids bare fibers breaking off at the clamp 

before test and accurately calculates fracture stress values to assess 

the strength property of bare fibers. The analysis results indicated 

that the strength property of bare fibers from different optical fiber 

manufacturers existed essential differences, even though the tensile 

strength of them are similar. What’s more, the strength property of 

the bare fibers were affected by coating removing methods, which 

had an impact on the accuracy of bare fibers’ fracture stress. Here, 

measuring the bending fracture stress is a facile and efficient way 

to assess the strength property of bare fibers.  
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Abstract 
As a product with the characteristics of low cost, convenient 
construction and reliable performance, Bow-type drop cable has been 
widely used in FTTH project. However, the emergence of a variety 
of new application scenarios has brought new development in 
technology of bow-type drop cable. This paper comprehensively 
describes some new developments in new design, new material and 
application of Bow-type drop cable in recent years. 

Keywords: Bow-type drop cable; bend insensitive single-mode 
optical fiber; invisible optical fiber; Optical/Electrical Hybrid Cable; 
Armored bow-type drop cable; FTTH; FTTR;5G; digital home 

1. Foreword 
In recent years, with the continuous advancement of the " 

Gigabit Optical Network " strategy, also the arrival of 5G, the 
proposal of the concept of the digital home, the scale of FTTH 
engineering construction continues to expand. Bow-type drop cable 
has become the main product of FTTH project because of its 
advantages of small size, light weight and easy operation. At the same 
time, due to the appeared of new application such as ultra-high-
definition video, high-definition live broadcast, online business and 
cloud VR, the requirements for network speed are getting higher and 
higher. FTTH gradually upgrades to FTTR, which put forward higher 
requirements for bow-type drop cable. Upgrading related products 
has become the most urgent need for industry development[1][2]. 

2. Summarization of development of 
bow-type drop cable 

The bow-type drop cable is named for its cross-sectional shape. 
This product is an embedded tight structure. The reinforcements on 
both sides of the optical fiber have the effect of compressive and 
tensile strength, and the V-shaped groove in the middle of the optical 
cable is convenient for operation. This structure has a strong 
protection for optical fiber inside. After several generations of 
evolution, the bow-type drop cable has made great breakthroughs in 
product design, application and material properties. 

From the perspective of product design and application, the 
bow-type cable is derived from the original two-unit and three-unit 
basic structures, and derives the pipeline structure, the 
Optical/Electrical Hybrid Cables structure, the long-span overhead 
structure, the side-by-side structure, the invisible optical cable optical 
unit structure, and the armor structure. The number of optical fiber 
cores has also been developed from single core and double core to 12 
cores, which is the largest in the existing structure. 

The design changes have also enriched the usage scenarios of 
bow-type drop cables, from the initial in-home application to the 
current multi-application special scenarios such as pipeline laying, 
long-distance overhead, small-size base stations, indoor invisible, 
and anti-biological invasion. 

From the perspective of material use, the optical fiber has been 
developed from the original G652D fiber to the current G657A1, 
G657A2 and other bending loss-insensitive fibers to meet the small 
bending radius scenarios in indoor operation. reinforcement materials 
are enriched from the original steel wire to the current steel strand, 
GFRP, KFRP and FFRP[3] 

 
Figure 1. Structure of bow-type drop cable 

3. New structures of bow-type drop 
cable and its application scenarios 
（1）Bow-type drop cable with invisible cable unit[4][5] 

The invisible bow-type drop cable refers to the cable containing 
the invisible optical fiber unit, which is mainly suitable for indoor 
scenes without pre-laid operation. Since the invisible optical fiber 
unit is transparent, it has no destructive effect on indoor decoration. 
Due to the excellent properties of this product, it has become the 
preferred product for existing home FTTR network renovation. 

 
Figure 2. Structure of bow-type drop cable with invisible cable 

unit 
Since the invisible light unit is made of TPU or nylon 

transparent material, it is integrated with the interior decoration and 
is difficult to observe, so it can be "invisible". G.657 A2 or G.657 B3 
optical fiber can be used in the invisible cable unit in order to fit the 
indoor environments with smaller bending radius. 
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（2）Small size bow type drop cable for Optical/Electrical Hybrid 
cable for 5G base station[6] 

With the development of 5G technology, the number of base 
stations has doubled increased, but as base stations are getting smaller 
and smaller, the size requirements for optical fiber cables has to be 
adjusted as well, and the current size of the optical-electric hybrid 
cables can no longer meet the needs of base stations. Therefore, Small 
size bow-type drop cable for 5G base station is required 

1.6mm×2.1mm small size bow-type drop cable which 
performance is basically the same as 2.0mm×3.0mm bow-type drop 
cable, is becoming the mainstream used in the current 5G 
construction. 

 
Figure 3. Structure of Small size bow type drop cable for 

Optical/Electrical Hybrid cable 
（3）Optical/Electrical Hybrid Cables[7] 

With the rapid development of the Internet and the Internet of 
Things, more and more new terminals need to access the network. In 
order to build a ubiquitous network, it is necessary to consider 
simplifying network deployment and management, reducing network 
construction and maintenance costs, and continuously evolving the 
network. Bandwidth requirements. The transmission medium of the 
network is also facing new challenges. It not only needs to undertake 
high-speed medium transmission, but also needs to provide long-
distance power supply. In this context, the application of 
optoelectronic hybrid cables is created. 

Based on the structure of bow-type drop cable, the 
optoelectronic hybrid cable replaces the reinforcing member of the 
bow-type drop cable with copper wire, which ensures the strength 
and increases the electrical conductivity of the optical cable. The 
figure below shows the typical structure of indoor and indoor/outdoor 
optoelectronic hybrid bow-type drop cables. 

 
Figure 4. Indoor optoelectronic hybrid bow-type drop cable 

 
Figure 5. Indoor/outdoor optoelectronic hybrid bow-type drop 

cable 

（4）Long Span Weather Resistant Bow-type Drop Cable[3] 

The environment of FTTH construction in rural areas is more 
complex. Longer span and more number of suspension points are two 
main problem. When ordinary bow-type drop cables are used in this 
environment, problems such as fiber breakage are prone to occur. 
Therefore, in order to meet the environment requirements, Long Span 
Weather Resistant Bow-type Drop Cable is created. 

 

 

 

 

 

 

 

Figure 6. Structure of GJYXFCHP and GJYXFC8H03 
1-Reinforcement member. 2-Optical fiber. 3-Inner sheath. 4-

Strength member. 5-Water blocking layer. 6-Outer sheath 

Compared with ordinary bow-type drop cable, the tensile 
performance of this cable is significantly improved, as follows: 

Table 1. Tensile properties of long-span weather resistant 
bow-type drop cable[3] 

No. Model 
Allowed tensile force (N) 

Long term Short term 
1 GJYXFCHP 1000 300 
2 GJYXFC8H03 1500 600 

 

The tensile force value of this product is relatively large, and it 
can be applied to span applications over 150m~200m. The sheath is 
made of PE material, which is more wear-resistant than ordinary 
bow-type drop cables. This product is more suitable for rural long-
span construction. 

（5）Bow-type drop cable for pipeline operation[3] 

In order to meet the application scenarios of pipeline laying in 
FTTH construction, engineers put on a "coat for bow-type cables to 
provide excellent tensile and compressive performance. The 
schematic diagram of a typical bow-type drop cable for pipeline is as 
follows: 
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Figure 7. 1-core bow-type lead-in optical cable for pipeline 

 
Figure 8. 4-core bow-type lead-in optical cable for pipeline 

1 – reinforcing member; 2 – optical cable separation port; 3 – 
optical fiber or optical fiber ribbon; 4 – sheath; 5 – reinforcing 

member; 6 – water resisting layer; 7 – outer sheath 

The tensile and crush performance for this kind of cable is as 
follow: 

Table 2. Tensile and crush performance of Bow-type drop 
cable for pipeline 

Model of cable 

Allowed tensile 
force (N) 

Allowed crush 
force (N) 

Long 
term  

Short 
term 

Long 
term  

Short 
term 

Bow-type drop 
cable for pipeline 300 600 1000 2200 

 

（6）Small size low friction bow-type drop cable[3][8] 

In the old houses, due to the limitation of pipe size and bending 
radium, it is difficult to use the conventional bow-type drop cable to 
do the FTTH construction. But the small size low friction bow-type 
drop cable can just solve this problem. Compared with the 
conventional bow-type drop cable, Pipes with the same diameter can 
wear several more low-friction bow-type drop cables. 

Figure 9 shows the small size, low friction and appropriately 
rigid indoor cable (hereinafter, “low friction cable"). The size of its 
cross-section is about one-half of that of the conventional cable. The 
coefficient of friction is less than 0.25, which is about one-fifth of that 
of a conventional cable, and the bending rigidity is about double of 
that of the conventional cable. The coefficient of friction of low 
friction cable is much less than that of the conventional cable painted 
with lubricant.  Furthermore, the coefficient of friction of the low 
friction cable is maintained over time. In addition, the required cable 
characteristics, which are the same as those of the conventional cable, 
are realized[8]. 

 
Figure 9. Image of low friction cable[8] 

According to the test, the coefficient of friction between 
conventional cable and small size low friction cable are as follow: 

Table 2. Coefficient of kinetic friction of low-friction bow-type 
drop cable 

No. Model of bow-type drop 
cable 

Coefficient of kinetic 
friction 

1 Conventional bow-type 
drop cable ≥0.50 

2 Low-friction bow-type 
drop cable ≤0.25 

The difference in the numbers of the conventional and the low 
fiction cable that can be installed is shown in Table 4. Three times as 
many low friction cables can be installed in the space of conventional 
cables. A total of 30 low friction cables can be installed in an existing 
22-mm conduit with an 8.6-mm copper cable as shown in Figure 8. 

Table 3. Numbers of installed conventional vs. low friction 
cables 

 Diameter of conduit 

16 mm 22 mm 28 mm 

Conventional cable 4 8 15 
Low friction cable 12 30 over 35 

* Copper cable, diameter of 8.6 mm, is already installed. 
* Conventional cable: installed without lubricant. 
 

（7）Bow-type drop cable with side-by-side structure[3] 

In some cases of FTTH construction, two cables need to use be 
used simultaneously, one is for TV signal, the other is for data signal. 
A side-by-side structure bow-type drop cable can meet this 
requirement, and only one construction is required, which saves the 
labor cost of construction. 

 

 

 

 

 

 

1-Reinforcement member 2- Optical fiber 3- Outer sheath 4-
Strength member 

Figure 10. Structure of bow-type drop cable with side-by-side 
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（8）All dielectric bow-type drop cable[2][3] 

In some cases, the bow-type drop cable is used overhead and 
needs to be constructed together with the electric power cable, which 
leads to the risk of conducting electricity when the bow-type cable 
breaks the skin. The all-dielectric bow-type drop cable can meet this 
requirement. 

 
Figure 11. Structure of all dielectric bow-type drop cable 

（9）Armored bow-type drop cable[2][3] 

In some cases, the rodent is the biggest “enemy” to fiber optical 
cable. In order to solve this problem, it is also necessary to consider 
the environment’s requirements. Combining the tensile and 
compressive properties of bow-type cable and the bending 
performance of spiral armor. the armored bow-type drop cable is 
created. 

 

 
Figure 12. Structure of Armored bow-type drop cable 
Due to the protection of the spiral armor, the armored bow-type 

drop cable has compressive properties better than the ordinary bow-
type drop cable, and can meet the crushing force more than 3000N. 
The most important thing is that the cable has good anti-rat 
performance. 

The anti-damage strength of the spiral armor is far greater than 
the maximum bite force of conventional rats, which is 50N, so it has 
a good protective effect on the tight-buffered optical fiber in the 
armored tube. The following is a rat control test. 

Test conditions: Put the ordinary bow-type cable and armored 
bow-type cable into the rat cage respectively. 

Test time: 14 days 

                    
Conventional bow-type drop cable        Armored bow-type drop cable 

Samples before test 

                 
Conventional bow-type drop cable         Armored bow-type drop cable 

Samples after 14 days 

Figure 13. Comparison of anti-rat tests of armored bow-type 
drop cable 

4. New materials for bow-type drop 
cable 
(1) Rubberized steel wire 

The rubberized steel wire is coated with a layer of resin on the 
surface of the steel wire to ensure the adhesion between the steel wire 
reinforcement or the reinforcement and the sheath. Using this kind of 
material can obviously improve the performance of fiber optic cables 
in terms of tensile and flexural properties. 
(2) BFRP (Basalt fiber reinforced plastic)[9] 

It is a round rod-shaped material compounded with basalt fiber 
roving as reinforcing material and resin as matrix material. The 
performance of this material is basically the same as that of GFRP 
(glass fiber reinforced plastic rod) and can completely replace GFRP. 
(3) FFRP (fiber reinforced plastic)[10] 

FFRP is made of glass fiber yarn, basalt fiber yarn, aramid yarn 
or other suitable non-metal fiber yarn as reinforcing material, and 
thermoplastic resin as matrix material. Therefore, the bow-type 
optical cable using the FFRP reinforcement is not easy to damage the 
optical fiber due to breakage during the construction process. The 
performance comparison of FFRP material and other non-metallic 
reinforcement materials is as follows: 

Optical fibers 

Outer sheath 

GFRP/KFRP/QFRP/
FFRP 

Spiral armor 
 tight buffer 

Reinforcement 
member 

Outer sheath 
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Table 4. Characteristics of different non-metallic material 
reinforcements for bow-type drop cables 

No. Type of 
Reinforcement Advantages Disadvantages 

1 GFRP/BFRP Cheaper price 

Brittle, not 
resistant to 
bending, easy to 
break 

2 KFRP 
Good 
toughness/bending 
resistant  

1、Insufficient 
rigidity and pipe 
penetration 
characteristics; 
2、More 
expensive 

3 FFRP 
1、Good 
flexibility 
2、Cheaper price 

1、Poor tensile 
properties 
2、Insufficient 
rigidity and pipe 
penetration 

  

5. Conclusion  
The network has become an important part of people's lives in 

today's world. The construction of FTTH is gradually being carried 
out to every corner of the world. With the development of the times, 
every component of FTTH is moving towards the goals of high 
efficiency, energy saving and cost reduction. As the leading product 
of FTTH, bow-type drop cables are also developing continuously. 
The YD/T 1997.1-2022 standard revised by FiberHome as leadership 
unifies the nomenclature and corresponding performance 
requirements of new bow-type drop cables[3]. It has a normative and 
guiding role for the design, production and testing of a new 
generation of bow-type drop cables, and plays an important role in 
the development of the entire industry. It has greatly promoted the 
network upgrade from FTTH to FTTR in China and even around the 
world.  
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