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TDMM 13th Edition Evolving With Our Industry

Welcome to the 13th edition of the Telecommunications Distribution Methods Manual
(TDMM). While I have worked on many earlier versions of this manual, this is the first
edition that I have had the privilege of releasing as Chair of BICSI’s Technical Information
and Methods (TI&M) committee.

As you can imagine, there are countless people who selflessly gave of their time to help
produce BICSI’s flagship manual. I would like to thank the hundreds of volunteers who spent
thousands of hours contributing and shaping the technical information within these pages.

Thanks also to the hard working Technical Publications & Design staff at BICSI headquarters
that go above and beyond in every phase of production. They have the unenviable job of
motivating those volunteers (who have plenty of responsibilities from their paying jobs) into
meeting deadlines, focusing on tasks, and getting jobs done, and they do all this in a positive
and professional manner: they are truly BICSI.

There were many changes to the TDMM 13th edition that are far too numerous to list, but
here are some of the significant changes:

e Chapter 5: Horizontal Distribution Systems
— 12th edition Chapter 4: Work Areas, was updated and merged into this chapter
— A new section, Passive Optical Networks (PON), was added

— 12th edition appendix material related to the Americans with Disabilities Act (ADA)
was merged into this chapter

— Many new figures and tables were inserted into this chapter
* Chapter 6: ITS Cables and Connecting Hardware

— Significant subject matter updates were incorporated

— Many new tables and figures were inserted
* Chapter 10: Telecommunications Administration

— Much of the information was updated to reflect new codes and standards
» Chapter 13: Audiovisual Systems

— 12th edition Chapter 14: Private CATV Distribution Systems and 12th edition
Chapter 15: Distributed Paging Systems, were merged into this chapter

* Chapter 15: Data Networks
— Stripped down by almost 50 percent due to the removal of legacy technologies
¢ Chapter 16: Wireless Networks

— A significant amount of new material concerning distributed antenna systems (DAS)
was added



* Chapter 21: Business Development and Project Management
— The Business Development section is new material
— 12th edition Chapter 13: Design, Construction, and Project Management, was updated
and merged into this chapter as its own section
* All Chapters

— Assignificant amount of legacy technology information has been removed

— More than 90 percent of all of the metric conversions now have the approximate
symbol (=) placed in front of the metric numbers as a result of the TI&M Committee
Metric Conversion Task Force conclusions. This symbol has also been placed in more
than 90 percent of the illustrations and tables that have metric conversions within them
(this will be evident in all text, illustrations, and tables of all BICSI technical manuals
going forward)

— The chapter order and sequence between the 12th and 13th editions has changed
significantly

Each new edition of the TDMM reflects the evolution of our association and the work of
our volunteer members. The reorganization and addition of material in this 13th edition is
indicative of the next phase of this evolution, which will come into focus with our manual
modularization efforts in the TDMM 14th edition.

Before I close this preface, I would like to give a final thank you to a special person who is
my biggest supporter. I could not do what I do, be who I am, or give what I give without the
constant and unselfish gifts of my loving spouse Darlene.

Sincerely,

el

Robert Gross, RCDD, OSP
Chair, Technical Information and Methods (TI&M) Committee, BICSI



Thank you for ordering the Telecommunications Distribution Methods Manual, 13th edition, 2014.
Please place the chapter tabs and appendix tabs in front of the title page for each chapter and appendix.

The section tabs should be inserted in front of the following pages:

Chapter 1: Principles of Transmission
1-1 Section 1: Metallic Media
1-83 Section 2: Optical Fiber

Chapter 5: Horizontal Distribution Systems

5-5 Section 1: Horizontal Cabling Systems
5-53 Section 2: Horizontal Pathways
5-103 Section 3: ADA Requirements

Chapter 21: Business Development and Project Management

21-1 Business Development

21-5 Project Management



WARNING

It is the responsibility of the user of this manual to determine the use of the applicable safety and
health practices (e.g., in the United States, Occupational Safety and Health Administration [OSHA],
National Electrical Code® [NEC®], National Electrical Safety Code [NESC®]) associated with ITS
installation and design practices. BICSI shall not be liable to the purchaser or any other entity with
respect to any liability, loss, or damage caused directly or indirectly by application or use of this
manual. No project is so important nor any completion deadline so critical to justify nonconformance
to ITS industry standards. This manual does not address safety issues associated with its use. It is the
telecommunications professional’s responsibility to use established and appropriate safety and health
practices and to determine the applicability of all regulatory issues.



About BICSI... Advancing Information Technology Systems

BICSI Vision Statement

BICSI® is the worldwide preeminent source of information, education, and knowledge
assessment for the constantly evolving information technology systems (ITS) industry.

BICSI Mission Statement

BICSI’s mission is to:

* Lead the ITS industry with excellence in publications, education, and knowledge
assessment.

* Advance our members’ ability to deliver the highest quality products and services.

* Provide our members with opportunities for continual improvement and enhanced
professional stature.

Thank you for ordering the new thirteenth edition of BICSI’s Telecommunications Distribution
Methods Manual (TDMM). The officers of BICSI are pleased to provide an up-to-date design
reference manual that offers proven telecommunications design guidelines and methods accepted
by the ITS industry. Volunteers outside the United States and Canada have provided valuable input
to make the newest edition of the TDMM a valuable tool for an international audience.

BICSI provides information, education and knowledge assessment for individuals and companies

in the ITS industry. We serve more than 23,000 ITS professionals, including designers, installers and
technicians. These individuals provide the fundamental infrastructure for telecommunications, audio/
video, life safety and automation systems. Through courses, conferences, publications and professional
registration programs, BICSI staff and volunteers assist ITS professionals in delivering critical
products and services, and offer opportunities for continual improvement and enhanced professional
stature. Headquartered in Tampa, Florida, USA, BICSI membership spans nearly 100 countries.

BICSI 2012-14 Board of Directors

President: Jerry L. Bowman, RCDD, NTS, RTPM, CISSP, CDCDP
President-Elect: Michael Collins, RCDD, RTPM, CCDA, NCE

Secretary: Robert “Bob” Erickson, RCDD, NTS, OSP, WD, RTPM

Treasurer: Brian Ensign, RCDD, NTS, OSP, CSI

Canadian Region Director: Peter Levoy, RCDD

European Region Director: Brendan “Greg” Sherry, RCDD, NTS, WD

U.S. North-Central Region Director: Christy Miller, RCDD, RTPM

U.S. Northeast Region Director: Carol Everett Oliver, RCDD, ESS

U.S. South Central Region Director: Jeffrey Beavers, RCDD, OSP

U. S. Southeast Region Director: Charles “Chuck” Wilson, RCDD, NTS, OSP
U.S. Western Region Director: Larry Gillen, RCDD, ESS, OSP, CTS

BICSI Executive Director & Chief Executive Officer: John D. Clark Jr., CAE



International Credentials

BICSTI’s professional registration programs are internationally recognized.
* RCDD" Credential

— Registered Communications Distribution Designer (RCDD®) credential holders
demonstrate expertise in the design, implementation, integration of telecommunications
and data communications systems, and infrastructure components.

e RITP Credential

— Registered Information Technology Professional (RITP) credential holders demonstrate
non-design expertise in the ITS industry.

e RTPM Credential

— Registered Telecommunications Project Management (RTPM) credential holders
demonstrate proficiency in a vast collection of telecommunications project
management principles, concepts, tools, and technology.

e OSP Credential

— Outside Plant (OSP) design credential holders demonstrate proficiency in the ability
to understand and apply a vast collection of OSP technology, including right-of-way,
route design, media selection, cabling hardware, bonding and grounding (earthing),
and electrical protection systems.

» ESS Credential

— Electronic Safety and Security (ESS) design credential holders demonstrate the
ability to understand and apply a vast collection of ESS technology, including
principles of security, design process, access control, surveillance systems, intrusion
detection systems, fire detection and alarm systems, notification, communication
and display devices, special systems, network security, system integration, project
management, and systems operation and commissioning.

 DCDC Credential

— Data Center Design Consultant (DCDC) credential holders demonstrate proficiency
in the knowledge and ability over multiple facets within data center design, including
the planning, implementing and making of critical decisions regarding data centers.

» BICSIITS Installer 1; ITS Installer 2, Copper; ITS Installer 2, Optical Fiber; and ITS
Technician

— BICSI ITS Installers and Technicians are proficient in the latest ITS industry standards
and codes requirements and in various topics, including the pulling, terminating,
testing, and troubleshooting of copper and optical fiber cable using BICSI global best
practices as a guide.



This technical design reference manual is not a single source document but a compendium of many sources
of ITS industry-related practices, processes, and procedures.

The information contained in this technical design reference manual includes, but is not limited to, national
and international codes, de jure and de facto standards, and industry-accepted best practices. All source
information can be found in Appendix A: Codes, Standards, Regulations, and Organizations and the
Bibliography section of this manual.
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BICSI Policy for Numeric Representation of Units
of Measurement

BICSI technical manuals primarily follow the modern metric system, known as the
International System of Units (SI). The SI is intended as a basis for worldwide standardization
of measurement units. With the exception of conduit measurements, units of measurement in
this manual are expressed in general and approximate SI terms, followed by an equivalent
imperial (U.S. customary) unit of measurement in parentheses (see exceptions listed below):

* In general, approximate (soft) conversions are used in this manual and are denoted with the
approximate symbol (=) in front of the metric number. Approximate conversions are
considered reasonable and practicable; they are not precise equivalents. In some instances,
equivalents (hard conversions) may be used when it is a:

— Manufacturer requirement for a product (e.g., conduit sizes).
— Standard or code requirement.

— Safety factor.

* In general, approximate SI units of measurement are converted to an imperial unit of
measurement and placed in parentheses. Exception: When the reference material from
which the value is pulled is provided in imperial units only, the imperial unit is the
benchmark.

* For metric conversion practices, refer to SI 10-02 American Society for Testing and
Materials (ASTM)/Institute of Electrical and Electronics Engineers® (IEEE®) SI 10,
American National Standard for Use of the International System of Units (SI): The
Modern Metric System.

* Trade size is approximated for both metric and nonmetric purposes. Example: ~ 100 mm
(4 trade size).

» In some instances (e.g., optical fiber media specifications), the physical dimensions
and operating wavelengths are designated.
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Become a BICSI Member!

BICSI membership is your key to a successful career in the ITS industry. Member benefits
extend into the technical, legislative, and even the financial realms of this competitive
industry. Membership offers ample opportunities for professional networking and career
development and advancement. Join BICSI and combine your expertise with your colleagues
in the network of ITS professionals.

Corporate Connection Program

The Corporate Connection Program gives BICSI’s corporate members what they are looking
for in one simple package. With six levels of membership to choose from, we are sure there
is something that fits your corporate needs. Whether it’s training, conference, or company
recognition, the Corporate Connection membership has something for your company needs.
Want more information? Call our Membership and Customer Care Department at

+1 813.979.1991 or e-mail us at bicsi@bicsi.org.

Member Benefits

Gain the Competitive Edge!

Combine all the benefits of BICSI membership into one complete package and you will
understand why BICSI members hold a competitive advantage. BICSI keeps you ahead of
your competition through a continuous flow of new information in the fast-changing field
of low-voltage distribution systems. By prominently displaying your BICSI membership,
you make known your professional ability to industry contacts.

Fast Access to Information

BICSI’s website (www.bicsi.org) is a quick way to find a wide variety of detailed BICSI
information. While on the website, find answers to industry questions and communicate
with members and colleagues through BICSI’s online forums or social media sites. Search
for BICSI members, installers, design specialists, project managers, and RCDDs. Corporate
Connection members also have the option of providing a brief company description and a
link to their website.

Member Discounts
BICSI members receive substantial discounts on quality education—manuals, standards,

design courses, and conferences. BICSI members also receive discounts with some of the
BICSI partner organizations.

In addition, BICSI offers health, dental, vision, disability, term life, and accidental death
and dismemberment insurance for individuals and companies.
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Member Benefits, continued
Training

BICSI presents leading-edge technical training in all phases of ITS distribution design and
installation. These vendor-neutral courses are offered at hundreds of locations across the
country and around the world, including nearly 100 BICSI Authorized Training Facilities
(ATFs) and several Authorized Design Training Providers (ADTPs).

In addition, BICSI can bring first-class training to your location. All BICSI courses are
available for on-site training. BICSI credentialed members gain knowledge and continuing
education credits (CECs) by attending BICSI courses, conferences, and classes.

BICSI CONNECT

BICSI CONNECT, BICSI’s interactive learning network, offers a flexible way to earn CECs
and advance your ITS knowledge. BICSI CONNECT is available 24/7, 365 days a year from
the convenience of any computer, accommodating your scheduling needs, while saving you
travel and hotel expenses. Visit www.bicsiconnect.org/connect.aspx to view all of the current
learning opportunities.

Educational Conferences

Each year, BICSI hosts conferences in North America as well as regularly scheduled
conferences held in other BICSI Districts and Regions worldwide. Conferences include
presentations by leaders in the ITS industry and opportunities to network with your peers.
BICSI also offers a variety of other local educational opportunities in the form of Breakfast
Clubs, Lunch and Learns and Pub Clubs. Visit www.bicsi.org for more information.

Technical Publications

Become a member and you will receive substantial discounts on BICSI’s highly acclaimed
manuals—Ilong considered the definitive reference source of the industry. BICSI’s manuals
serve as valuable reference and study tools for BICSI courses and exams. BICSI manuals
are based on global best practices that follow and, in many cases, exceed the requirements
of recognized international codes, standards, and regulations. Our most popular publications
include the Telecommunications Distribution Methods Manual (TDMM), Electronic

Safety and Security Design Reference Manual (ESSDRM), Outside Plant Design Reference
Manual (OSPDRM), and Information Technology Systems Installation Methods

Manual (ITSIMM). Standards include ANSI/BICSI 002-2011, Data Center Design and
Implementation Best Practices, ANSI/BICSI 004-2012, Information Technology Systems
Design and Implementation Best Practices for Healthcare Institutions and Facilities,

and ANSI/BICSI 005-2013, Electronic Safety And Security (ESS) System Design And
Implementation Best Practices.
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Member Benefits, continued

Legislative and Standards Involvement

In the United States, the BICSI Governmental Relations Committee constantly monitors
legislative, regulatory, and judicial activities and will advise you of any actions that affect
BICSI and its membership. BICSI’s representatives take active roles in standards-setting
panels and agencies worldwide.

BICSI Community UPLINK

BICSI Community UPLINK features news about upcoming conferences, workshops, and
region meetings; training and exam schedules; announcements from the Board of Directors;
new publications; and other newsworthy BICSI information.

Recruiting and Job Search Engine

BICSI’s ITS-jobs.com offers the ITS industry an effective tool to bring employers and job
seekers together. ITS-jobs.com has an expanded number of resumes and jobs posted and
offers an important service for BICSI members and the entire ITS industry.

The web-based resume posting, recruiting, and job search engine is truly an interactive tool.
Using ITS-jobs.com, job seekers can post, edit, and update resumes. Areas of expertise can be
identified so that employers can more easily find qualified candidates. Automatic notifications
are sent when job postings match job seeker criteria.

If you are an employer seeking ITS talent, the extensive search capabilities of ITS-jobs.com
help filter experience and background to search for the most qualified candidates. You also
will have access to statistics such as number of views and number of applications for a

job posting.

There is no cost to post and manage resumes and apply for jobs. For posting available jobs,
employers pay a fee. A discounted rate applies to employers who are BICSI members.

Complete information can be found at http://careers.its-jobs.com.
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Member Benefits, continued
Newsletters and Website

BICSI helps keep you in touch with industry news and association activities through 7The
Journal of Information Technology Systems, BICSI Community UPLINK, ATF Insider, and
targeted communications. BICSI’s website (www.bicsi.org) provides immediate information
about BICSI activities around the world. The site offers members and visitors the opportunity
to register for courses, conferences, and exams and participate in online forum discussion
topics.

BICSI members also can view a listing of more than 15,000 BICSI credential holders,
including RCDDs, specialty designations, and Registered Installers and Technicians. Promote
your company online as a BICSI Corporate Connection Member and include a direct link to
your website. Purchase manuals and receive “members-only” access to valuable documents.

Join BICSI Today!

BICSI membership is open to individuals and corporations serving the ITS and building
industries. Join BICSI, and combine your expertise with your colleagues in the network of
ITS professionals. Complete BICSI information is available upon request. For a membership
application or other information, contact:

Membership and Customer Care

8610 Hidden River Parkway

Tampa, FL 33637-1000 USA

Tel.: 800.242.7405 (USA/Canada toll-free)
Tel.: +1 813.979.1991

Fax: +1 813.971.4311

E-mail: bicsi@bicsi.org

Website: www.bicsi.org

We welcome your comments about the TDMM. To do so, simply complete the Reader’s
Comment Form on the last page of this Preface and return it to BICSI. Our goal is to make
BICSI publications the most important design and reference tools in your office.
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Comments? More Information?

For information on how to use this manual, see the following page.

To submit comments about the BICSI Telecommunications Distribution Methods Manual
(TDMM) or for further information about BICSI, please complete the Reader's Comment
Form in this section or contact:

BICSI World Headquarters

8610 Hidden River Parkway

Tampa, FL 33637-1000 USA

Tel.: 800.242.7405 (USA/Canada toll-free)
Tel.: +1 813.979.1991

Fax: +1 813.971.4311

E-mail: bicsi@bicsi.org

Web site: www.bicsi.org
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HOW TO USE THIS MANUAL

I Chapter number and name are indicated !

Section Heading

: at the outside top of each page. : Chapter 1: Principles of Transmission

Topic Heading

" Each chapter ' Part Heading
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|
I

into multiple Part headings are used to discuss major areas of a topic.

subheadings.

N s

* Bullet important terms and phrases.

— Bullets are often followed by more detailed information.

: Figures, examples, and tables are numbered sequentially in a given '
, chapter. Each is followed by a brief descriptive title.
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Reader’'s Comment Form

Telecommunications Distribution Methods Manual (TDMM), 13th edition

You may use this form to communicate your comments about this publication, its organization, or the subject
matter. Your comments will be sent to BICSI’s Technical Information and Methods (TI&M) Committee for

review and action, if any is deemed appropriate.

Comments (please include specific chapter and page reference; attach a marked-up page when a figure

change is needed):

Please complete the following information:

last name first name middle initial date
company name

mailing address

city state/province zip/postal code country
daytime phone fax e-mail

Thank you for your comments.

Send to: Attn: TDMM User Response or fax to:
BICSI
8610 Hidden River Parkway or scan and
Tampa, FL 33637-1000 USA e-mail to:
Office Use Only

Response from Technical Information and Methods Committee:

ClassA O ClassB 0O ClassC O

+1 813.971.4311

chammersley@bicsi.org

TI&M Committee chair signature

date

TI&M SME chair signature

date
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Chapter 1
Principles of
Transmission

Chapter 1 focuses on the main concepts related to
signal transmission through metallic and optical fiber
transmission media. Among those concepts, this chapter
discusses types of signals and their properties, types

of transmission, and performance of different types of
transmission media. The appendix provides additional
information about signals provided in North America
and Europe.

This chapter has been updated to reflect current best
practices, codes, standards, and technology.






Chapter 1: Principles of Transmission

Table of Contents

SECTION 1: METALLIC MEDIA

MetallicMedia .........iiititinintanenansnsansnsnsnnnnsnss 1-1
OV IV W & o i i s e s e s e e e e e e 1-1
ElectricalConductors ..........ici ittt enennnsanansnsnnnnsnss 1-2
OV IV W & o i s st s e e e e e e e e e 1-2
Description of Conductors . . .. ... .. . . e 1-2
Comparison of Solid Conductors . . . . .. .. . i i e e 1-3
Solid Conductors versus Stranded Conductors . .. ... ... .. ...y 1-4
Composite CondUCEOr. . . . . . o e e 1-4
American WireGauge (AWG) . . . . -t s vt s v e v s s s s ansnsnsnnnnsnss 1-5
OV IV W & o i s st s e e e e e e e e e 1-5
Insulation . ........ ittt it enansnsanansnsanansnsnnnns 1-5
OV IV W & o i s st s e e e e e e e e e 1-5
Electrical Characteristics of Insulation Materials . . ... .................... 1-6
Balanced Twisted-PairCables. . . . . . . . . .t st i it sttt s s nanns 1-8
OV IV W & o i it st s e e e e e e e e e 1-8
Pair TWIStS . . . o e e e e e e e e e e e e e e 1-8
Tight TWisting . . . . . . . e 1-8
EnvironmentalConsiderations . . ... ... ...ttt ittt anananss 1-9
Electromagnetic Interference (EMI). . . . . . . . . . . i 1-9
Temperature Effects . . .. . . .. e 1-9
CableShielding ......... ittt ananansnsananssnannnsnss 1-13
Descriplion. . . o i e e 1-13
Shielding Effectiveness . . . . . .. .. . . e 1-13
Types of Shields . . . . . .. . 1-14
Solid Wall Metal Tubes . . . . . . .. . e e e e 1-14
Conductive NonmetallicMaterials . . ... ... ... . . . . i 1-14
Selecting a Cable Shield. . . . . ... ... 1-14
Comparison of Cable Shields. . . . . . ... .. . 1-15
Drain WireS. . . v s v s st v st s s s ansnsnsananansnsansnsnsnnsnsns 1-16
OV W & o i i et s e s e e e e e e e e 1-16
Applications . . . ... 1-16
Specifying Drain Wire Type. . . . . . o ot i e e 1-16

© 2014 BICSI® 1-i TDMM, 13th edition



Chapter 1: Principles of Transmission

AnalogSignals ......... .ttt ntanrtann s annannnnnns 1-17
OVEIVIBW . . . o e e e e e e e e e e e 1-17
Sinusoidal Signals. . . . . . .. e 1-17
Standard Frequency Bands. . . . . .. .. o i e e 1-21
Decibel (dB) . . . .o v i e e e e e e 1-22
Echo and Delay. . . . . . . i e e e 1-23
Phase and Delay . . . . . . . i i e e e e e e 1-23

Telephony ... ...ttt it ittt st s nnsnnsnnnnnnsnnss 1-24
OVEIVIBW . . . o e e e e e e e e e e e e e 1-24

Telephone Line Impedance . . . .. ... it e e e e e 1-25
Telephony ECho . . . . o o e e 1-25
Telephony Distortion. . . . . ... i i e 1-26
TrENAS . . o o e e e e e e e e 1-26
Internet Protocol (IP) Telephony . . . . .. . .. i i e e e 1-27
OVEIVIEW L . o e e e e e e 1-27
Internet Protocol (IP) Telephony Devices. . . . ... ..o it i it i i i e e 1-27
Internet Protocol (IP) Telephony Architecture ... .................... 1-27
Power Over Balanced Twisted-Pair . . . . . ... ... .. it 1-29
Mission-Critical Data Network . . . . ... .. . . e 1-29

Digital Signals. . . . . . . . . i sttt it ittt s s s s e 1-30
Definition . . . . . e e e e e e 1-30
Transmission Data Rates . . .. ... .. . . i e 1-30
Converting an Analog Signal to a Digital Signal. . . .. .................... 1-30

Filtering . . . . . o 1-30
Sampling . . .. 1-31
Quantizing/Companding . . . . . . . . e 1-31
Pulse Code Modulation (PCM) . . . . . . . i i e e e e e 1-31
Time Division Multiplexing (TDM) . . . . .. i i e e e e e e e e e 1-32
Converting Digital Data to Digital Signals . . . . . .. ... .. .. . ... .. .. . ..., 1-35
Encoding Techniques . . . ... .. .. 1-35
Quadrature Amplitude Modulation (QAM) . . . . . . . i i i i e 1-40
Discrete Multitone (DMT) . . . . o v it e e s e e e e 1-40
8B/1Q4 PAMS ENCOAiNg . . . . v v it i e e e 1-40
Digital versus Analog. . . . . . . . e 1-41

Types of Transmission Circuits. . . . . . . ..t it it it s e e nnnnnas 1-42
OVIVIBW . . . o e e e e e e e e e e e e 1-42
SIMPlEX . . o e e e e e e 1-42
Half-DuUpleX . . . oot e e e e e e e e e 1-42
Full-DuUpleX. . . o e e e e e e e e 1-42

TDMM, 13th edition 1-ii © 2014 BICSI®



Chapter 1: Principles of Transmission

Asynchronous and Synchronous Transmission. . . . .« vt st v e v v s n s 1-43
OVEIVIBW . o L o e e e e e e e e e e 1-43
AsSynchronous TransSmiSSiON . . . . o v i it i e e e e e e e e e e 1-43
Synchronous TransSmiSSION . . . . . o v i v i e e e e e e e e e e e e e e 1-43

Digital Hierarchy. ... ... ... . ittt ittt st s s s nnnns 1-44
OVEIVIBW . o o o e e e e e e e e e 1-44
Integrated Services Digital Network (ISDN) . . . . . . ... it it 1-44
Digital Subscriber Line (DSL) . . . . . . o i i e e 1-45
High Bit-Rate Digital Subscriber Line (HDSL) . ... ... . ... . .. .. .. 1-45
Symmetrical Digital Subscriber Line (SDSL) . . . . . . .. o it e 1-45
Asymmetric Digital Subscriber Line (ADSL) Technologies . . . . ... ... ........ 1-46
Rate-Adaptive Digital Subscriber Line (RADSL) . . . . . .. .. o it i i 1-47
Very High Bit-Rate Digital Subscriber Line (VDSL) . . . . .. ... ... . . ... 1-48

Video TranSmissSioN. . . v v s v vt vt s s s s nnsannannsnnnnnnnnnsnnss 1-50
Baseband Analog . .. . . .. . 1-50

Composite Format . . . . . . . e e e e e 1-51
Component Format. . . .. . . . . i e e e e e 1-51
Broadband Video. . . . . . . . . e e e 1-52
Balanced Twisted-Pair Media Implementation. . . . .. .. ..... .. ... ... ..... 1-52

TransmissionLineConcepts . . . . . - vt s it t vt e nnsnnsannnnnsnnss 1-53
OVEIVIBW . o L o e e e e e e e e 1-53
Characteristic Impedance. . . . . . . . i i e e 1-59
Attenuation . . . . . . e e 1-59
Crosstalk . . . o e e e e 1-60
Nominal Velocity of Propagation (NVP). . . . . . .. .. . . . i e 1-60
Propagation Delay . . . . . . o i e e 1-60
Delay SKeW . . . e e e 1-61
Reflection Coefficient. . . . . . . . . . 1-61
RetUrn LOSS . . o i i e e e 1-62
Signal-to-Noise Ratio (SNR) . . . . . . . o i i e e 1-62
Attenuation-to-Crosstalk Ratio (ACR) . . . .. . . . i i i i e e 1-62
Power Sum Attenuation-to-Crosstalk Ratio (PSACR) . .. .. ...... ... ... .... 1-62
Power Sum Attenuation-to-Alien-Crosstalk Ratio at the Near End (PSAACRN). ... 1-63
Power Sum Attenuation-to-Alien-Crosstalk Ratio at the Far End (PSAACRF) . .. .. 1-63

Balanced Twisted-PairPerformance. . . . . . s s vt s s vt e s nnnnnn s 1-64

© 2014 BICSI® 1-iii TDMM, 13th edition



Chapter 1: Principles of Transmission

Balanced Twisted-Pair Channel Performance. . . . . . . . s v v v v s a v s n s 1-65
Channel Model . . . . .. e e 1-65
Performance Parameters . . .. . . . .. . i e e 1-65
Insertion Loss Performance Limits . . . . .. ... .. . i 1-66
Near-End Crosstalk (NEXT) Loss Limits . . ... ... ... . it 1-66
Power Sum Equal Level Far-End Crosstalk (PSELFEXT) Loss Limits .. ......... 1-66
Return Loss Limits. . . . . . . o i e e e 1-66
Power Sum Attenuation-to-Crosstalk Ratio (PSACR) . .. .. ...... .. .. ...... 1-67
Conceptof Bandwidth . . . . . ... e 1-67
SUMIMIAIY . o o v e e e e e e e e e e e e e e e e e e e e e 1-68

Balanced Twisted-Pair Permanent Link Performance ............. 1-69
Permanent Link Model . . . . .. ... e e 1-69
Balanced Twisted-Pair Patch Cords and Cross-ConnectJumpers .. ........... 1-69

Balanced Twisted-PairApplications . . . . . . . . vt it e nt v s nnnns 1-70
Design Considerations . . . . . . . o i i e 1-70
100-Ohm Balanced Twisted-Pair Performance Category . . . . .. ... ... ... . ... 1-71
Media Selection. . . . . . . . e e e e 1-74
Distances and Pair Requirements . .. .. .. ... . . . i e 1-76
Shared Sheath Applications and Compatibility .. ....................... 1-79
Media CoNVErSION . . . . it e e e e e e e e e e 1-80
Impedance-Matching Devices (Baluns) . .. .. ... ... .. . . ... 1-80
Signal Converters . . .. . o i e e e e 1-80
Media Filters. . . . . . e e e e e 1-81
TraNSCRIVEIS . o o o o e e e e e e e e e 1-81
CONCIUSION .« . o e e e e e 1-81

SECTION 2: OPTICAL FIBER

Optical Fiber . . . . . ..t it ittt e s s s s s s s an s nnnnn 1-83
OVEIVIBW . o o o e e e e e e e e e e 1-83
Optical Fiber Transmitters . ... ... ... ittt ittt ennsnnnnns 1-84
OVEIVIBW . o o o e e e e e e e e e e 1-84
Light-Source Characteristics that Influence Optical Fiber Selection .. ......... 1-84
Center Wavelength. . . . . .. o 1-84
Spectral Width. . . . . .. e e 1-85
Average POWeL. . . . o it e e e e e e e e e e 1-86
Modulation FrequUeNnCy. . . . . . o i it e e e e e e 1-88
Transmitter Light Sources. . . . . . . . . i e 1-88
Light-Emitting Diode (LED) . . . . . . o i i i e e e e e e 1-88

Short Wavelength Lasers . . ... ... .. . . i et 1-89

TDMM, 13th edition 1-iv © 2014 BICSI®



Chapter 1: Principles of Transmission

Vertical Cavity Surface Emitting Laser (VCSEL) ... ................... 1-90

Laser Diodes (LDS) . . . . v v i i e e e e e e 1-91
Comparison of transmitters . . . . . . ... 1-92
Optical FiberReceivers. . . . . . .. . s st v vt s s s s nnnsnnnnnssnns 1-93
OVEIVIBW . o . o e s e e e e e e e e e e e e 1-93
Characteristic Parameters. . . . . . . . i i e e 1-93
Sensitivity and Bit Error Rate (BER). . . . . . . . . . . e 1-93
Dynamic Range. . . . . . . o i e e e e 1-93
Optical Fiber Medium . ... .......c it nnnsennnnssnnnnssnns 1-94
Optical Fiber Core Size Selection Parameters . ... ... ... ... . . ... 1-94
Active EQUIPMENT . . . . . o e e e e e 1-94
Transmission Media . . . . . o v it it e e e e e e e e 1-95
Bandwidth. . . . ... .. ... ittt ittt st s s s s s nnnnnns 1-96
OVEIVIBW . . L e 1-96
Transmittersand Rise Time . . . . ... i e e e e e e e e e 1-97
Optical Fibers . . . . o e e e e e e 1-99
Singlemode System . . . . . .. 1-99
Multimode System . . . . . . . e e e 1-99
Chromatic and Modal Dispersion in Multimode Systems . . . ............... 1-100
Chromatic Dispersion . . . . . v it e e e e e e e e 1-100

Modal DisSpersion . . . . . v i e e e e 1-100
Measurement and Specification of Multimode Systems. . ... .............. 1-100
Calculation . . .. o e e e e e 1-101
Classification of Optical Fiber . ... ... ... . . .. . . i 1-103
Multimode Optical Fiber . . . . . . . . e e e 1-104
Wavelength Windows. . . . . . ... e 1-106
Singlemode Optical Fiber . . . . . . . .. . . 1-107
Optical Fiber Applications Support Information................. 1-108
OVEIVIBW . o L o e e e e e e e 1-108
Supportable Distances and Channel Attenuation. .. ... ................. 1-109

Verifying Optical Fiber Performance and Electronics Compatibility. . 1-110

OVEIVIBW . . L o e e e e e e e 1-110
Key Parameters . . . . . . e e e e 1-111
Verification Theory and Methodology . . . . . .. .. ... ... . i i 1-111
Bandwidth . . . . .. e e e 1-112
Attenuation . . . .. .. e e e e 1-113
A. Calculating the Link Loss Budget . . .. ..... ... ... ... . ... . . ..... 1-115
B. Calculating the Passive Cable System Attenuation . ................ 1-117
C. Verifying Performance. . . . . . . . .. . 1-119

© 2014 BICSI® 1-v TDMM, 13th edition



Chapter 1: Principles of Transmission

Selecting an Optical Fiber Core Size to Application or Original

Equipment Manufacturer (OEM) Specifications ................. 1-121
Synchronous Optical Network (SONET) and Synchronous Digital

Hierarchy (SDH)Concepts ... ...ttt i innennnnnsannnnnnnnns 1-122

System Example. . . .. . 0 e e 1-123

AppendiX. ... i i ii s ann s a s a e s 1-126

North American Digital Signal (DS) . . . . .. .. . . e 1-126

Digital Signal Level Zero (DS0O) . . . . . . i i i i e e 1-126

Digital Signal Level One (DS1). . . . . . . i i i e e e e e 1-126

Digital Signal Level One C (DS1C) . . . . . . i i it e e e e e e 1-127

Digital Signal Level Two (DS2). . . . . . . o i i i e e e e e e 1-127

Digital Signal Level Three (DS3) . .. .. . i i e e e e 1-127

Higher Levels . . .. . . e e e e 1-128

EUuropean E . .. . . e e e e e e 1-129

B Channel. . ... .. e 1-129

Bl Level . . e e 1-129

B2 Level . . e e 1-129

E3 Level . . e 1-129

Higher Levels . . .. . . e e e e 1-130

TDMM, 13th edition 1-vi © 2014 BICSI®



Chapter 1: Principles of Transmission

Figures

Figure 1.1  Calculated attenuation values for cables insulated with FEP, ECTFE,
and PVC from 1 MHz to 135 MHz at 22 °C (72 °F). . . . . . . ... ... ... 1-10

Figure 1.2  Calculated and measured attenuation values for cables insulated
with FEP, ECTFE, and PVC from 1 MHz to 135 MHz at 40 °C (104 °F) .. 1-11

Figure 1.3  Calculated and measured attenuation values for cables insulated
with FEP, ECTFE, and PVC from 1 MHz to 135 MHz at 60 °C (140 °F) .. 1-12

Figure 1.4 Example 1 of a sinusoidal signal . . . ... ... ... ... ... ........ 1-17
Figure 1.5 Example 2 of a sinusoidal signal . . . ... ...... ... ... .. ........ 1-19
Figure 1.6  Internet protocol telephony architecture .. ... ................. 1-28
Figure 1.7  Digital signal level one frame format. . . ... ................... 1-33
Figure 1.8 El frameformat. . . .. .. .. . . . . 1-34
Figure 1.9  Polar non-return-to-zero level. . . . . ... ... ... .. ... . . . . 1-38
Figure 1.10 Bipolar alternate mark inversion. . . ... ... ... ... . ... ... . ..., 1-38
Figure 1.11 Biphase Manchester . . .. ... .. . ... e 1-38
Figure 1.12 Two binary bits encoded into one quaternary (2B1Q) ............. 1-39
Figure 1.13 Muiltilevel transition-3 (MLT-3, also referred to as non-return-to-zero

inverted [NRZI-3]) . . . . i it it e e e e e e e e e 1-39
Figure 1.14 Composite video . . . . . . . .. 1-51
Figure 1.15 Two-conductor transmission line. . .. .. ... ... .. ... ... . ..... 1-53
Figure 1.16 Resistive model. . . ... ... i e e e 1-54
Figure 1.17 Capacitance model . . . .. ... .. . . . e 1-55
Figure 1.18 Inductive model . . . .. .. . . . . . 1-56
Figure 1.19 Primary transmission line parameters . . ... ... ... .. ... ...... 1-57
Figure 1.20 General transmission model . . . . ... ... ... ... . .. .. . .. 1-58
Figure 1.21 Example of a channel test configuration. . . ... ................. 1-65
Figure 1.22 Permanent link test configuration . . ... ........ ... .. ........ 1-69
Figure 1.23 Spectral profile comparison of laser and light-emitting diode . . . ... .. 1-85
Figure 1.24 Spectral width of a light-emitting diode source showing full width

half maximum . . . .. ... 1-86
Figure 1.25 Numerical @aperture . . . . . oo it 1-87
Figure 1.26 System bandwidth versus distance example. . .. ... ... .... ... ... 1-96
Figure 1.27 Pulse distortion because of rise time and datarate . . . ... ... ...... 1-98
Figure 1.28 Link bandwidth at 1300 nanometers using 62.5/125 micrometer

multimode optical fiber . .. ... ... ... . . . .. e 1-102
Figure 1.29 Coreand coating. . . .. .. .. .. 1-105
Figure 1.30 Digital signal cross-connect optical multiplexing design. . . ... ... .. 1-123
Figure 1.31 Synchronous optical network multiplexing design . . . . . ... ....... 1-124
Figure 1.32 Wavelength division multiplexing . ... .. ...... ... ... ........ 1-125

© 2014 BICSI® 1-vii TDMM, 13th edition



Chapter 1: Principles of Transmission

Tables

Table 1.1 Conductor descriptions . . . . . . . . 1-2
Table 1.2 Solid conductor properties . . . . . . . ... 1-3
Table 1.3 Electrical characteristics of common insulation types. . . .. ... ....... 1-6
Table 1.4 Explanations of insulation electrical characteristics . . .. ............ 1-7
Table 1.5 Types of cable shields . . . . ... ... . .. . . . e 1-15
Table 1.6 Common units of frequency measurement. . .. .. ............... 1-18
Table 1.7 Spectrums of standard frequency bands . . ... ................. 1-21
Table 1.8 Power ratios from Oto 60 decibels . ............. ... ... ...... 1-22
Table 1.9 Transmission datarates. . . ... ... . i e 1-30
Table 1.10 Coding methods . . . . . .. .. . . 1-37
Table 1.11  Asymmetric digital subscriber line standards . . ... .............. 1-46
Table 1.12  Asymmetric digital subscriber line performance . ................ 1-47
Table 1.13  Very high bit-rate digital subscriber line data rate and target range ... 1-48
Table 1.14  Propagation delay/delay skew . .. ...... ... ... ... . . . .. .. ..., 1-61
Table 1.15 Balanced twisted-pair cabling channel performance. . . . ... ........ 1-71
Table 1.16  Applications supported using 100-ohm balanced twisted-pair cabling .. 1-72
Table 1.17 Media selection. . . . . ... i i e e 1-74
Table 1.18 Transmission, speed, distance, and pair requirements. . .. ... ...... 1-76
Table 1.19  Characteristics of typical light-emitting diode sources . ... ......... 1-88
Table 1.20 Characteristics of typical short wavelength laser ................ 1-89
Table 1.21  Characteristics of typical vertical cavity surface emitting laser

SOUICES . v v i v it e et e e e e e e e e e e e e 1-90
Table 1.22  Characteristics of typical laser diode sources . .................. 1-91
Table 1.23  Comparison of transmitters . . .. ..... ... .. ... .. . . . ... 1-92
Table 1.24  Optical fiber cable performance by type. . . . . ... ... ... ... ... ... 1-95
Table 1.25 Summarized comparison of core sizes of multimode and

singlemode optical fibercable. . . .. ........ .. ... . ... . . . 1-103
Table 1.26  Typical characteristics of multimode optical fiber. . ... ... ........ 1-104
Table 1.27  Characteristics of 50/125 ym multimode optical fiber . . ... ....... 1-105
Table 1.28 Characteristics of 62.5/125 ym multimode optical fiber. . ... ... ... 1-106
Table 1.29  Typical characteristics of singlemode optical fiber . ... ........... 1-107
Table 1.30 Maximum cable attenuation coefficient ... ... ... ............. 1-109
Table 1.31  Mismatch of core size and powerloss . ... ................... 1-112
Table 1.32  Calculating optical fiber performance. . . ... .................. 1-113
Table 1.33  System gain, power penalties, and link loss budget calculations . . . .. 1-116
Table 1.34 Calculating losses . . . . . . . .. 1-117
Table 1.35 Splice loss valuesindecibels . ... ........ ... ... ... ....... 1-118

TDMM, 13th edition

1-viii © 2014 BICSI®



Chapter 1: Principles of Transmission

Table 1.36  Minimum system 10SS . . . . . . . i i it i e 1-120
Table 1.37 Common synchronous optical network and synchronous digital
hierarchy transmissionrates. . . . ... ... ... i 1-122
Table 1.38 Levels of multiplexing and carrier transmission in North America . ... 1-128
Table 1.39 Levels of multiplexing and carrier transmission in Europe ......... 1-130
Examples
Example 1.1 Optical fiber performance calculations example . ............... 1-114

© 2014 BICSI® 1-ix TDMM, 13th edition





