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Loop Transmission Mediq,
Part |—Twisted Pair Metallic
Cables

Chapter 7 Acronyms

AL acceptance limit ML maintenance limit
AMI alternate mark inversion Neper One Neper = 8.686
AWG  American wire gauge , dB
DSL  digital subscriber line NESC National Electrical
ECCS electrolytic chrome-coated Safety Code
steel PIC polyolefin insulated
cable

EHS extra high strength

EMI electromagnetic interference PSTIN . public switched
o telephone network
FAC facility area connector . X
FCC Federal Communications pve polyvinyl chloride
REA Rural Electrification

Commission

HDSL  high bit-rate digital
subscriber line

) Administration
RMS, rms  root-mean-square

I/O  inside/outside wire RZ return-to-zero

TIAL immediate action limit SAI S’:ffViﬂE area interface

ICEA Insulated Cable Engineers SNR * signal-to-noise ratio
Association UG utilities grade

ISDN integrated services digital . XC cross-connect

network

General Considerations

The most commonly used transmission media in present-day digital loop applications =
is twisted pair metallic (copper) cable, but fiber optic cables are seeing significantly =%
more and more use. Although both media transmit electromagnetic waves, their spec =

tra are very widely separated, and the transmission and reception of signals depend
on completely different propagation mechanisms. Because of the breadth of infor-
mation, the descriptions of transmission media are broken into two parts. Part I (this =
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socfion 7.1 General Considerations -

chapter) covers twisted pair metallic cables and Part II (next chapter) covers fiber
optic cables.

In spite of the lack of similarity between the two transmission media, the ma-
terials used in the outer (protective) layers of both cable types have many things in
common and are identical in many respects. In many cases, the cables are installed
under identical service conditions, and the associated loops and networks serve iden-
tical purposes,

There are cases, however, in which each cable type (twisted pan‘ or fiber) can
serve purposes the other cannot either because of economy or service requirements.
For example, current use of twisted pair cable is exclusively for the final portion of
the subscriber loop, commonly called “the last mile”, because of its economy. On
the other hand, fiber optic cable is used as a replacement for twisted pair feeder
cables between the central office and remote switching terminals or digital loop car-
rier systems because of its economy in backbone and feeder applications. Work is
under way by several large telephone companies fo find economical methods to re-
place twisted pair cables altogether, but this is not expected to happen for many
more years.

An economic trigger point is widely considered the best rationale for mass
deployment of fiber optics in the loop. This point already has been reached for back-
bone and feeder plants, This point will be reached for the remaining portions of the
loop (distribution and service drop) when the incremental cost of fiber over twisted
pair is equal or close to zero, and when users demand services that can only be
provided by fiber.

Economic considerations aside, the apphcatlon of either twisted pair or fiber
optic cables is predicated on their

* Physical characteristics
* Mechanical performance
¢ Electrical performance-

Physical characteristics have to do with the geometry of the cable and trans-
mission media. For example, the individual conductors of a twisted pair have a cer-
tain geometry, so they conform to a specified gauge and provide the necessary trans-
mission characteristics. Similarly, optical fibers have a particular geometry associated
with core and cladding, as well as dimensional 1equ1rements which provide the
necessary transmission characteristics.

| Mechanical performance is related to the strength, abrasion resistance, and fa-
tigué resistance of cables and the enclosed transmission media. This performance is
specified in different ways for twisted pair and fiber optic cables. The same is true
for electrical performance, which is due to their radically different transmission char-
acteristics. The general physical characteristics and mechanical performance of both
cable types and- the specific physical and electrical characteristics of twisted pair
cables are discussed in this chapter. Chapter 8 discusses the similar physical and
electrical attributes of fiber optic cables.
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302 Chapter 7~ Loop Transmission Media, Part |—Twisted Pair Metallic Caby s
5

7.2  Environment

Outside plant cables are subjected to a number of environmental hazards and con

ditions throughout their life. Some of these affect twisted pair cables differently ﬂlar;

fiber optic cables. Each cable design attempts to mitigate’any adverse effects Over

the anticipated cable life. Outside plant cables generally last at least 15 years, bu

in most regulated utility applications, their usefulness extends 25 to 35 years,
Environmental conditions of concern to the engineer are:

* Moisture

* Animal attack

Electric fields

» Atmospheric disturbances (lightning)
» Temperature variations

Absolute temperatures

* Snow and ice loading

* Wind loading

* Vibration : = _
e Ultraviolet radiation (above ground only) ‘

Moisture affects twisted pair and fiber optic cables through different mecha:
nisms. Penetration and permeation of moisture into a twisted pair cable increases the '
attenuation by increasing the capacitance between conductors of a twisted pair. I
also will corrode mechanical splices. When liquid water is present and it freezes, .f;
the expansion of the ice can crush the insulation or damage cable jackets from the =
inside. Such damage may not be apparent until the cable thaws and the pairs become #
shorted. In fiber optic cables, the crushing forces can fracture the fibers or cause R
microbending, both of which increase losses. Also, long-term exposure to moisture!.
deteriorates the fiber’s tensile strength. ‘

Rodent attacks are a significant problem in some parts of the country.* The
rodent’s powerful jaws can easily penetrate plastic sheaths and allow moisture pen-f
etration. Also, the transmission media can be severed unless armoring is provided:
against the attack. £y

Strong electric fields from high voltage powerlines can lead to failure of the % 1

plastic sheath materials from corona discharge and ‘arcing. Induction from powerlines: ";'
can cause damaging current flow on conductive portions of the cables (armor, Shi‘ild_S '
and conductors in twisted pair cables; conductive strength members and armor I
fiber optic cables). : E-

Lightning is particularly troublesome in some parts of the country. T It can CAUSeEE
extremely large currents to flow on conductive portions of a cable. Also, large 4%

»

*For example, see page 246 of [1] for areas prone to gopher attack.
tSee pages 3-5 of [2] or pages 2-5 of [3].

s e R

S
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section 7.2 Environment 303

sudden currents from a lightning discharge can cause the cable to buckle as a result
of mechanical forces and burn the insulation and sheaths. Rapid thermal expansion
of the soil and moisture in it can exert significant forces on nearby buried cables.
This damage can occur in completely dielectric fiber optic cables if they are buried
near conductive material such as twisted pair or power cables.

Diurnal and seasonal temperature variations cause expansion and contraction
of the materials used in cables. In some areas, the temperature can vary annually
over a 90 °C range, and daily variations can easily exceed a 35 °C range. In twisted
pair cables, temperature variations affect the attenuation but otherwise have no direct
effect on modern cables. Older filled cables used a filling compound that flowed
under high ambient temperatures; this compound would then drain out of cables used
as risers. Modern filling compounds for cables have flow. temperatures of 65 °C or
80 °C. e

In areas of extremely cold temperatures, aerial twisted pair cables can contract
enough to damage splices or supporting structures. Similarly, high temperatures in-
crease the sag in aerial cables and allow accidental contact with vehicles or other
moving objects. In fiber optic cables, the mechanical movement due to expansion
and contraction can cause excessive bending loss.

Snow and-ice loading can damage the cables as well as supporting structures
through excessive weight. For example, one-half inch of radial ice on a one-half
inch diameter cable weighs approximately 68 Ib per 100 feet of length. One inch of
radial ice on this same cable weighs about 200 1b per 100 feet. Snow and ice also
increase the cross-sectional area of aerial cables and can amplify the adverse effects
of wind. ‘

Wind loading normally only affects aerial facilities; however, in especially windy
areas, ground-mounted equipment may need special anchoring. The adverse effects
of wind are manifested in four ways:

* As a transverse load on the supporting structure (for example, wooden poles)

* As a transverse load on the cable and messengers, which are coupled to the
supporting structures

* Through vibration

* Through cable whipping and dancing

The transverse load, if large enough, can damage the supporting structures.
Vibration, whipping, and cable dancing cause fatigue in supporting structures and
in the cable itself. Even very small winds can cause large-amplitude vibrations on
long sections of aerial line. Another source of vibration is road traffic, and over a
long period, this source of vibration can lead to catastrophic failures of supporting
structures. It is difficult to build vibration damping into cables, so external means
are frequently employed, including specially made sails, spiraling the lashed cable,
additional strands above the supporting strand and attached to it, and shorter spans

" between supports. In extreme cases of cable dancing, the only alternative is to bury

the cable or change the route.
Sunlight can damage cable sheaths through breakdown of the plastic materials

!
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“and special materials or coatings are used to combat it.
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from ultraviolet radiation. Any facility exposed to the sun is subject to this Probley,

Service Classifications '

All telecommunication cables are categorized according to their service classificy.
tions, as shown in Table 7-1. These classifications are universal, but general, j,
nature. Most cables are not specifically made for a single service classification, 50
a given cable type may be used wherever it is suitable. For example, filled twisteq
pair cable normally is considered for direct buried applications, but it is also ugeg
in aerial and underground service. Armored cable may be used in acrial as wel] g
direct buried service. The selection of general cable types is aided by the flow chay
in Figure 7-1.

As previously noted, cables used in an outside environment normally last 25
to 35 years. Although indoor cables are manufactured for a similar life, technologica|
advances of equipment connected to indoor cables and user requirements for more
and more bandwidth may render the cables obsolete long before.their physical life
is exhausted. This is especially true of most existing twisted pair cables, With the
widespread deployment of fiber optic cables and high-performance twisted pair ca-
bles in buildings, the threat of premature obsolescence is somewhat eased.

Table 7-1 Cable Service Classifications

CLASSIFICATION APPLICATION
Indoor Plenums in buildings (CMP)*
Risers in buildings (CMR)
General use in buildings. (CM)

Aerial Lashed to separate méssenger or self-supporting on above-
ground structures

Buried Buried directly in earth .

Underground Installed underground in duct or raceway

*The designations in parentheses for indoor cable indicate classifications defined in Article 800 of the
National Electrical Code.

General Cable Construction Aftributes

Both twisted pair and optical fiber cables have similar external physical attributes,
which are illustrated in Figure 7-2. All cables have an outer jacket, which for twisted
pair and fiber optic cables is identical. This also is true of the armor (with an optionilil
innér jacket), although fiber optic cables are equipped with armor in more ap}?h'
cations than twisted pair cables. The buffering, strength member, and transmission
media are radically different.
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?
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Figure 7-1 Cable selection flow chart [4] ‘
Reeve, © 1992 Institute of Electrical and Electronics Engi-
neers. Reprinted with permission

75 Other Outside Plant Equipment

Although twisted pair cables represent the highest proportion of outside plant in-
vestment, they are not the only transmission equipment found outdoors. The cables
. and other facilities used with digital transmission systems or digital loops are fre-
quently shared with analog loops. Except for digital loop carrier, remote switching
systems, and all present optical fiber transmission systems, digital and analog sub-
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g Outer Jacket

(@)
Armor (Optional)

Shield

Core

Cable Pairs

(b)

Inner Jacket & Strength Member
Central Strength Member
Core

Buffer Tube

Optical Fibers ‘

Figure 7-2 Cable construction attributes: (a) Twisted pair cable; (b) Fiber
optic cable

scriber loops require access at frequent intervals. Access is typically at every pole
in aerial systems installed in urban areas, or at least once in every city block (and
frequently more often) for buried or underground systems. _

The equipment used for access to subscriber loops depends on the type of plant.

- Aerial plant is accessed through “ready access” or sealed fixed-count terminals lo-

cated adjacent to the pole and in-line with the cable. The aerial terminal has pro-
visions for shield bonding and grounding, and connection of service wires to distri-
bution pairs. In buried or underground plant, access is at pedestal or outdoor housings.
The pedestals sometimes contain loop carrier equipment, loading coils, cross-connect
blocks, or other devices, including protectors, for connecting distribution plant to
service wires.

Digital loops frequently are used as backbone facilities to feed digital loop
carrier and remote switching systems, which may be separated from the central office
by several miles. Access to the digital loop in these cases is not necessary except at
repeater points. Repeaters on twisted pair cables typically are about five to seven
kilofeet apart for repeatered T1 systems. Fiber optic transmission systems used in
digital loop applications do not require repeaters because of their relatively short
lengths, so access is not required anywhere along the route except at reel-end splice

points.

W
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Repeatered T1 repeater housings used with twisted pair cables are available in
a variety of sizes and forms, from one repeater to several dozen. The housings have
printed wiring board connectors and mounting provisions for one or more repeater
cards, grounding and bonding, and lightning protection. Some housings also may
have order wire and fault location equipment, which are used for maintenance and
troubleshooting. Repeater housings can be pressurized with an inert gas or with dry
air through cable pressurization systems to keep out moisture. Sealed units have
provisions for venting in case of excessive pressure build-up.

Twisted Pair Transmission Media: Physical
and Electrical Ch_aracterisﬂcs

Infroduction

The twisted pairs in all modern polyolefin insulated cables (PICs) are enclosed
in a heavy-duty plastic sheath. Although pulp-insulated cables are still manufactured
for in-kind replacements, this chapter is concerned with PIC exclusively. First, the
physical aspects and non—transmission-related electrical characteristics are described
in detail. Then the electrical transmission characteristics are described for a fre-
quency range extending to 5 MHz, which covers all present digital loop applications.

Physical Characteristics

7621 Twisting

Each cable pair consists of two twisted insulated conductors. The twist is used
to decrease electromagnetic interference due to crosstalk between adjacent pairs’in
a cable, The twist also helps keep the conductors of the pair balanced with respect
to the shield and other pairs.

Neighboring pairs in a given 25-pair group have a different twist length to
further reduce crosstalk between them. The twist length (or pitch) is usually left-
hand (counterclockwise), and it varies from two to six inches. It is optimized to
reduce crosstalk at higher frequencies (hundreds of kilohertz and above), since it is
in this region where crosstalk can become a problem.

The requirement for adequate crosstalk performance in all telecommunication
cables is highly stressed during their design and construction. Crosstalk due to cable
pait' irregularities is managed by tightly controlling capacitance unbalance (pair-to-
pair, pair-to-shield, and pair-to-ground) and resistance unbalance during the manu-
facturing process.

7.6.22 Feeder and Distribution Cables

Feeder cables comprise the loop from the central office to main junction points
called serving area interfaces (SAIs), facility area connectors (FACs), cross-connects
(XCs), or control points. The actual name depends on the company, but the function
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is to provide a point at which feeder cable pairs can be administered and connecteq
to individual distribution cable pairs. E:

Distribution cables comprise the loop from the main junctions to distributi,,
terminals such as pedestals or aerial terminals. In any given geographic area, ther, |
are generally more distribution pairs than feeder pairs. This allows efficient use of 1
larger and more expensive feeder cables through easier administration and assigp.
ment of subscribers. ) .

The most widely used feeder and distribution cable size is 24 American wire
gauge (AWG). This is due to economic tradeoffs that take into account the typjcy '
loop length. Relatively short loops in metropolitan environments are typically 76
AWG. =3

In the smaller cable sizes, good design practice calls for using cables that are =
multiples of the basic 25-pair unit (25 and 50). Pair counts of 6,12, 18, and 37 are
avoided unless other factors make their use. clearly more economical than 25- or 59.
pair sizes. There is very little difference between the installed cost of 6- or 12-apg
25-pair cables or 37- and 50-pair cables in most applications. A

The extra pairs not only give extra insurance to accommodate unforeseen growth,
but also allow pairs in the field to be allocated and used more logically due to the
multiple 5-pair and 25-pair color coding scheme.. The long-term. result, of course, -
is easier administration and maintenance.

With twisted pair cables, each pair may be made available at many different
locations in a “preferred count” splicing scheme, or at predetermined single locations o
in a “dedicated count” splicing scheme. Generally, feeder cables serve a given area
on an express basis, while distribution cables serve the individual subscribers in that
arca. Large cables cannot be provided in lengths of more than 1,000 or 2,000 feet
and so must be frequently spliced along long routes. The splice, connector, and
access points are required to use the facility properly. Splices and connectors add -
very little to the overall transmission loss in the cable route.* "

S SN,

7.6.23 Service Wires :

Service wires (also called service drops or:service cables) make up the final =
portion of the metallic loop. They are installed between the distribution terminal and
network interface device. This can be at an office building or residential establish-
ment. Beyond the network interface device are premises wiring systems, which are
described in Chapter 11.

Service wires can be one pair or up to hundreds or thousands of pairs, de-
pending on the establishment to be served. In many situations there is nothing 0 &
distinguish a service cable from a distribution cable, except for the point of termi- -
nation. Exactly the same materials may be used for the cables themselves.

Service wires in the smaller sizes are not always twisted because they are usi- =
ally short and do not measurably degrade transmission quality. Aecrial service wires =
are usually 18 or 19 gauge, whereas buried service wires are usually 19, 22, of 24

*The loss of an individual twisted pair splice connector is not easily measured because itis 590
small; therefore, splice loss is not considered a factor in feeder and distribution design. A

'
By =

3
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gauge. Highly pure copper is the most widely used conductor material for feeder
and distribution cables and underground service wires, whereas copper with special
alloying (or other means for strength) is used for aerial service wires.

7.6.24 Current Limifations

The maximum continuous current-carrying capacity of any given conductor gauge

. depends on many factors, such as ambient temperature, allowable temperature rise,

number of conductors in a bundle, and insulation type. Table 7-2 shows the values

for various copper conductor gauges, assuming a 25 °C ambient temperature and

40 °C rise. These are provided to give an idea of current magnitudes and not as
design values.

In analog applications, the maximum loop current available from an analog
central office line circuit is in the range of 45 to 145 mA, although some older
systems can supply at least 175 mA. Modern digital equipment limits loop current
to approximately 50 mA. The current magnitude normally drops off as loop length
increases beyond a-certain limit. Many digital central offices use current-limiting -
type line circuits to limit loop current on short loops.

Digital loop circuits may be arranged to not carry any dc loop current at all,
but this is to be avoided. Sealing current of 10 to 20 mA is used to keep mechanical
splices and connections free of high-resistance metal oxides. Repeatered lines for
digital loop carrier systems are usually loop powered with 60 to 140 mA dc. The
lower value is preferred in order to reduce power consumption and dissipation in
repeaters and digital line terminal equipment.

For signaling and control applications outside of the digital transmission arena,
loop current normally is limited to 350 mA. In some special applications, a loop
current up to 1.3 amps is sometimes allowed. This higher value coordinates with 26
AWG cable. In public switched telephone network (PSTN) applications, the local
exchange carrier always will limit current to this value.

In premises wiring applications, the Federal Communications Commission (FCC)
regulates the maximum allowed currents on cable pairs connected to the public tele- -
phone network. The FCC limits currents, as shown in the tight-hand column of Table
7-2. The FCC does not list a value for 19 AWG conductors but does give the al-
lowable currents of 7.5 A and 10 A for 20 AWG and 18 AWG, respectively. Also,
a 45 °Crise is used for 22, 20, and 18 AWG, and de-rating is required where ambient
temperatures exceed 25 °C.

Also shown in Table 7-2, for reference, is the approximate fusing current for
each gauge, which is the point at which the conductor will fuse open. These are

Table 7-2 Exchange Cable Pair Current Ratings

ApPrOX. FUSING CURRENT Max. CURRENT Max. Current PER FCC
AWG s (0.1 SeconDps) Caracity (40 °C Risg) RuLe 68.215 [5]
19 600 A 8 A See text
22 300 A 5A 50A
24 190 A 2A 2.1 A
26 110 A 1.3 A 1.3 A
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approximations actual values depend on many variables and published informatig,
varies widely. Fusing currents and fusing times are inversely related. For eXample,
if the current is increased by a factor of 3, the fusing time will decrease by a factol-
of about 1/10.

7.6.25 Twisted Pair Cable Specifications

Telecommunication cables are manufactured for an intended application ac.
cording to a specification prepared by the cable customer. In many cases, these
specifications are generic and are in wide use throughout a segment of the telecon.-
munications industry. Of particular interest are the telecommunication. cable stap.
dards published by the Insulated Cable Engineers Association (ICEA) [6-9], Rura]
Electrification Administration (REA) [10-17], and BELLCORE [18-25].%*

~ Generally, the specifications include, among other requirements, an insulatiop
breakdown voltage, a high-voltage proof test, and insulation resistance. The insy-
lation breakdown voltage (or dielectric strength) is the voltage at which the insulation
will fail. It is usually specified in volts per milf of insulation thickness. Typical
insulation thickness is around 10 to 14 mils, but this differs among-cable types and
manufacturers. Cable specifications normally only show an insulation breakdown
voltage, and the manufacturer then applies enough of the particular material to satisfy

" the requirement. §

The high-voltage proof test is at a somewhat lower voltage than the insulation
breakdown voltage. It is the voltage at which cables are tested after manufacture and
before shipment to the customer. The actual values depend on such factors as cable
gauge, whether filled or air core, and solid or expanded foam insulation. All proof
tests are made for three seconds. The cable is not expected to withstand these volt-
ages indefinitely. ' '

Insulation resistance is a measure, in MQ- miles, of the leakage between a given
conductor and the other conductors and shield in the cable. By inspecting the units,
it is clear that insulation resistance decreases with increasing length. For example,
an air core cable five miles long will measure at least 2,000-M() (10,000 M{Q-miles/
five miles). Insulation resistance tests are usually made at around 550 V for new
cables at the factory, or 250 V for cables in the field. The higher the resistance, the

“better. Table 7-3 shows the ratings for typical outside plant telecommunication ca-

bles. y
Unlike power cables, telecommunication cables usually do not have a specified

maximum working voltage. Nevertheless, most telecommunication cables are con-
sidered to have a working voltage across the tip and ring of any given pair, and
between pairs of 300 V.§

*The listed BELLCORE documents are representative of the available outside-plant cable tech-
nical references. Additional specifications can be found in [26].

+One mil is one one-thousandth of an inch.

1This is not an arbitrary process because the insulation thickness affects cable capacitance, which
is very tightly controlled, and conductance.
§The working voltage considered here is root-mean-square (rms) or dc.
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Table 7-3  Exchange Cable Voltage and Insulation Ratings

PARAMETER RATING

Insulation breakdown voltage 300 to 1,200 volts/mil
High-voltage proof test (3 seconds)

Conductor-to-conductor 2to7kV

Conductor-to-shield 10 to 20 kV
Insulation resistance (@ 100 to 550 V)

Air core cable 10,000 MQ-miles

Filled cable 1,000 M{Q-miles

This does not mean the user can arbitrarily apply 300 V to the cable pairs. As
expected, for equipment connected to the PSTN, FCC Part 68 has certain maximum
voltage and current limitations for terminal equipment in various configurations that
preclude such operation.* Basically, the terminal equipment cannot apply more than
56.5 Vdc to a loop connected to an off-premises station, or supply more than 140 mA
to the loop under any circumstances. During ringing, no more than 300 V peak-to-
peak can be applied to the loop. | The reasons for these limitations are obvious: safety
and network harm. Some telephone company tariffs may specify more stringent volt-
age and current limitations.

The voltage and current limitations discussed above, as imposed by the FCC
on equipment connected to the loop, do not apply to the teiephone companies them-
selves. Although the working voltage of cable pairs is considered to be 300 V, tele-
phone companies will use higher voltages under certain conditions. These are always
associated with special equipment located outside the central office. For example,
the line repeaters in long digital loop carrier span lines may be powered by up to
360 V at the central office. This voltage dwindles to much lower values along the
span line due to voltage drop across the repeaters, and resistive voltage drop in the
cable pairs. .

Cable specifications also include requirements for resistance, capacitance,
crosstalk, and loss at particular frequencies. Although the exact details of industry
specifications may vary with the market segment (that is, REA, BELLCORE, AT&T,

. GTE, and others), the overall effect.on transmission performance is not significant

except in the most demanding applications (for example, at high bit rates where
specially designed cables might be used).

Other basic requirements of virtually all specifications are the rnarkmg require-
ments for outer jackets. These include sequential marks at two-foot intervals, cable
type, pair count, gauge, and manufacturer. Some cables have two sets of interval
markings when shipped from the factory. Normal marking usually is white, but if
this is unusable for any reason, a second interval marking is made in yellow. Also,
as required in 1993 by the National Electrical Safety Code (NESC), the outer jacket
must be marked with a telephone handset symbol to differentiate the communications
cable from power cables (NESC Sec. 35, par. 350.6) [27].

*#Par. 68.306 of [5].
1300 V peak-to-peak corresponds to about 106 V RMS, assuming a sinusoidal ringing voltage.
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7.6.26 Splices

Copper conductors are easily spliced by a number of means. Because of re.
quirements for long life, reliability, and fast installation, all splicing in the telecom,.
munications industry is by specially designed insulation displacement mechanicy)
connectors. Single-pair or bulk (25 pair at a time) splice connectors are availabje,
All require special tools or jigs to assemble the splice properly and to ensure a Jo,
and reliable life. Twisting together of bare conductors is never used to splice ex.
change cables.

Of special concern in outside plant applications is the need for a weatherproof
splice connector. Even when splices are enclosed in a sealed splice case, enough
moisture can enter to corrode the splice connections and introduce high loss or noise,
All splice connectors are available with filling compounds that prevent moisture
problems. Although these type of connectors find the widest use in direct burieq
cable applications, they are also recommended for use with pressurized plant.

The splice connectors used in the telecommunications industry have negligible
loss at all frequencies encountered-in twisted pair transmission systems. Neverthe.-
less, proper care must be taken in choosing splice connectors and the splice caseg
that enclose them. Without this care, the expected service reliability and avallablluy
will never be obtained over any significant period.

7.6.27 Summary of Twisted Pair Cable -
Physical Characteristics

The previously described physical characteristics are summarized in Table 7-
4 for modern copper telecommunication cables. Figure 7-3 illustrates the construc-
tion of a few cable types.

Table 7-4 Outdoor Twisted Pair Cable Physical Characteristics

PARAMETER CHARACTERISTIC
Insulation Polyethylene
Polypropylene
Dual expanded polyethylene
Expanded polypropylene
Conductors 19, 22, 24, 26 AWG, copper
Pair Count 6, 12, 18, 25, 37, 50, 75, 100, 150, 300, 400, 600, 900,

1 200 1500 1,800, 2,100, 2400 2 700 3,000, 3,600,
4, 200*l

Air or filled

Core

Shield Bonded aluminum (8 mils), copper (5 or 10 mils) or copper
alloy (6 mils)
Armor Bonded steel (6 mils) when separate from the shield

Polyethylene jacket

Sheath (jacket)
Special high-temperature jacket

Compartmental core

Special features
Low capacitance

External wire armor

*Not all pair counts are available in all gauges.
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Polyethylene Jacket

Coated Aluminum
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(Filled Cable Only)

(b)
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Figure 7-3 Twisted pair cable constructions, [4]
) Reeve, © 1992 Institute of Electrical and Electronics Engi-
neers. Reprinted with permission
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7.6.2.8 Description of Each Construction Aftribute

This section describes the cable constructions used in subscriber loop app]j.
cations; refer to Figure 7-3. Various coding schemes have been used in the telecory.
munications industry to simplify cable manufacturing and ordering. One of the more
common schemes is described in Appendix A.

(@)

Outer Jacket

The outer jacket (sheath) protects and cushions the cable core. It also offers
resistance to chemical deterioration and abrasion. In all modern telecommunicatiop
cables, the outer jacket is a tough plastic, the thickness of which varies with size
and type of cable. For outdoor twisted pair cables, it varies from approximately 60
mils on cables with diameter of 0.75 inch, to 110 mils or more on cables with 4
two-inch or larger diameter.

The sheath thickness for indoor cables typically is less than comparable outdoor
cables, because indoor cables are usually installed in a relatively benign environ-
ment. In those cases in which an indoor cable is installed in an abusive environment,
special outer jacket constructions can be provided by cable ‘manufacturers.

The type of plastic used in outer jackets varies with the application. A polyviny]
chloride (PVC) material that will not support a flame and has nontoxic combustion
products is used for riser cables in buildings. For plenum applications in buildings,
which is the most demanding service in terms of fire rating, cables typically have a
fluoropolymer resin (for example, TEFLON™*) jacket. Low-density, high molecular
weight polyethylene (or ethylene copolymer) or high-density polyethylene is used in
outside applications. These types of polyethylene are typical choices for the outer
jacket because they have: )

(b)

* Relatively low humidity permeability

« Good mechanical propetties, such as high resistance to abrasion, weathering,
and environmental stress cracking ‘

+ Good chemical properties, including high resistance to deterioration from
sunlight

+ Low coefficient of friction, which is important when pulling cables through
conduits and duct systems

The disadvantages of polyethylene are its stiffness and flammability, both of
which preclude its use in an indoor environment.

In aerial applications, the cable is lashed to a supporting messenger (commonly
called suspension strand or just strand), which varies from 3/16 inch to 7 /16 inch
in diameter, depending on the strength required and the material used. Lashed aerial |
construction is illustrated in Figure 7-4(b). Table 7-5 shows the breaking strengths
for messengers used in telecommunications applications. The messenger. tension never

#“Teflon” is a trademark of DuPont-Nemours, Delaware.
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3 Figure 7-4 Cross-sections of aerial construction: (a) Figure 8; (b) Lashed

Table 7-5 Messenger Strand Breaking Strengths

3 1 DESIGNATION STRAND SIZE BREAKING STRENGTH (LB)
i ff., oM . 3/16 inch extra high strength (EHS) 6,000
; , 6M - 1/4 inch utilities grade (UG) 6,000
i 10M 5/16 inch EHS 10,000
10M 3/8 inch UG 10,000
16M 3/8 inch EHS 16,000
16M 7/16 inch UG 16,000

exceeds 60% of the breaking strength, under all mechanical loading conditions, in
a properly designed aerial plant.*

In some aerial applications, a self-supporting cable is used, as shown in Figure
7-4(a). This cable incorporates a built-in supporting messenger along. with the outer
sheath, This cable is called “figure 8” because of its shape. Due to strength limi-
e 3 tations, figure 8 cable generally is not available in cable pair counts above 300 pairs
7 (26 AWG), 200 pairs (24 AWG), 100 pairs (22 AWG), or 50 pairs (19 AWG).

*Mechanical loading conditions and design criteria are covered in [27-29].
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Many older outdoor twisted pair cables have a lead sheath, which acts ag both
a shield and outer covering. Because of their age and construction, few lead shea,
cables are used in high-speed digital transmission service. Some modern cables yg,
a lead sheath over a polyolefin jacket for added protection i highly corrosive ey,.
vironments,

Armor

A steel tape armor can be placed under the outer jacket if desired, and in some
applications it is mandatory. The armor provides increased physical protection ang
strength. The tape is usually (but not always, especially on smaller cables) corrugateq
and about six mils thick. It is polymer coated on both sides to reduce corrosion. The
tape material is typically an electrolytic chrome-coated steel (ECCS), although staiy-
less steel and copper alloys also are used. In copper cables, the properties of both
shield and armor can be combined in a single corrugated tape. A copper/iron alloy
(six mils thick) or extra thick- (ten mils) copper is used in this case. An inner jacket,
which is similar in construction to the outer jacket, may be used in armored cableg
to reduce the chances of a kink or buckle in the cable. ‘

Armored cables find applications in areas infested by gophers, beavers, squir-
rels, or other chewing rodents. The armor. does not guarantee that rodents will not
-.damage the cable, because rodents have incredibly powerful jaws; it does, however,
reduce the likelihood of damage. Another application for armored cables is when
they are installed in a severe physical environment, such as direct burial in sharp,
broken rocks, where bedding sand is not available (or economical); or in lakes or
stream crossings, where anchor or other boat-caused damage is possible.

In lakes and river crossings, a cable with a lead antimony alloy armor can be
used to offset the natural buoyancy and weight the cable down. Otherwise, the cable
can be installed with a submersible plow or weighted at intervals. Freshwater has a
density of 62.4 Ib/feet® and seawater has a density of 64 Ib/feet®. The volume of
water displaced is that of a cylinder equal in dimensions to the cable. If the cable
weight exceeds the weight of the water displaced, the cable will not float.

Specially made armored cables are available for true submarine service in oceans
and deep lakes. Figure 7-5 is a photograph of heavily armored twisted pair and fiber
optic cables for submarine service such as lakes and river crossings, and Figure 7-
6 is a drawing of the cable components (in this case, a heavily armored fiber optic
cable for water crossings). Special jacket materials can be provided for highly cor-
rosive, potentially damaging, or chemically contaminated environments, The added
protective layers are usually applied over standard cables.

Shielding

~

Outside plant twisted pair cables are most commonly shielded with corrugated
.aluminum or copper tape. Copper alloys and copper-clad stainless steel also are used.
To increase corrosion resistance, the aluminum shield is bonded to a thin-plastic
(copolymer). This coating is not necessary with copper shields. A corrugated rather
than smooth surface is used to increase shield strength and flexibility. The shield
isolates the enclosed conductors from outside sources of electromagnetic interferencé
(EMI), such as induction from powerline harmonic frequencies. The ability of a
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shield to isolate the cable pairs from such interference is determined by its shig)g
factor.

Cable shields with a low resistance and low mutual impedance have a highe,
shield factor. Larger cables have both these features, and so offer a better shielg
factor than smaller cables. Tables are available to simplify the calculation of shielq
factor for telecommunication cables, but these calculations are only needed in ey.
ceptional cases of interference.* If the diameter of the cable over the outer shielq jg
known, the shield dc resistance can be determined from:

dc shield resistance = 0.75/D Q/kilofoot

where D = nominal diameter over ‘the shield, in inches

For reference, a 1,200-pair, 24 gauge, aluminum shielded cable has a shiglg
resistance of around 0.2 (/kilofoot; a 100-pair, 24 gauge cable has a shield resis-
tance of almost 0.7 () /kilofoot.

The thin aluminum or copper shield used in conventional telecommunication,
cables does very little to isolate the pairs from powerline interference at the fun-
damental frequency (60 Hz) and first few harmonics. When it is necessary to shield
a cable from these specific frequencies, an iron shield (for example, iron conduit)
works best. The aluminum or copper shield is most effective at higher harmonic
frequencies, which are annoying to the subscriber in analog service or can cause
problems with digital transmission, due mostly to equipment upset. Since the tele-
phone instrument and other terminal equipment—digital or analog—are designed to
have little response at 60 Hz, induction at the fundamental powerline frequency usu-
ally is not a problem. _ : _

The shield in a given cable provides almost twice the shielding (induced voltage
cut almost in half) at 540 Hz than it does .at 60 Hz. Also, a cable with four times
the diameter of another cable will provide twice the shielding. These low frequency-
induced voltages have little direct interference on digital signals because of the rel-
atively wide bandwidths used in digital transmission systems. If large enough, how-
ever, these voltages can upset the electronic circuitry used in digital regenerators or
transmission equipment and cause the system to fail or produce excessive errors.

The shield thickness is generally 0.008 inch (eight mils) for aluminum and
0.005 inch (five mils) for copper. The different thicknesses are used to give ap-
proximately the same strength. Coated aluminum is the preferred shield because it
is cheaper and is usable in all but the most demanding appllcatmns (such as some
highly corrosive environments). f

*See [31] for calculation methods. If a particular interference problem is severe enough to require
these calculations, it may be easier or more economical simply to reroute the cable or use a different
transmission method. For example, fiber optic transmission systems are inherently immune to all form$ =
of EMI in the outside plant environment. i

{The cost of twisted pair cables naturally varics with the costs of the materials used t0 mﬂk‘
them. The biggest variables are the costs of aluminum and copper. There may be times when a copper-
shielded cable is cheaper than the same cable with an aluminum shield.
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The shield is made continuous through splice points, such as vaults, manholes,
aerial terminals, and pedestals, and connected to earth ground at regular intervals.
Aerial messengers must be grounded at least four times per mile to comply with
National Electrical Safety Code requirements. *

Shield continuity and grounding are very important; otherw:se the cable pairs
are susceptible not only to noise but to damaging overvoltages during lightning ac-
tivity, power faults, and power system switching transients.

For digital carrier applications, an additional shield may be used that separates
the cable pairs into two compartments. This is called compartmental core or screened
cable. “Z-Screen,” “D-Screen,” or “T-Screen” are well-known trade names. The
last indicates the primary application, which is T-carrier, whereas the first two in-
dicate the shape of the core separator. These types are interchangeable in almost all
applications. Some special designs are available that are optimized for the digital
rate to be carried on the cable. For example, the core separator in cables designed
for TIC (DS-1C rate of 3.152 Mbps) service has more overlap, and provides more
immunity to crosstalk at the higher frequencies, than cables optlmlzed for repeatered
T1 (DS-1 rate of 1.544 Mbps) service.

In a given cable, the transmit pairs are put in one compartment and the receive
pairs are put in the other compartment. The separation is necessary to reduce cross-
talk between the fransmit and receive circuits of the transmission system.

The cross-section of a compartmental core cable is illustrated in Figure 7-7.
The core separator, or screen, is made electrically continuous at all splice locations,
but it is not deliberately grounded or connected to the cable slue]d (this is an im-
portant, but often overlooked, requirement),

Wrapped between the shield and the cable core of modern cables is a nonhy-
groscopic dielectric tape that provides additional insulation to increase the pair-to-
shield withstand voltage.

Buffering

The term buffering, as it is used here, is borrowed from fiber optic technology,
where it describes the protective measures used in fiber optic cable constructions.

Cable Pairs in Each Compartment

Outer Jacket

Shield

Core Separator

Figure 7-7 Compr;lrimental core cable cross-section, [4]
Reeve, © 1992 Institute of Electrical and Electronics Engi-
neers. Reprinted with permission

*See section 92C of [27].
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?
The term is easy to envision for any cable construction, however, and it is used here
for that reason. In twisted pair cables, buffering is naturally provided by the outer
jacket, armor (if used), and the conductor insulation itself, and no additional Specific
measures are required (unlike optical fibers as explained in the next chapter),

Strength Member

Unlike fiber optic cables, twisted pair telecommunication cables normally
not employ a separate strength member (although one can be specified if needeq),
Instead, the strength mostly comes from the conductors themselves and the Jacket/
shield /armor assembly. .

When calculations are made to determine the maximum pulling tension for
underground copper twisted pair cables, the following formula is used:

Tmax = 0.008 X CM X N X 80% Ib

where Tmax = maximum pulling tension in lb
CM = conductor area in circular mils
N = number of conductors (N = 2 X number of cable pairs)

The maximum tension formula can be rewritten for the common cable gauges,
as follows:

Tmax(19) = 16.5 X no. pairs
Tmax(22) = 8.2 X no. pairs
Tmax(24) = 5.2 X no. pairs
Tmax(26) = 3.3 X no. pairs

where Tmax(AWG) is the maximum tension in Ib for the gauge indicated

The foregoing formulas assume a pulling eye is used. A pulling eye is soldered
to each individual conductor to transfer the pulling strain uniformly throughout the
cable cross-section. Pulling eyes are difficult to apply in the field (they are usually
factory installed), so basket grips are used in a large number of installations. If a
basket grip is used, the maximum pulling tension is the calculated Tmax or 1,000
Ibs, whichever is less. The lesser tension takes into account that the pulling force is
transferred directly to the sheath and only indirectly to the conductor itself.

TR ——

Cable Pairs

Probably the most significant part of a twisted pair digital loop, in terms of
investment, is the outside plant cable pair itself. An individual pair comprised of tip =
and ring conductors is inherently bidirectional; that is, it will work just as well for ==
transmission or reception in either direction. In common digital loop applications,
however, with the exception of basic rate integrated services digital network (_ISDN) L8
digital subscriber line (DSL), and the high bit-rate digital subscriber line (HDSL)' %=
two cable pairs (four conductors) are used to provide independent transmit and ¢

S,

L g LJ‘?:!.'ﬁ -i"
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Page 32

ceive paths. Associated with each cable pair of either the 2-wire or 4-wire digital
loop are ancillary devices for protection and termination, and repeaters for regen-
erating the digital signal on long loops.

Twisted pair copper telecommunication cables can be obtained in any of four
gauges, as shown in Table 7-6. Aluminum conductors have seen limited use in tele-
communications. Aluminum conductors provide approximately the same conductiv-
ity as copper when they are two gauge sizes larger. For example, a 20 AWG alu-
minum conductor provides approximately the same conductivity as a 22 AWG copper
conductor.

Table 7-7 gives the dc loop resistance per unit length for the different copper
cable pair gauges at different temperatures. The loop resistance at temperatures not
shown in the table can be found from:

Rr = Ryo[l + pro(T — Ty)]

where Ry = resistance at temperature T
Ry = resistance at reference temperature T,
temperature coefficient of resistivity per °C at temperature T,

Pro

For copper, pry = 0.00401/°C at 15 °C and 0.00393/°C at 20 °C. Figure 7-8
shows the loop resistance as a function of loop ]ength for each gauge at typical design
temperatures. )

For economic reasons, analog and digital signals may be carried on the same
cable. When combined service is used, the cables are commonly referred to as ex-
change cables. When a cable is dedicated to digital service between central offices,
it is sometimes referred to as a trunk cable.* Exchange cables are available in stan-

Table 7-6 Twisted Pair Copper Conductor Gauges®

' AMERICAN WIRE EquivALENT
GAuGE (AWG) DIAMETER (INCH) Cross-SEcTION (CM)° DIAMETER (MM)
19 0.03589. 1,288 0.912
22 0.02535 642.4 0.643
24 0.02010 404.0 0.511
26 0.01594 254.1 0.404
*Source: [32]

*CM = circular mils = (diameter in mils)*

Table 7-7 DC Loop Resistance of Copper Twisted Pairs (Q/kilofoot)

DESIGN
TEMPERATURE - 19 AWG 22 AWG 24 AWG 26 AWG
13 °C (55 °F) 15.9 31.7 50.3 81.1
38 °C (100 °F) 174 34.8 95:3 ©89.2
60 °C (140 °F) 18.9 37.7 59.8 96.5

*A trunk cable is more strictly defined as a cable not providing exchange service to individual
subscribers, but instead providing trunk service between exchanges In the digital transmission environ-
ment the difference becomes less clear.
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dard pair counts, from six to 4,200 pairs. The smaller sizes (up to 150 or 200 Pairs)
present particular problems with high-speed digital transmissions because of CrOSsta]y
between the unavoidably close-spaced transmit and receive pairs.

To alleviate the crosstalk problem, compartmental core cables are availap]e in
cables sizes from 12 to 200 pairs. In larger, noncompartmental core cables, the trans. ‘
mit and receive pairs are physically separated, and crosstalk reduced, by appropriate
selection of binder groups for each transmission direction. If separation is not pos. _
sible, repeater spacing or loop length must be reduced. %

When cables up to around 1,200 pairs are manufactured for direct burig] and
aerial applications, the core may be filled with a polyethylene/petroleum jelly, ek
tended thermoplastic rubber, or extended petroleum wax to prevent insulation dap,.
age and higher attenuation from moisture intrusion. Alternately, these cables may
be built with an air core (absence of a filling compound) and then pressurized after
installation with dry air to prevent moisture ingress. All larger cables (above 1,20
pairs) are pressurized unless the cables are specially ordered with a filling compoupq_

Moisture in a cable increases its capacitance. With higher capacitance comeg
higher attenuation, which can be as much as 40% over dry values at voice frequep-
cies. Expanded foam cables are always filled because they are especially sensitive
to moisture.

It is virtually impossible to keep moisture out of unpressurized, air core cables
installed in an outdoor environment over a long period, regardless of the service
classification. This applies to aerial, direct buried, and underground cables. If pres-
surization is not available, or if the cable is relatively small, filled cables provide
much better long-term service than unpressurized, air core cables in all service clas-
sifications. Contrary to fairly common practice among some companies, unpressur-
ized air core cables never should be placed underground or directly buried if the goal ‘
is long-term, trouble-free service. :

Historically, telecommunications terminal equipment has been sensitive to the
polarity of the tip and ring conductors. For switched subscriber loops, the tip con- |
ductor normally is at ground potential and the ring conductor is at battery potential

" (—48 V nominal). Conductors in pairs used for dedicated digital loops normally have
no specified polarity, even though these frequently are designated tip and ring.

Color Coding : -

Many pairs are combined together to form the cable. The individual pairs aré
formed into units and the units are then assembled, or cabled, into cores (much like
a rope). The basic unit of most modern cables contains 25 pairs, which are color
coded for identification, as shown in Table 7-8.* Note also the repetitive color Cofle
for the tracer every five pairs. When necessary, the basic ‘unit is divided into subunits
of 12 or 13 pairs to attain cable roundness and the desired pair count.

The color code is used as follows. The basic color of the tip conductor insi=
lation material is the first color shown in the table. The insulation has a striped tracer

g

*Appendix D provides cable core layout details for most cable types.
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Table 7-8 Telephone Pair Color Code—25-Pair Unit Binder Group

PAIR CoLor PaIR CoLor PaIr CoLor
No. (Tir-RING) No. (T1p-RING) No. (Tip-RING)
1 White-blue 11 Black-blue 21 Violet-blue
2 White-orange 12 Black-orange 22 Violet-orange
3 ‘White-green 13 Black-green 23 Violet-green
4 ‘White-brown 14 Black-brown 24 Violet-brown
5 White-slate 15 Black-slate 25 Violet-slate
6 Red-blue 16 Yellow-blue
7 Red-orange 17 Yellow-orange
8 Red-green 18 Yellow-green
9 Red-brown 19 Yellow-brown
10 Red-slate 20 Yellow-slate

of the second color. The reverse is true of the ring conductor; that is, the basic color
is the second color shown in the table and the tracer is the first color. For example,
the basic color of pair 1 tip conductor is white and the tracer is blue, and the basic
color of the ring conductor is blue and the tracer is white.

In cables larger than 25 pairs, the groups (or units) are wrapped with a colored
tracer ribbon (unit or group binder) according to a similar color coding scheme, as
shown in Table 7-9. For example, a 100-pair cable contains four groups of 25 pairs
each. The first group (pairs 1 to 25) is wrapped with a white-blue binder, the second
group (pairs 26 to 50) is wrapped with a white-orange binder, and so on. Since there
are 25 basic colors in the color code, up to twenty-five 25-pair groups can be iden-
tified this way. Only 24 are used, however, which takes care of cables up to 600
pairs. Beyond 600 pairs, “super unit binders” are used. Each 600-pair super unit is
wrapped with an appropriate binder. This color code is shown in Table 7-10. Figure
7-9 shows the unit and super unit relationships in a 3,000-pair exchange cable.

Table 7-9 Group Binder Color Code®

Par Group CoLor PAIR Grour CoLor
Group No. (Tip-RING) Group No. (Tip-RING)
1-25 1 White-blue 301-325 13 Black-green
26-50 2 White-orange 326-350 14 Black-brown

51-75 3 White-green 351-375 15 Black-slate

76-100 4 White-brown 376-400 16 Yellow-blue
101-125 5 White-slate 401-425 17 Yellow-orange
126150 6 Red-blue 426-450 18 Yellow-green
151-175 7 Red-orange 451-475 19 Yellow-brown
176-200 8 Red-green 476-500 20 Yellow-slate
201-225 9 Red-brown 501-525 21 Violet-blue
226-250 10 Red-slate 526-550 22 Violet-orange
251-275 11 Black-blue 551-575 23 Violet-green
276-300 12 Black-orange 576-600 24 Violet-brown

*In cables of 100 pairs (4 groups) or fewer, the white binder is optional.

};f ]
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Table 7-10 Super Unit Binder Color Code

Super UniT BinDER CoLoRr
Pairs 1 to 600 White
Pairs 601 to 1,200 Red
Pairs 1,201 to 1,800 Black
Pairs 1,801 to 2,400 Yellow
Pairs 2,401 to 3,000 Violet
Pairs 3,001 to 3,600 Blue

Pairs 3,601 to 4,200

Indicates Superunit Binder

Indicates 25 Pair Unit
Binders in 100 Pair Unit

BR/R-S/R-
BL/BK-0O/BK
2,601-2,700

ONY-G/Y-
BR/Y-S/Y
2,801-2,900

2,701-2,800

V.

S/W-BL/R-
O/R-G/R
2,501-2,600

BL/W-O/W-
G/W-BR/W
2,401-2,500
BLNV-O/V-
G/V-BRNV
2,301-2,400

100 Pair

S/W-BL/R-
O/R-G/R
701-800

BR/R-S/R-
BL/BK-O/BK

BR/Y-SfY 12,101-2,200

Figure 7-9  Super unit cable layout

.. S

Unit
26-50

51-75

S/W-BL/R-
O/R-G/R
1,901-2,000

Y

Indicates Pair Numbers
in 100 Pair Multi-Unit

AT
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On large exchange cables consisting of 1,200 pairs or more, the mirror-image
color code and unit arrangement can be obtained, if desired. This color code is some-
times called the “Bell Design” and differs from the unit and super unit binder groups
described above. For mirror-image cables, the 25-pair units are assembled into 100-
pair multi-units. Each unit is identified by a standard color sequence binder: blue
(pairs 1 to 25); orange (pairs 26 to 50); green (pairs 51 to 75); and brown (pairs 76
to 100).

Multi-units in a mirror-image cable are identified by a two-color binder and
layering scheme. The first multi-unit in each layer has a green binder, which des-
ignates the “marker” unit. Marker units are situated radially, and a red and a blue
unit are placed on each side, as shown in Figure 7-10, for a 3,000-pair mirror-image
cable. The second color in the multi-unit binder indicates the layer and alternates
between yellow and black. The outermost layer is yellow, second layer in is black,
third layer in is yellow, and so on. Therefore, the outermost marker will have a
green-yellow binder, and the marker for the “second layer in” will have a green-
black binder.

With one’s back to the central office, the pair counts of mirror-image cables
start with the centermost marker multi-unit, with pairs 1 to 100, and continue clock-
wise to pairs 101 to 200 in the second multi-unit (red), and so on. The count con-
tinues through subsequent layers by following the same counting rules, always start-
ing with the marker unit. .

The most common residential type station wire (also known as “quad” or in-
side /outside wire, I/0) consists of four conductors, with the color code shown in

~ Table 7-11. Quad normally is not recommended for digital service because of its
limited twisting (and higher crosstalk), but it can be used on short runs (<50 feet)
at subrates when nothing else is available.
" Other types of multipair station wire will conform to the color code shown in-
Table 7-8. In addition, various other color codes are used for wiring electronic equip-
ment, some of which may be used in teleccommunication systems.

Table 7-11  Quad Station Wire Color Code®

PAIR No. CoLor (TIP-RING)
1 e Green-red
2 Black-yellow

*The yellow conductor (or yellow and black conductors together) is used as a ground lead, if required,
by the terminal equipment.

Conductor Insulation

All modern cable conductors are insulated with a polyolefin (plastic) formed
by an extrusion process. Older cables use a paper (or pulp) insulation. PIC, as de-
fined earlier, is a general term used to describe all modern plastic insulated cables.
Such: cables may use solid, cellular foam, or foam skin (skinned foam) insulation.
The actual insulation type may be classified as solid (polyethylene or polypropylene)
or expanded foam (dual expanded polyethylene or expanded polyethylene, PVC).
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~Indicates Pair Numbers
in 100 Pair Multi-Unit
Indicates Layer .
(Alternates Yellow-Black) Indicates Marker Unit
Indicates Position
within Layer {
Y G-y
R-Y 1,401-1,500 R-Y
2,901-3,000 1,501-1,600
BL-Y BLY
2,801-2,900 1,601-1,700
G-BK
‘ pec |\ 00 [ ek
i Ry 1,301=1,400 501-600
2,701-2,800
&
ik G-Y
i BL-BK 1-100 BL-BK
1,201-1,300 601-700
BL-Y R-Y ~ RY
2,601-2,700 301-400 101-200
R-BK R-BK
1,101-1,200 BL-Y —801
201-300 =800
R-Y
2,501-2,600 BL-BK BL-BK
1,001-1,100 801-900
R-BK i
BL-Y 901-1,000 BL-Y
2,401-2,500 2,001-2,100
R-Y R-Y
2,301-2,400 BL-Y 2,101-2,200
2,201-2,300
100 Pair
Multi-Unit

Figure 7-10 Mirror-image cable pair layout

=y

]
=y
=
T‘\;
=

s

T

CommScope Exhibit 1017



(a)

sectlion 7.6

Twisted Pair Transmission Media 329

A combination of solid and foam insulation is used in foam skin cables. In
these cables, the regular foam insulation is covered by a solid plastic skin of about
2-mil thickness for added strength. Expanded foam cables have found widespread
use since about 1980.

The dimensions and dlelectnc constant of the insulation and surrounding ma-
terial determine the capacitance of twisted pair cables. The dimensions are shown
in Figure 7-11 for each of the common cable gauges. The dielectric constant of solid

“plastic insulations used in exchange cables is about 2.3; whereas the dielectric con-
stant of the expanded foam is about 1.6. Insulation thicknesses vary from about 10
mils for solid insulations, used in air core cables and filled foam cables, to about
14 mils for solid insulations used in filled cables. The relationship for twisted pair
capacitance is

>
C = ————— nF/length
5D

AWG  Diameter
19 0.0359inch
22 0.0254 inch
24 0.0201 inch

N 26 0.0159inch

(b) T, © T (d)

H
HHHH BEANIREENEEEENA]

AWG  Diameter AWG Diameter AWG Diameter AWG Diameter
19 0.0755 inch 19 0.062inch 19 0.064 inch 19 0.062inch
22 0.0525 inch 22 0.044 inch 22 0.046 inch 22 0.044 inch
24 0.0420inch 24 0.035 inch 24 0.037 inch 24 0,035 inch
26 0.0345inch 26 0.028 inch 26 0.030inch 26 0.028 inch

Figure 7-11 Twisted pair insulation and conductor dimensions: (a) Filled -
core/solid insulation; (b) Filled core/foam insulation; (c)
Filled core/skinned-foam insulation; (d) Air core/solid in-
sulation
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where K = constant of proportionality, which depends on the dielectric Propertieg
of the medium surrounding the insulation (either air or filling compoung)
¢ = dielectric constant of the insulating material
D = diameter of the insulation
d = diameter of the conductor (units of D and d must be the same)

The transmission performance of the different conductor insulations is the Same
at voiceband frequencies, but this is not the case at the higher frequencies, The
transmission performance of expanded foam cables at digital carrier frequencies faj)g
between solid insulated air core and solid filled core cables at 772 kHz, which i
the Nyquist frequency for repeatered T1-carrier.

A key indicator of performance is attenuation, which is given in Table 7-12
for various insulation types and frequencies. The values shown are averages for 5
wide variety of cables. Significant deviations exist for specific cable types at 77
kHz. A more complete list is given for this frequency in Chapter 9.

Table 7-12 Average Attenuation of PICs at 20 °C (68 °F)

AWG 1 kHz 150 xHz 772 KkHz
SoLp INSULATION—FILLED CORE
19 0.23 dB/kft 1.3 dB /kft 2.8 dB /kft
22 0.34 dB /kft 1.8 dB /kft 4.0 dB /kft
’ 24 0.43 dB /kft 2.4 dB/kft 5.0 dB /kft
i 26 0.55 dB /kft 3.5 dB /kft 6.4dB /kft
il ; Foam orR FoAm-SKIN—FILLED CORE
19 0.23 dB /kft 1.4 dB/kft 3.2 dB /kft
1l 22 0.34 dB /kft 2.0 dB/kft 4.5 dB/kft
i 24 0.43 dB /kft 2.7 dB/Kft - 5.6 dB /kft
it 26 0.55 dB /kft 3.7 dB/kft 7.0 dB /kit
SoLip INsuLATION—AIR CORE
19 0.23 dB /kft 1.4 dB/kft 3.3 dB/kft ;
22 - 0.34 dB /kft 2.0 dB/kft 4.6 dB/kft |
24 0.43 dB /kft 2.7 dB/kft 5.7 dB/kft g
26 0.55 dB /kft 3.6 dB/kft 7.2 dB/kft

7.62.9 Cable Costs

Twisted pair cable costs vary considerably with gauge, construction, and the -

I current cost of copper and aluminum (if that type of shield is used). Nineteen gauge
{1 cable can be twice as expensive as 24 gauge cable for a given pair count. Filled
i cable is 10 to 25% more expensive than air core cable, depending on the gauge 3‘“’
pair count. Expanded foam insulation cables are less expensive than comparable solid. ‘
insulation cables by 7 to 20%, depending on the gauge and pair count. bCf

" Tables 7-13 and 7-14 give multipliers to find the relative material costs for v
various cable gauges and sizes. Multipliers for adding a compartmental core sepa=

is:eeey
| T

rator (screen) to exchange cables are shown in Table 7-15. The use of each cable!
explained in the note below it. oist

CommScope Exhibit 1017

Page 41



|
il

section 7.6 -

163

Twisted Pair Transmission Media

Table 7-13 Relative Costs of Twisted Pair Cable

Gauges and Sizes Compared to 24 AWG

PAIRS
AWG 12 25 50 100 200 400 900 1,200
.26 0.72 0.73 0.82 0.78 0.77 0.76 0.77 0.76
24 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
22 1.18 ~ 1.21 1.41 1.31 1.43 1.40 1.36 1.37
19 1.94 2.33 2.59 2.59 2.56 257 N/A N/A

This is a vertically oriented matrix where costs are shown relative to 24 gauge, filled PIC, 8-mil
aluminum shield. For example, a 26 AWG, 100-pair cable is 78% of the cost of a 24 AWG, 100-pair
cable, and a 22 AWG, 400-pair cable is 140% of the cost of a 24 AWG, 400-pair cable.

Table 7-14 Relative Costs of Twisted Pair Cable Sizes
for a Given Gauge

PAIRS
AWG 12 25 50 100 200 400 900 1,200
26 0.22 0.34 0.57 1.00 1.86 3.2 8.18 10.44
24 0.23 0.35 0.54 1.00 1.91 3.71 8.31 10.73
22 " 0.20 0.32 0.58 1.00 2.08 3.96 8.62 11.22
19 0.17 0.31 0.54 1.00. 1.88 3.68 N/A N/A

This is a horizontally oriented matrix where costs are shown relative to a 100-pair cable of a given
gauge. For example, a 26 AWG, 50-pair cable is 57% of the cost of a 26 AWG, 100-pair cable, and
a 22 AWG, 400-pair cable is 396% of the cost of a 22 AWG, 100-pair cable.

Table 7-15 Multiplier for Adding Compartmental Core
Separator o a Cable

PAIRS
AWG 12 25 50 100 200 400 900 1,200
26 1.19 116 1.2 1.10  1.06 1.08 1.07 . N/A
24 .15 113 110 1.08  1.05 1.06 1.06 N/A
22 123 1227 114 113  1.08 1.10 1.10 N/A
19 108 116 1.1l 1.09 1.06 N/A  N/A N/A

This matrix gives multipliers for adding a compartmental core separator (screen) to a cable of given
size and gauge. For example, to determine the cost of adding a screen to a 26 AWG, 50-pair exchange
cable, multiply its cost by 1.12, and to determine the cost of adding a screen to a 22 AWG, 200-pair
exchange cable, multiply its cost by 1.08.

Electrical Characteristics

7.6.3.1 Bandwidth

Digital loops consist of one or two cable pairs. The cable pair is a transmission
line, and it has predictable electrical characteristics. Twisted pair cables are not used
presently with digital transmission systems requiring more than several megahertz
of bandwidth for several reasons, as will be discussed. For comparison with voice-

[ | 1
i
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band applications, the usable bandwidth on an analog loop is considered to be limjge d
to around 3,100 Hz (300 to 3,400 Hz) [4]. The limitation is due to the coup]ing
transformers and other devices connected to voiceband loops.

In digital loops, a much wider bandwidth is needed for information transm;s_
sion. This point is often missed in preliminary considerations of the advantages op
digital transmission and cannot be ovcremphasized_. For example, a digitally encodeq
voicegrade (3,100 Hz) circuit could actually require a transmission line bandwiq,
of as much as 64 kHz.

It is important to realize the difference between circuit bandwidth and trapg.
mission bandwidth. Figure 7-12 shows the power spectral density of a hypotheticg
voiceband signal that has been encoded at an 8 kHz rate into 8-bit samples (64 kbps),
filtered by a first-order Butterworth lowpass filter, and transmitted using a retup,.
to-zero (RZ), bipolar, alternate mark inversion (AMI) line code. The main lobe of
the spectrum is centered at 32 kHz and extends out to. at least 64 kHz.

The frequency response of a loop derived entirely from twisted pairs extends
down to dc (zero frequency). Digital loop transmission systems avoid using dc for
information carrying, so the loops can be transformer-coupled to regenerators, DC
continuity is still required in the metallic loop circuit, however, for loop powering
schemes and sealing current. When signals with frequency content approaching zero
frequency are placed on the loop, the transmission is considered to be in the base-
band.

" A twisted pair digital loop has no precise upper frequency limit. Transmission
systems using the loop are designed to accommodate its attenuation characteristics
over the required bandwidth. For example, the T1C system, which operates at 3.152

-30
/T I\
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/ /T ™\
—60 /
-70 /
-80
-390 [ 5
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Figure 7-12 Power spectral density of a 64 kbps digitally encoded voice-
band signal using bipolar AMI transmission
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‘Mbps, has a bandwidth requirement of about 3.152 MHz. This one-for-one bit rate
to bandwidth correspondence does not hold for all digital transmission systems. The
T1C has the highest bandwidth requirements (and bit rate) of digital loop systems
using twisted pair cable considered in this book.*

7.6.3.2 Transmission Line Primary Constants

Like all transmission lines, twisted pairs can be described by their fundamental
electrical characteristics, or primary constants.t The primary constants are series
inductance L, shunt capacitance C, shunt conductance G, and series resistance R.
These are described in customary electrical units per unit length. Figure 7-13 shows
a T-equivalent circuit commonly used to represent telecommunication transmission
lines. ’ .

Inductance L of the typical cable pair depends on the geometry of the con-
ductors and is affected by the magnetic flux distribution within and around them. Tt
is around 0.19 mH/kilofoot at voice frequencies for air core PIC and about 7 to
10% higher for filled PIC. Due to skin effect, indictance starts to decrease at about
20 kHz and continues to decrease to at least 5 MHz.§

Capacitance C dépends on the geometry of and dielectric medium between the
b two conductors, of the twisted pair. It is standardized during manufacture at 12.5 or
15.7 nF/kilofoot (66 or 83 nF per mile), although cables with different values are
available. Cable with 15.7 nF/kilofoot capacitance is the most common in digital
loop applications, but a special low-capacitance cable, with 12.5 nF/kilofoot, is
preferred for higher bit-rate systems such as the 3.152 Mbps T1C system. For all
practical purposes, capacitance is independent of frequency.

R/2 L2 L/2 R/2

= )
( {

Figure 7-13 Transmission line T-equivalent circuit in terms of primary
constants

*The differences between digital loop systems, digital backbones, and digital trunk transmission
systems are becoming less clear as these systems become more prevalent. It is arguable whether a digital
system operating at the DS-3 rate (45 MBPS) can be considered a digital loop system.

“tAs will be seen, the primary constants are not really constant, but the terminology is traditional
and will be used here.

7 1Skin effect is the tendency for higher-frequency currents to travel near the outside surface of a
| B conductor rather than be distributed evenly throughout the entire cross-section.
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Conductance G depends on the dielectric medium between the conductors apg
is negligible at about 0.04 microsiemen (p.S) per kilofoot at 1 kHz for modern cableg_
It increases by a factor of ten for each decade (factor of ten) increase in frequency,
The value can vary considerably from those given here, due to different insulatioy
types and core filling compounds.

Resistance R, measured in {)/kilofoot, depends on the resistivity of the cop.
ductors and the current distribution within them. It is constant at lower frequencieg
(less than a few hundred hertz) but is approximately proportional to the square rogt
of frequency at higher frequencies (above several tens of kilohertz) where skin effect
and proximity-effect dominate. The resistance of each conductor gauge is different
due to the different cross-sectional area. ) .

The primary constants are affected by temperature in different ways. Some
primary constants depend on whether the cable has a filled or air core. The following
summarizes the temperature effects:

-

« Inductance varies only slightly with temperature (1.8% from —18 to +49 °C),

» Capacitance of filled cables decreases linearly at a rate of 0.016% per °C
over the frequency range of 1 kHz to 3 MHz. This is attributed to a decrease
in insulation density, cable expansion, and a decrease in dielectric constant
with temperature increase. In air core cables, the capacitance varies only
slightly with temperature over the same frequency range [38]. y

« Conductance varies only negligibly with temperature. )

« Resistance is highly temperature dependent, increasing by about 4% for each
10 °C increase in conductor temperature at voice frequencies and 2 to 3% at
frequencies higher than 10 kHz. )

Tables 7-16.and 7-17 give the primary constants for typical cable pair gauges

at selected frequencies [33]. A more complete listing of outside plant characteristics

- is given in Appendix C. Figure 7-14 shows the variation of the primary constants

with frequency in graphical form (capacitance is not shown because it is frequency
independent).

7.6.3.3 Secondary Parameters

The propagation constant (p = a + jB) and characteristic impedance (Zo) ar¢
the secondary parameters used to describe transmission line characteristics.* These
parameters, which are functions of frequency, can be found from the primary con-
stants from

p=a+if=V®R+joL)G + joC)

where o is the radian frequency, 2«f.

*The secondary parameters are mathematically derived from the primary constants in [4). Sim-
plified analyses of twisted pair cable secondary parameters when the primary constants are Known,
primary constants when secondary parameters are known, are covered rather well in [34]. There are
numerous other sources of information on twisted pair transmission characteristics; see [33-37]:
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Table 7-16 . Air Core PIC, Exchange Cable Pair Primary
Constants, 20 °C

FrEQuUENCY (kKHZ) R (Q)/kFT) L (MH/KFT) C (NF/xFT) G (p.S/KFT)
19 AWG
1 16.1 0.182 15.7 0.0398
40 18.7 0.173 15.7 1.58
192 35.3 0.156 15.7 7.58
772 70.2 0.144 15.7 30.4
1,576 98.9 0.140 15.7 62.0
22 AWG
1 32.4 0.184 157 0.0398
40 34.2 0.177 15.7 1.58
192 50.4 0.167 15.7 7.58
772 100.8 0.151 15.7 30.5
1,576 141.2 0.146 15.6 62.0
24 AWG
1 51.3 0.181 15.7 0.0398
40 53.0 0.175 15.7 1.58
192 67.0 0.167 15.7 7.58
772 127.7 0.151 15.7 30.5
1,576 182.1 0.145 15.6 62.0
; 26 AWG ¥
1 82.0 - 0.183 15.7 0.0398
40 83.6 0.177 157 1.58
192 94.4 0.172 15.7 7.59
772 159.8 0.159 15.7 30.5
1,576 230.3 0.152 15.7 62.0

The propagation constant is a complex number consisting of real and imaginary
parts. In general, it describes the attenuation and phase characteristics of any trans-
mission line. The real portion of the propagation constant, denoted Re(p), is called
the attenuation constant o, and the imaginary portion, denoted Im(p), is called the
phase constant (3. The attenuation constant is expressed in Nepers per unit length
and the phase constant, in radians per unit length.*

The characteristic impedance is independent of length. It, too, can be found

from the primary constants:
(R + joL)
Ly =g
(G + juC)

The equations for the secondary parameters can be simplified somewhat for modern
outside plant PIC, as follows:

p ="V —w’LC + juRC for frequency <500 kHz, and

*A more convenient unit than the Neper is the decibel such that 1 Neper = 8.686 dB.
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Table 7-17  Filled Core PIC, Exchange Cable Pair
Primary Constants, 20 °C

FREQUENCY (kHZ) R (£)/kFT) L (MH/KFT) C (NF/KFT) G (1S/krr)
19 AWG
1 16.1 0.212 15.7 0.0398
- 40 18.2 0.202 15.7 1.58
192 32.8 0.189 15.7 7.58
772 63.8 0.178 15.7 30.5
1,576 89.6 0.174 15.6 62.0
22 AWG ]
1 324 0.212 15.7 0.0398 |
40 33.9 0.205 15.7 1.58
192 47.7 0.196 15.7 7.59
772 93.0 0.182 15.7 30.5
1,576 129.4 0.178 15.7 62.0
24 AWG
1 51.3 0.212 15.7 0.0398
40 52.7 0.206 15.7 1.58
192 64.1 0.199 15.7 7.58
772 117.4 0.186 15.7 30.5
1,576 165.5 0.180 15.6 62.0
26 AWG
1 82.0 0.212 15.7 0.0398
40 83.3 0.205 15.7 1.58 -
192 92.1 0.200 15.7 7.59
772 149.4 0.190 15.7 30.5
1,576 212.7 0.183 15.7 62.0

See text for discussions of R, L, C, and G.

R /C
p== \/£ + jo'VLC at higher frequencies

2
with

o = Re(p) and B = Im(p) as before

L R

Zy = 4 [ = — j—— for frequency <500 kHz
& oC
L .

Zy= \/g at higher frequencies

The characteristic impedance also is a complex number. At low frequencies (around
1 kHz), the real and imaginary parts are about equal in magnitude. At higher ﬁ"?‘
quencies (above 100 kHz), the imaginary part becomes small, and the impedance 18
essentially constant and real at approximately 100 ).

|
|
|
|
‘!
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Figure 7-14 Continued

For perfectly matched transmission lines, the characteristic impedance is in-
dependent of transmission line length. A constant real impedance is easy to match
with modern terminal equipment. In some applications, however, due to impedance
mismatching of the loop by its terminations, the actual circuit input impedance (as
opposed to the theoretical cable pair characteristic impedance shown above) varies
with loop length. An expression for the input impedance of a real loop is:

Zin = Zo{[Zy + Z, tanh(pD]/[Z, + Zy tanh(pD)]}

where Z; = impedance of the load connected to the loop
tanh = hyperbolic tangent function
I = length
Zo and p have been previously defined

The secondary parameters are shown in Figures 7-15 and 7-16 for exchange
cables. The values shown are sufficiently accurate for many practical situations, such
as insertion loss and impedance matching problems. If greater accuracy is required;
actual test data can be obtained from the cable manufacturers or actual field instal- =
lations. '

As with the primary constants, secondary parameters are temperature depen-
dent. Attenuation is related to temperature such that the higher the temperature, the
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higher the attenuation. The relationship is nonlinear and due primarily to changes in
conductor resistance. Transmission parameters provided on cable manufacturer’s data
sheets usually are given at 55 °F (12.8 °C) or 68 °F (20 °C). Current digital loop
design methods require the quoted values to be adjusted (corrected) to the maximum
expected temperature of operation.

The attenuation characteristics of PIC frequently are modeled using a single
parameter. The single-parameter model assumes attenuation is proportional to V.
Therefore, if the attenuation a(fy) is known at frequency f,, the attenuation «(f) at
any other frequency f can be obtained from: '

: f
a(f) = a(fy) \/f:
0

This model assumes that skin effect causes the predominant impact on attenuation,
which is not true at low frequencies. Therefore, although fairly accurate above 200
kHz, the single-parameter model is useless in many digital loop applications, par-
ticularly the ISDN DSL and subrate digital loops.

7.6.3.4 - Transmission Requirements

The fundamental transmission requirements of digital loops follow the same
principles as analog loops.* On any digital loop:

* The signal must have adequate level so the presence of a signal element may
be reliably detected, and

* The signal level must be sufficiently higher than the noise to ensure reliable
differentiation between the signal elements and noise (high enough signal-to-
noise ratio, SNR).

Adequate level is provided by controlling circuit loss for a given transmitter
power output. ‘Adequate SNR is provided by controlling crosstalk and taking care
to limit the adverse effects of impulse and other noise through proper shielding.

For reference, it is informative to know what the acceptable SNRs are for var-
ious types of circuits. Digital loops operate with acceptable error performance if the
SNR is above approximately 15 dB. As a rule of thumb, each dB of change in SNR
will change the error rate by a factor of ten for error rates in the vicinity of 10E-6.
For example, if the error rate is 10E-6 with 14 dB SNR, it will be 10E-5 at 13 dB
SNR. Generally, the SNR for individual analog circuits should be at least 30 dB for
voice calls (based on subscriber satisfaction) and 15 to 20 dB on data calls using
analog modems (based on the specified error rate, coding, and modulation method).
These figures are end-to-end. Each portion of the transmission system (loops, switch-
ing systems, terrestrial and satellite radio systems, and so on) contribute to lowering

*See [4] for analog transmission requirgments.
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the SNR. It follows that the SNR for any given part of the overall connectiop mug
be higher than the overall requirement. ;
For an analog voice circuit being transmitted on a digital loop carrier $ysten
poor error performance of the digital loop manifests itself indirectly to the liSTene;
in terms of distortion, dropouts, and other annoyances. A degraded channe] i, this
case may still be usable for voice transmission. Digital data circuits, on the othey
hand, are directly affected by error performance in that bit integrity is a Tequiremep,
of digital transmission. Tolerable error levels on a digital data circuit are aly, .
much less than on a voice circuit. It should be noted there is no correlation betweey
the attenuation of an analog signal and attenuation of the digital signal that Tepresentg

it.
7.6.35 Loop T}ansmission Loss

Loop transmission loss is highly dependent on the frequency of operation
Equipment design compensates for this dependency by employing a number of equa.
ization techniques. Digital loops have frequency components over a wide frequency
range. To simplify the loop design process, a nominal frequency is chosen based o
the frequency of peak energy or an upper frequency limit of significant energy for
a particular loop type and the loss specified for that frequency. This nominal fre.
quency ‘depends on the transmission format, pulse shape, and a number of other
factors. '

A typical maximum loss of 32 to 42 dB at the nominal frequency is used, but
the actual value depends somewhat on the technology. Also, the maximum quoted
loss value may have to be reduced to counteract the adverse effects of crosstalk or
other transmission impairments. '

Some digital loop types require a minimum loss, which depends on the ability
of the loop interface electronics to equalize the received signal automatically. For
repeatered T1-carrier, the minimum loss is 7.5 dB unless the repeaters have built-
in pads. If necessary, this minimum loss can be provided by external attenuators
placed in the line at the receive end.

From this point forward, attenuation, as determined from the secondary pa-
rameters, is used interchangeably with insertion loss (or just loss). This is only strictly
correct when the digital loop is terminated in the complex conjugate of its charac-
teristic impedance (Zy). In practice, this does not always happen (if ever), but for
practical problems it is sufficiently accurate.

7.6.3.6 Transmission Levels

Adequate signal power at the receive end of a circuit is essential to providing
satisfactory error rates in any digital transmission system.. It is obvious this is not -
possible unless loop loss is thoroughly controlled and enough signal level is provided
at the loop input. _

Too much signal power, on the other hand, can overload the fransmission fa-
cilities or terminal equipment and cause distortion and crosstalk. Because digital iO_OP
systems frequently share transmission facilities with other systems, such as voicé
and analog carrier systems, mutual interference is a potential problem. Thereforé,
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the signal powers in these systems are coordinated with each other. This requires
close attention to power levels at particular frequencies or particular frequency bands.

In digital systems, the signal power is not specified in the same way as with
analog systems, where power levels (for example, in dBm) are referenced to a stan-
dard impedance (for example, 600 (2). Instead, the digital levels are specified by
pulse shape and maximum voltage level into a standard load impedance (typically
100 or 135 (2). These two parameters serve to determine the spectral limits of the
digital pulse train, and ‘crosstalk considerations ensure noninterference.

e L S D

7.6.3.7 Presentation of Transmission Parameters

Loss and noise directly affect regenerator and equipment error performance.
The loss and noise parameters can be presented in a variety of ways. Typically, a
range, variability, or other distribution of a particular parameter is specified. There
should be some predetermined agreement between the design value and the measured
value, but the measured value always will show some variability due to:

» Test equipment calibration

» Environmental variations that affect the circuit components as well as the .
measuring equipment

* Human factors associated with reading meters or displays
* Position of the test equipment or lead lengths

* Cable splicing techniques

*» Cable and equipment manufacturing tolerances

These effects will influence the measurements of a large number of loops so
that the results show some type of distribution. Therefore, when the transmission
b parameters of a digital loop are determined, they really can only be specified on a
statistical basis.

For voicegrade (analog) applications, the Institute of Electrical and Electronic
Engineers (IEEE) has identified three forms for the results of transmission parameter
calculations or estimations [39]:

G TR T |

prer
A

* A cumulative distribution
* A histogram

)

Z * An analytical distribution function

l: Although these forms are proposed by IEEE for voicegrade applications, they
1 are generic in nature and apply just as well to digital applications.

!:’E Other forms, or variations of the above forms, can be used. The most typical,
i3 of course, is the single-value specification; for example, “The digital loop loss shall
oy be 23.2 dB.” More typically, in digital applications, the specification might read,

“The equipment shall function with a digital loop loss between 7.5 and 35.0 dB.”
This provides a lower and upper bound only. The exact loss value for any loop does
not matter as long as it falls within the specified bounds. Similarly, a cumulative

Page 54 CommScope Exhibit 1017



Page 55

344

Chapter 7 Loop Transmission Media, Part I—Twisted Pair Metallic Cablg,
5

distribution would specify “95% of the loop losses shall fall between 7.5 5
dB.” This specification allows some loops to have a loss outside of the boy
but no specification is given as to how far outside. A better specification wq
“95% of the loop losses shall fall within 7.5 and 33.0 dB, and no loop shgj hay
a loss less than 5.5 dB nor greater than 35.0 dB.” If a normal distribution Curye ie
used to specify the parameters, a mean value and a standard deviation are givens
For example, “mean loop loss shall be 22.0 dB with standard deviation of 7,() dB »

The normal distribution curve is shown in Figure 7-17. The varioys '
labeled on the curve illustrate how transmission parameters are typically qQuantifieq
The average, or mean, value for the parameter is at the peak of the normal distri:
bution curve. Tl}is is the value used for most field transmission calculations. At the
outer edges, representing a small percentage of circuits, are the immediate action

ndal‘im,
uld State

Pointg

limits (YALs). If a parameter measurement gives an JAL or worse, immediate re.

medial action is required. Closer toward the mean are the maintenance limits (MLs),
A parameter measurement falling between the ML and the IAL will receive remegig)
action during routine maintenance. The acceptance limits (ALs) are used whep a
new circuit or system is installed; these are necessarily tighter than the other limits
to give allowance for equipment aging and other variations.

o

Because of this statistical nature, it would seem that individual parameters for

several loop segments in tandem could not be combined by simple addition. This js

EML :
[ Key '
3 EML: Expected Measured Loss -
AL: Acceptance Limit
ML: Maintenance Limit
IAL: Immediate Action Limit
! i
| i
[ | | |
-30 —-20 -1o 0 ic 2¢ 3o
ML
-t 1AL -

Figure 7-17 Normal distribution curve with circuit performance limits
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indeed true, and various mathematical techniques are used to describe the entire
connection.* For most field problems, however, parameter dnstnbutmns are ignored,
and simple addition is frequently used with satisfactory results.

7.6.3.8 [Iwisted Pair Cable Purchase Checklist

& The checklist below is useful during the development of twisted pair exchange
_-cable purchase specifications.

. Specification? (ICEA, REA, BELLCORE)

. Deviations from the referenced specification? (specify)

Pair gauge? (19, 22, 24, 26 AWG)

Pair count? (not all pair counts are available with all cable gauges)

. Screened cable required? (T1, T1C, or T-Screen, D-Screen,
Z-Screen)

. If screened; service pair requirements? (specify)
-4 7. Use? (direct buried, underground, aerial, riser, aerial self—suppbrting,
b e service wire)
8. Jacket environment? (severe, normal, submarine, rodent infested)
9. Shield? (coated aluminum, copper)
10. Armor? (heavy copper, steel, copper alloy)
11. Factory pulling eyes required? (yes, no)
12. Lengths required? (standard, custom; specify)
13. Reel size or weight limitations? (specify)
14. Reel requirements? (standard, wood, steel)
3 - 15. Reel protection requirements? (none, wood lagging, pressboard)
E 16. Shipping instructions? (specify)
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