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1. GENERAL AND HIS'IORY 
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1.1 This section provides REA borr0ivers, consulting engineers and other 
interested parties with information on digital transmission systems. 

A brief introduction and history of digital transmission systans is foll0ived 
by an overview and surrrnary discussion of PCJl1 fundamentals, digital building 
blocks, and similar topics. A more detailed discussion of digital equip­
rrent and application is covered in other sections in the 950 and 960 series 
of the TE&CM. TE&CM Section 951 contains a glossary of terminology used in 
digital transmission systerrs, and is provided as a corrpanion reference for 
this section and other sections in the 950 and 960 series. 

1.2 Digital Equiµnent: The characteristics of digital transmission and 
switching equip:nent are outlined in REA specifications, telephone 

industry specifications, and in various TE&CM sections. REA Specification 
PE-60 and PE-64 cover basic digital carrier equipnent such as trunk and 
subscriber terminal equipnent, span lines, and autauatic protection switching. 
The detailed specifications for specific installations of digital carrier 
equipment are covered under REA Forms 3970 and 397c. REA Fann 522 contains 
the basic equipment specifications and the detailed installation specifi­
cations for digital central office equiprent, including rEmote switching 
terminals. Digital hardware and software are in the process of "evolving". 
It will sanetimes be necessary to supplement or modify digital system and 
equipment specifications to keep pace with the latest technology. This is 
especially the case for sane of the high density optical fiber systems, or 
the rrore unique distributed subscriber systems for voice and data capability. 

1.3 Early digital carmunications took the form of smoke signals, signal 
fires, sunlight reflected by mirrors and similar techniques. 'llie tele­

graph marked the beginning of modern carmunications where coded (digital) 
electrical signals were transmitted over wires. The use of light in digital 
canmunications has been "rediscovered" with the developnent of lightwave 
transmission systems. 
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1.3.1 Pulse code m.:xlulation (PCM) carrier principles were developed by 
Alec Reeves of ITr in Europe in 1937. At that time, there was no 

hardware available to convert these concepts into practical systEmS. In 
1956, Bell I.abs began the developnent of the first corrmercial PCM system._ 
PCM carrier began mmnercial service in 1962--25 years after Reeves intro­
duced the principles of PCM. The invention of the transistor by Bell Labs 
in 1947 triggered a large scale electronics revolution. The integrated 
circuit developed two decades later enhanced the role of digital systems 
for corrputers and CX>ITITlUilication systems. 

1.3.2 The Bell System's PCM system was designated as the Western Electric 
Tl carrier system. Bell developed digital system building blocks 

or modules, and identified the digital transmission system as Tl span lines 
and the encoding and decoding PCM terminals as Dl channel banks . Fran this 
beginning, a digital hierarchy concept was developed for the trunk network. 
Independent telephony manufacturers extended the use of PCM carrier into 
subscriber loop plant before 1970. Digital transmission techniques have 
n0iv been extended into switching systems. Early I;3ell efforts were con­
centrated on digital toll switches, while the Independent manufacturers 
have concentrated on integrated Class 5 digital switches, rEmOte switches, 
digital subscriber carrier and digital subscriber line concentrators. 

1.3.3 The accelerating developnent of integrated circuits has further 
enhanced the role of digital transmission and switching systems in 

telephony. Major parts of telephone systerrs can be put on one or several 
integrated circuits. 'Ihe infonnation that can be stored on a single inte­
grated circuit continues to expand, providing ne.v markets for these devices. 
Integrated circuits can now store a digitized voice for recorded messages 
with no mechanical rroving parts to fail. An increase in the use of data 
transmission by telephone business customers is expected in the future. 
Digital transmission systems are especially suited for efficient data trans­
mission. Standardization, volume production, p::,wer efficiency and smaller 
size of electronic systems should result in laver casts to telephone can­
panies and their subscribers. 

1. 4 The tenn "digital'' refers to infonnation that is represented nu-
merically. Digital transmission systems in telephony transmit btlo­

state digitally encoded infonnation in the fonn of a serial stream of pulses. 
Transmission systEmS can be divided into two major categories and many sub­
categories. The rrajor categories chosen for discussion are fre;:rnency di­
vision and time di vision sys terrs. In frequency di vision systems, channels 
are separated by frequency assignrrent. In time division systems, channels 
are separated by time assignment. 

1.4.1 Frequency division systEmS for voice carmunications are generally 
carrier modulated on a continuously changing basis (noninterrupted), 

and referred to as analCXJ carrier. Analog and frequency di vision have come 
to mean the same in carrier syste:ns . Examples of analog, frequency di vision 
carrier are arnpli tude modulation (AM) .and frequency modulation (Il1) systems. 
In mast cases, FM systems are in reality phase m.:xlulation (PM) systans, but 
are referred to as FM. The most camon analog carrier systan.s used in.tele­
phony are double sideband (DSB) AM, single sideband (SSB) AM, and FM systems. 
Most DSB AM systems transmit a carrier signal for each channel and rrost SSB 
AM systems suppress the channel carrier, and transmit one or rrore pilot 
signals for regulation of channel groups or systerrs. 



( 

( 

REA TE&CN 950 
Page 3 

1.4.2 Time division systems sample analog signals and transmit infor-
rration representing the instantaneous value of that signal at the 

time it was sampled. Time di vision systems can be subdivided into two 
major groups. 'Ihe first major group utilizes modulation techniques such 
as p.ilse amplitude modulation (PJ.'.M) , pulse width rrodulation (PWM) , pulse 
JX)Stion modulation (PFM) and similar systems. These systems transmit the 
m::xlulated signal in a fonn that degradation can occur on a gradual and 
cumulative basis. The ot."1er major group of time di vision systems is 
called digital systems. In digital systems, infornation is transmitted 
as serial stream in a state such as: Pulse or no :i;:ulse; on or off; or one 
or zero. Gradual or cumulative degradation is unlikely in digital trans­
mission systems because the infonnation is periodically regenerated rather 
than arrplified. Digital systerns generally work well to a crash point and 
then fail corrpletely. 

1.4.3 Pulse Code Modulation (PCM) is the most widely userl digital system 
in telephony. Each voice sample level is encoded into 8 serial 

bi ts of information and transmitted as an 8-bi t code (D3 and D4 types) . 
Digital subscriber carrier, digital concentrators, and digital central 
offices use D3 voice encoding, but signaling infonnation is not standardized 
for subscriber equiprent and services. Another fonn of digital system 
is called differential PCM (DFCM) or delta rrodulation. DPCM systerns trans­
mit changes fran the last sampled state. Most digital systems now use Tl 
span lines as the transmission medium (1. 544 rregabi ts per second) . 

1. 5 PCM Fundamentals: Perhaps the best way to illustrate the fundamentals 
of digital transmission systems is to follOW" the encoding, transmis­

sion and decoding process of a pulse code mcx:lulation (PCM) carrier system. 
Appendix A is a brief illustraterl guide on the D3-Tl trunk carrier systan. 
PCM subscriber carrier and other digital systems in telephony operate in a 
similar manner. 

2. HIERARrnY 

2.1 A basic digital transmission hierarchy was established by the Bell 
System in the early 1960 's. 'Ihe basic building block was 24 voice 

channels of PCM carrier caribined to fonn a 1. 544 Mb/s line signal. 

Designation Rate (Mb/s) Voice Channels 

Tl 1.544 24 (Tl) 
T2 6.312 96 (4x Tl) 
T3 44.736 672 (7x T2) 
T4 274.176 4032 (6x T3) 

2. 2 Each digital voice channel is sampled 8000 times per second times 8 
bits per dlannel times 24 channels, requiring 1.536 Mb/s of channel 

inforrration for each 24 channel system. To this is added a framing bit 
for each of the 8000 samples, resulting in a Tl bit of 1.544 Mb/s. The 96 · 
channels of .a T2 system may originate in as rrany as four different locations 
of 24 channels each over separate · Tl lines. Fach of the Tl systems may 
operate fran independent 1. 544 Mb/s clocks. The slight differences in bit 
rates result in asynchronous (not synchronized) signals being fed into a 
multiplexer. The T2 rate of 6.312 Mb/s has 136,000 bits over that of four 
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times the Tl rate (6.176 Mb/s). The rrultiplexer utilizes these extra 
136,000 bits to rraintain a 6.312 Mb/s rate from the four randan 1.544 Mb/s 
inputs. This is done by inserting oontrol, framing and pulse stuffing 
bits. Stuffing bits are added as required to synchronize tre four randan 
bit streams. These extra bits are discarded when the signal is derrulti­
plexed. Other special processing also takes place in multiplexers to 
irrg;>rove the signal forrrat for transmission (i.e., suppression of a long 
string of zeros or no pulse oondi tion) . 

2.3 'Ihe original oonceptual hierarchy has been further refined to address 
present day needs and hardware. 'Ihe D channel banks have been ex­

panded, reflecting improvements in technology. The T transmission systerrs 
still follc,...r the basic fonnat, but have been expanded to include intennediate 
multiples of the basic channel capacities. 'Ihese changes prirrarily reflect 
changes in technology, econanics and resultant hardware. 'Ihe T designation 
basically identifies Western Electric equipnent (hardware). 'Ihe Independent 
manufacturers have developed functionally equivalent digital systans, and 
the D and T designations often imply equipnent canpatibility standards. 
While D and T designate equipnent, the terms DS and DSX were imolemented to 
designate system bit rates and interface standards. DSl refers- to a digital 
signal at the first level, or 1.544 Mb/s. DSXl is a crossconnect or inter­
face :i:oint for a DSl signal. 'Ihis is the present hierarchy of digital signals. 

Designation Rate (Mb/s) Voice Channels 

DSl 1.544 24 (Tl) 
DSlC 3.152 48 (2x Tl) 
DS2 6.312 96 (4x Tl) 
DS3 44.736 672 (7x T2) 
DS4 274.176 4032 (6x T3) 

2.4 The digital hierarchy with standard multiplexers and interface :i:oints 
are illustrated in Figure 1. Intennediate levels such as DSlC may 

be oonverted back into the next lower level before entering the hierarchy 
at higher levels. The voice channel capacity is shown above; in reality, 
the bits rray be used for voice, data or canbinations of voice and data. The 
Independent manufacturers adhere to the Bell Systan hierarchy, but have 
added variations to this hierardly to address specific market and application 
situations of the Independent telephone canpanies such as radio and optical 
fiber systans. This will be further discussed. 

3. IMPLEMENTATICN ON PAIRED CABLES 

3.1 This phase of the implementation of digital systems addresses hardware 
applied to exchange grade cables and other special types of paired 

cables. This phase is considered a beginning level and generally deals with 
digital sys tens at the exchange level. Digital systems applied to optical 
fibers, coaxial cables and radio will also be discussed in later paragraphs. 
These are generally oonsidered to be higher order systans (high bit rates) 
utilized in the intertoll nebNork. However, the practical applications for 
fiber systems may extend d0tm to DSl and DS2 rates, and may find large scale 
application at the exchange level in the future. 

3. 2 Tl carrier was designed for use in metro:i:oli tian areas . The developed 
technology and hardware have expanded the application of this equipnent 
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such that few areas of telephony rerrain untouched by digital transmission 
and switching. In rural telephony, the vast majority of new- trunks are 
supplied by Tl carrier systErnS. 'Ihis trend became evident in 1968, the 
first year that REA began evaluating and listing PCM carrier developed 
by Independent manufacturers. Of the trunk carrier channels supplied to 
REA 1:Jorro.vers under contract that year, 30.percent were PQIII carrier. 

( 

3.3 Bell Labs established Tl span line engineering guidelines in 1963. 
Maximum repeater spacings were established based on extensive cable 

data analysis. 'As cables were loaded with Tl systems shorter spacings 
were required to offset the effects of near end crosstalk. Superior Cable 
Corporation developed a T Screen cable for effectively separating the 
transmit and receive cable pairs in 1970. 'Ihis provided the effect of 
separate cables for transmit and receive directions, and provided for full 
repeaters spacings. Filled core cables became widely used in the early 
1970's. 'Ihe lo.ver attenuation characteristics of filled cables provided 
for 10 to 15 percent longer repeater spacings. Improvements in cable 
screen techniques provided additional near end crosstalk isolation, allowing 
for the application of higher bit rate digital systems. 

3.4 'Ihe earlier Dl channel banks were utilized at the exchange level for 
toll connecting and EAS service .. Later channel banks were designated 

D2, D3 and D4. The significant technical difference is that Dl uses seven 
bits to encode each voice sample, resulting in 127 encoding step;; the D2, 
D3 and D4 use eight bits to encode each voice sample, resulting in 255 
encoding steps. 'Ihe result is less channel noise and distortion with the 
later D channel banks. The D4 channel bank ( or Independent manufacturer I s 
equivalent) is emerging as an econanical and flexible channel bank that 
will interface with other D3 or D4 channel banks in synchronized or non­
synchronized rrodes of operation. 'Ihe D4 output can be arranged to directly 
interface Tl, TlC and T2 span lines. 'Ihe 1~544 Mb/s bit stream can be readily 
accessed an a per channel basis for data (in 64 kb/s increments) . 

3.5 Variations of the Dl, D2, D3 and D4 trunk channel banks have been 
adapted for subscriber service by Independent manufacturers. These 

systems have provided subscriber service almost exclusively over exchange 
cable pairs utilizing Tl span lines. Present subscriber carrier utilize 
D3 voice encoding; but each manufacturer differs slightly in the use of 
signaling bits to acaxnplish dialing, ringing, etc. Also, there are variations 
in alanns, housekeeping and remote testing functions between manufacturers. 
While nost IlEilufacturers have used only signaling bits to transmit this 
infonnation between the office and subscriber tenninals, sane use part of 
the framing (synchronization) bits also. Subscriber line ooncentrators are 
integrated into sane types of digital subscriber carrier. 

3.6 Bell Labs developed a special paired cable for T2 transmission in 
1970. 'Ibis second step in the digital hierarchy has been essentially 

dormant, especially in the Independent telephone industry. 'Ihe benefits 
versus costs of T2 applied to special paired cables are marginal at best. 

3.7 Responding to needs within the capability of existing cable plant 
and technology, variations of the original hierarchy began to be 

used. An example is TlC with 48 voice channels transmitted at 3.152 Mb/s. 
Exchange cables may be inadequate or marginal for TlC application. This 
is especially so for subscriber cables where cables are frequently tapped 
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and where housekeeping rray suffer. Independent manufacturers have ad­
dressed this mar-ket with TlC equivalent systems, and with variations of 
TlC that cx:rnpress the 3.152 1'1b/s information rate into span line signals 
at lower rates and irrpose significantly lower transmission requirerrents 
on cables than TlC. Canpressed bit rate systems are primarily intended 
for application to existing exchange cables that will not support higher 
bit rate systems. 

4. IMPLEMENTATION ON IMPROVED FACILITIES 

4.1 Higher order digital systerrs (above the T2 rate) cannot econanically 
be transmitted over paired cables. In concept, the alternative 

transmission media for these higher order digital sys terrs was coaxial 
cables, waveguides and radio. Optical fibers began to shew signiticant 
pranise cjS a digital transmission medium in the mid 1970' s. 

4.2 Lightwave systems in service are generally at T3 channel capacities 
or multiples of T3. Lightwave systems are not yet fully stand-

ardized. CUrrent lightwave systems with T3 channel capacities may utilize 
bit rates slightly higher than DS3 (44.736 1'1b/s). 'Irese extra bits are 
used for alarms, housekeeping and synchronization functions of the lightwave 
systems. These systems generally are not end to end canpatible on an optical 
basis, but can re made canpatible on an electrical interfare basis at standard 
DS levels. 

4.3 There is also current work in progress to investigate the econanic 
and technical feasibility of lightwave systems using bit rates 

substantially lc:wer and higher than T3. For lower density applications, 
the economical use of T2 and even Tl rates over fibers is being reviewed. 
It would be premature to judge the outcane of this work. Higher bit rates 
such as two timas T3 (1344 · channels) may becane an intermediate standard 
for fiber sys tens. 'Ihe use of longer wavelength systems provides for lower 
fiber attenuation and few repeaters between terminal locations. 

4. 4 Analog and digital radio systems are also being used for the trans-
mission of digital signals. Standard Tl signals (1.544 1'1b/s) or 

multiples of Tl are processed and multiplexed onto the radio. 'Ihe digital 
system may use external multiplexers for application to analog radio, or 
the digital signals may be directly applied to digital radio. A digital 
radio is the functional equivalent of analog radio with an external digital 
multiplexer. Mast digital signals applied to radio in the Independent 
industry do not follc:w the standardized Bell System digital hierarchy and 
format. 

4.5 Lower density digital radio transmission systems are available for 
rural applications. The channel capacities of these systems are 

24 (Tl), 48 (2 x Tl), 96 (4 x Tl), 144 (6 x Tl), 192 (8 x Tl) and higher. 
Four or eight level phase-shift keyed (PSK) modulation is ccmnonly used 
to achieve bandwidth efficiency. Digital signals such as Tl signals generally 
contain repetitive patterns, causing high amplitude discrete frequency can­
ponents. Before these signals are modulated on the radio, they are scrambled 
( encoded) to eliminate any repetitive patterns . This reduces the radio loading. 
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4.6 The digital radio systems of one manufacturer are generally not 
end-to-end canpatible with equiprrent of other rrmmfacturers at this 

time. H0vever, these systems can be standardized at the DSl level (or 
higher) · for transmission over Tl span lines. 'Ihus, they can serve as a · 
digital transmission building ·block aloo.g with other standard systems in 
the digital hierarchy. 

4. 7 The original digital hierarchy planned the use of T4 systems over 
coaxial cables. This was to be a long haul system carrying 4032 

voice channels (168 times Tl). In rural areas, the need for 4000 voice 
channels in one route is non existent at this time or in the foreseeable 
future. Where a need for large quantities of voice channels does exist, 
lightwave systems are likely to be the eccnanical cmiae. 

4.8 In rural areas, coaxial cables may be used to provide CA'N or other 
broadband services. Voice channels and data may also be applied to 

srrall bandwidth segments of these coaxial cables to provide both broadband 
and narr0vband services. Digital techniques are especially efficient for 
data services and Tl carrier systems are very cost effective for voice 
circuits. Utilizing multiplexers and techniques very similar to digital 
systems applied to analog radio, segments of coaxial cable systems can serve 
as building blocks in the digital hierarchy. 

5. DIGITAL SYSTEM MODULES 

5.1 Digital transmission and switching systems are designed and assembled 
in rrodules. Each nodule is essentially separate and complete as. a 

subsystem, but can be integrated to fonu systems in a digital network. 

5.2 Each digital module is designed to sane interface standard (not 
necessarily an industry wide standard) such that it can be considered 

a separate and canplete unit for installation, alignment and testing. The 
architecture for the various digital transmission and switching systans are 
designed to meet certain industry requirements for direct digital inter­
face, but there is no universal agreanent on architecture and interface 
standards. 

5.3 An integrated digital network can be fonued with currently available 
hardware. Figure 2 sh0vs sane of the digital transmission systems 

available for the trunk network; and Figure 3 sho-,s sane of the digital 
building blocks for subscriber service. All of these digital modules may 
not be available fran one manufacturer; and there is a high probability 
that equipnent from different manufacturers will only interface on an ana- . 
leg voice frequency basis. This is rather universally true for subscriber 
service. Nonstandard interfaces exist with sane trunk systems, but these 
systems will interface digitally at DSl and higher bit rates in the Bell 
System defined hierarchy. To achieve greater efficiencies, manufactuers 
have combined DSl signals into higher bit rate systems for application to 
paired cables, radio, coaxial cables and optical fibers. While standard­
ization at all bit rates would be desirable, it may not be the most cost 
effective use of the transmission media. Where nonstandard interfaces are 
used for transmission, they can be converted into standard DS levels at 
interface points. 

5. 4 Trunk Systems: The follow'ing are exarrples of digital systems that 
can be used to fonu a digital trunk network. 
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5.4.1 Digital COE: The digital central office equipnent is rather 
universally defined for trunk service. 'Ihe standard interface 

is DSl (1.544 Mb/s) and the decoded digital signal is equivalent to a 
D3 channel bank. In practical terms, the digital CX>E can be used to 
interface with other digital COE and D3 channel banks for almost all 
switched services. It has not been econanically practical to provide 
non switched full pericd <1:ircuits (nailed up circuits) for special 
services. A separate D3 channel bank is currently used for this service 
-- even if only gng full pericd circuit is required. (Note: There are 
techniques for intercepting the DSl bit stream to extract one of the 24 
channels before it enters the digital switch. Such sys tens ITD.1St be 
considered experirrental at this time.) 

5.4.2 D3 Channel Bank: The D3 (or D4) channel bank (24 channels at the 
DSl rate) is the universal standard for trunks in the digital 

network in North Arrerica. Digital central office equipnent is designed 
on the basis of D3-Tl interface. 

5.4.3 Tl Span Line: The Tl type span line (DS1 rate) on paired tele­
phone cable is the standard interface for systerrs in the digital 

network. Higher bit rate systems are also used. These higher bit rate 
systems may not be standard, but can be interfaced at the DSl rate. 

5.4.4 Digital Radio: Digital radio (or analog radio with digital multi-
plexer) can be used econanically for point-to-point digital trans­

mission at multiples of the DSl rate. Most digital signals applied to 
digital radios above the DSl rate do not follCM the standardized Bell 
System digital hierarchy and format. I..arl density digital radios with voice 
channel capacities up to 192 (8 x Tl) are available for rural applications. 
Higher density digital radios proviaing up to 1344 voice channels (56 x Tl) 
are also available. 

5. 4.5 A-D Converter: An analog-to-digital converter (A-D converter) can 
be an economical technique for sane telcos. An A-D converter trans,... 

forms the voice and signaling of an analog carrier system into a digital 
fonnat (and a digital bit stream into an analog format). The only A-D con­
verters available today are for L carrier to T carrier. The unit is designed 
to convert two 12 channel L carrier groups (voice and signaling) into one 
24 channel D3-Tl digital signal (DSl). The primary application is where 
L carrier exists (over radio or coaxial cable) and there is a need to inter­
face a digital mE, or extend the circuits over digital facilities such as 
Tl span lines . 

5.4.6 Lightwave Systems: Lightwave transmission systems may be cost effective 
for high density digital applications; the feasibility of lCM den­

sity fiber systens is also under study. Standardization on a lightwave 
basis does not exist today between different manufacturer's fiber systems. 
These systems can be interfaced on an electrical basis at standard :OS rates. 

5.4.7 Coaxial cable Systems: Digital transmission over coaxial cables will 
not generally canpete with other techniques. They may becane economical 

in the future when combined with other systems such as CATV. 

5. 5 Subscriber Systems: Digital mnpatibili ty of digital subscriber systems 
exist only to a minor extent. At this time, standards exist only for 
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Tl type span lines and for D3 voice encoding. Fquipnent fran different 
manufacturers are tm:likely to interface on a digital basis. The fol­
loving are examples of digital building blocks for subscriber service. 

5.5.1 Digital COE: Only the D3 voice encoding and DSl interface are 
defined for digital central office Eqlliprent in subscriber service. 

The signaling, processing, alarms, housekeeping and re:note testing functions 
are not standardized among manufacturers. In general, Eqllipnent from dif­
ferent manufacturers can only be interfaced on an analog voice frequency 
basis. A typical remote switching tenninal (RST) handles 250 to 350 lines, 
and is connected to the host COE on a direct digital basis over two Tl 
span lines. 'Ihe digital OOE architecture varies with manufacturer and 
equipnent. 'Ihese hardware and software differences do not alla.v for easy 
mixing of equipnent. 'Ihere are several alternatives offered for serving 
sm3.ll groups of subscribers on a direct digital interface basis. One 
rrethod is to distribute the 250 to 350 lines at multiple RST locations. 
Another method is to utilize subscriber terminals of PCM subscriber car-
rier and interface the COE on a direct digital basis ( ani t CO channel banks) • 
The PCM subscriber carrier may interface the RST as well as the COE. 

5.5.2 Digital Subscriber Carrier: PCM subscriber carrier designed in 
24 channel groups with D3 voice encoding and Tl span lines is in 

wide use on an analog interface basis. Sare types are designed to inter­
face the digital COE or RST on a direct digital basis (if all equipnent is 
furnished by the same manufacturer). Lacking standardization in signaling, 
alanns and testing functions, its role on a direct digital interface basis 
may be limited. Hcwever, digital subscriber carrier is expected to maintain 
a strong role in subscriber service on an analog interface basis because 
of its simplicity, versatility, and lcw cost. 

5.5.3 Digital Subscriber Line Concentrators: Digital concentrators can-
bine digital transmission and digital switching to interface the 

COE on an anala:r basis. Sane "concentrators" are designed to interface the 
mE on a direct digital basis (when furnished by the same manufacturer). 
By definition, it then ceases to be a conrentrator and becanes an RST. Digital 
concentrators are gaining in popularity as an alternative to RST's and sub­
scriber carrier for larger circuit quantities at one location. 

5.5.4 Tl Span Line: The Tl span line (DSl rate) on paired telephone cable 
is the standard interface for digital systems in subscriber, service. 

Higher bit rate systems are available, but may have technical and practical 
limitations in subscriber servire. Higher bit rate span lines (i.e., 2 x 
Tl) may offer more circuits per cable pair; but many subscriber systems re­
quire two Tl span lines and the two separate paths are desired for reliability. 
It would serve little purpose to increase the span line bit rate if additional 
alternate paths are required for reliability. 

5.5.5 Digital Radio: Digital radio in subscriber service is almost iden-
tical to the trunk application. Lav density digital radio can be 

used to serve i:ockets of subscribers . · Digital radio can be used in con­
junction with t,ther digital hardware such as subscriber carrier, concentra­
tors and RST I s. 'Ihe digital radio signal can easily be separated into DSl 
signals and extended over Tl span lines. 

5. 6 Miscellaneous Digital Eguiµnent: Two other types of digital equipnent 
to be discussed are autanatic protection S1t1itches and ffi3.intenance and 
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test systems. 

5. 6 .1 Autanatic Protection Switches: Autcrnatic protection switches (APS) 
were developed initially for high density analog radio systems to 

achieve very high service reliability. The inherent nature of digital 
systems provides for lo.v oost APS systems to protect small channel quan­
tities. Digital APS systems are available for paired cable systems, 
lightwa.ve systerrs and radio sys terrs. They are arranged to· protect in levels 
or groups, beginning at the basic DS1 bit rate. 'Ihe digital bit stream 
is transferred to an alternate path when the main path becanes unusable. 
Error detection and transfer is fast, and circuits maintain service contin­
uity. REA Specification PE-60c covers a universal APS for Tl span lines. 
Autanatic transfer and restoral is required. 'Ihere are systems in use 
that are not universal (require special interface equipnent) and that do not 
have features such as fast speed and autanatic restoral. 'Ihese systems are 
limited in capability and are not generally recomnended for use. 

5.6.2 Maintenance Systems: Digital techniques offer enhanced possibil-
ities for manual and automated system maintenance, alarms and 

testing. 'Ihe initial Tl span lines were designed with the capability to 
interrogate repeaters from remote locations. Status reporting, housekeeping 
functions, alarms, manual and autanatic testing of rerrote terminals , and 
other features may be integrated into the equiprrent, or available as se­
parate equ;Lprnent. Advances in microprocessors have made these features more 
versatile and rrore economical. Available equipnent ranges from simple, low 
cost units to canplex, costly systems. 

5. 7 Future: Standardization has been a primary key to the success of 
digital transmission systans applied to paired cables. Standardization 

is limited in integrated digital transmission and. switching systems, and 
for the emerging technologies such as lightwa.ve systerrs. Premature 
standardization could severely slow the rapid developrrent pace of these 
emerging systems. · 'Ihis should not be a major concern so long as partial 
standardization provides for the economical use of these systems. Such is 
the case for optical fiber systems which are not standardized on an optical 
basis, but can be electrically interfaced at standard DS levels. Ho.vever, 
the econanics expected fran integrated digital subscriber systems may not 
fully materialize because of the lack of standardization. It is for this 
reason that digital subscriber carrier, digital concentrators and other non 
integrated digital subscriber equipment will continue to maintain a strong 
role in subscriber service. 
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FIGURE 1 

STANDARD DIGITAL HIERARrnY 
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FIGURE 2 

DIGITAL TRANSMISSION SYSTEMS FOR 'TRUNKS 

Digital 
COE 

Digital 
CDE 

~ 

Digital 
COE 
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FIGURE 3 

DIGITAL BUILDING BIOCKS FOR SUBSCRIBER SERVICE 
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SC and SIC can interface COE on ah analog (voice frequency) basis,· or in sane cases on a 
digital basis where a matching interface is available. 
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APPENDIX A 

PCM CARRIER FDNDAMENTALS 

A pulse code :rrodulaticn (PCM) carrier systan converts the continuously 
changing (analog) voice signals into coded pulses at a periodic sar,pling 
rate. These pulses are transmitted over cable pairs, reconstructed 
when trey becare weak, and aecoded at the distant end. 'Ihe D3 PCM 
tenninal and Tl span line will be used to illustrate this process, 
beginning with tine division rrultiplexi.ng. 

Tine Division .Multiplex 

3 4 3 4 

i~~-o_o_c, __________ 1_~°\; o,_:, 
240 0 240 0 

0 -, 0 ,,, 
23 0 0 l_, 23 0 0 -. I 

'Ienni.nal A 'Ierminal B 

A D3 PCM carrier system has 24 channels or voice paths. SWitcres or 
gates at both tenninal ends must be synchrcnized so that channel 1 
sarcples of Terminal A are received by channel 1 of Terminal B. Each 
channel is sarcpled at 8, 000 tines per second which is controlled by 
a precise clock. 

A voice signal is sarcpled and converted into discrete voltage levels 
as shown. 

This is called pulse- arcplitude nodulation (PAM). 
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These PAM signals are fed into a PAM bus fran each channel in sequence. 

Ch 1 ~ ¢-
Gate 

Ch 2 If\ c;>-V PAM Buss 

Ch 3 

Each PAM signal is converted into "bits" of encx:x:l.ed infonnation. Each 
group of bits :represents a specific PAM voltage level. This is called 
binacy cx:xling. 

Binary -Coding _ 

Binacy refers to two possible states 

ON or OFF 1 or O PUISE or NO PUISE 

Binacy is a sinple mmberi.ng system using a base nurrber of two. Binary· 
cx:xling is easily adapted to semiconductor teclnology, and is an efficient 
nethod of storing and transni.tting infonnation. By using ones and zeros, 
any nurrber can be stored ·and transmitted. 

With 1 digit or store, we can count ~ numbers 
2 digits: 2 x 2 =!numbers 
3 digits: 2 x 2 x 2 =!!,numbers 
4 digits: 2 x 2 x 2 x 2 = 16 numbers 

The maximltn number aoul1)1es with each digit. 
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Binary coding is used in PCM carrier systans. A "l" represents a p.1lse 
or "on" condition, and a "0" represents a no pulse or an "off" conditi'Oil. 
A 3 bit code can be used to represent 8 information levels, or to oount 
fran O to 7. (Zero is an infonration level or nurrber.) 

Nurrber 

0 
1 
2 
3 
4 
5 
6 
7 

Binary Co:le 

000 
001 
010 
011 
100 
101 
110 
111 

'Ihis is another exarrpl~ of a 3 bit cx:xle with+ and - levels or numbers. 

~r Binary Code 

0 < -ooo< CMIT 
-,l 001 
-2 010 
-3 011 

0 100 
+l 101 
+2 110 
+3 111 

'Ihe first bit defines polarity: + is 1 and - is O. '1he next two bi ts 
ex>unt fran zero to 3. Only one code is needed for zero. Generally 
the all zero oode is omitted so that pulses will be available to drive 
the system clocks. 
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There are 8 :i;x:,ssible levels for a 3 bit code. Each added bit doubles 
the :i;x:,ssible code levels. There are 8 bits in tre D3 encoding used 
today. This allows for 256 possible levels. TlE D3 system uses 127 
"+" levels, 127 11 - 11 levels, and zero, or 255 levels or codes. 

Each P.~ signal is converted into 8 bits of encoded infonnation for each 
channel. For e:xarrple: 

Channel Bit 1 2 3 4 5 6 7 8 Bit Ch 1 Ch 2 
1 Code 1 0 0 1 1 1 0 1 1 + -
2 0 1 1 0 1 0 1 1 2 0 64 
3 EI'C. 3 0 32 

4 16 0 
5 8 8 

5 6 6 4 0 
8 4 7 0 2 

8 1 1 
Value +29 -107 

A "l" represents a pulse and a "0" represents a no pulse condition. 
(This is further discussed under "Encx:xling".) 

'Ille bi ts appear on tre PG:1 buss as uni:i;x:,lar pulses (in groups of 8) in 
proper channel sequence. 

Bl B8 Bl BB 

I .111 lfll I.II 
\,( Ch 1 >I< Ch 2 ) I< Ch 3 

(+29 Code) (-107 Code) 

The sarrpling of 24 channels is called a frarre. An extra infornation 
bit is added at the end of each frarre, and is called the framing bit. 

_I ....___._. ____ I ____ I I...._.___.._I _ _ _ _ _ __ I_._I ....___., I.__._I ____ I . .__._I _I 
Ii-.-<-Ch 1-~) I \.4--Ch 24 -+It 

Framing Bit _J 

There are 8 bits per channel tines 24 channels equals 192 bits, plus 
one framing bit equals 193 bits per frarre. 

193 bits per frarre times 8,000 sanples per second equals 1,544,000 
bi ts per second. 
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The unipolar pulses are then converted into bipolar pulses, alternating 
in polarity (alternate bipolar pulses). 

Unipolar Bipolar 

I I I I I I 

Bipolar pulse transmission has advantages over unipolar pulse trans­
mission. 

1. Power is concentrated near 772 kHz. 
2. Low frequency power is reduced (no de). 
3. High frequency power is reduced. 
4. Errors can easily be recognized. 

JAs the pulses are transmitted along the cable, they becorre -weak and 
distorted. The repeater 'Will sarrple the incaning signal 1,544,000 tines 
per second to detennine if there is a pulse or no pulse condition. If 
there is a pulse present at the input, a new pulse of the sane polarity 
will re generated at the output. The sanpling rate is controlled by a 
clock (tuned circuit) and the decision level is controlled by a threshold 
detector within.each repeater. 

Input Repeater Output 

At the distant tenninal, tl'e 8 bit coded groups are converted back into 
PAM signals, distributed to the proper channels, and filtered (low pass 
filter) to restore the analog voice signals. Sare distortion is ack:ied 
to the voice signal. This distortion is a function of tre tenninal 
equiprrent basic design. Unlike analog systerrs, noise and distortion are 
not added. along tre transmission path. 

A sirrplified sketch of a PCM transmitter·and receiver is shown on the 
next page. 
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A PCM carrier system is a two-way four-wire transmission system. The 
functions are duplicated at 1:oth ends. A voice fre:ruency 4 wire 
termination set is used to carbine the carrier transmit and receive 
signals at the cable pair (2 wire). 

VF VF 

Framing 

The framing bits are used to synchronize the transmitter and receiver. 
'Ihe framing bi ts are generated in the transmitter and separated in the 
receiver for proper timing and framing. These framing bits are in a 
special sequence of pulses and spaces for 12 frames. The 12 frames 
are called a super frame. 

1 2 3 4 5 6 7 8 9 10 11 12 Frame 

1 0 0 0 1 1 0 1 1 1 0 0 Frami.na Bits 

A B Sianalina Channel 

Signaling 

One of the 8 voice bits (B8 - the least irrp:>rtant) is used for signaling 
each 6th frame. The PCM voice enooding is actually 7 5/6 bit enooding, 
or alnost 8 bit enooding. 

There are t'\\O signaling channels. Ea.ch voice channel transmits one bit 
of signaling during the 6th frame (signaling channel A) and another signaling 
bit during the 12th frame (signaling channel B). Each signaling channel 
contains: 

8000 + 6 = 1333 bits per second. 

The signaling channels transrni t all of the dialing, ringing, and super­
visory infornation fran cne terminal to the other. 

A7 



(Note: The voice encoding, framing and signaling forernat 
are well defined for a D3 PCM trunk carrier system. 
'Illere are variations in the framing and signaling forerrat 
for PCM subscriber carrier, PCM carrier-concentrators and 
digital class ~ central of fices of different manufacturers.) 

Encoding 

PCM carrier uses nonlinear encoding. With earlier D3 tenuinals, this 
is accorrplished by a corrpandor (canpressor and expandor) and a linear 
encoder and deooder. Later D3 (or D4) te.rminals utilize a nonlinear 
encoder and decoder. The sarre nonlinear encoding results from either 
rretlm. MJ.ch irrprovenent in voice quality with fewer coding steps 
results from this nonlinear encoding. 'Ihe coding steps are srrall for 
low level sarrples and ·. larger for high level sarrples. The coding 
steps are dete.rmined by a corrpanding law of µ = 255. 

There are two possible states for each "bit" of infornation. 'Ihey 
are expressed as pulse or no pulse, on or off, one or zero. Two bits 
have 4 possible combinations or levels, 3 bi ts have 8 possible levels, 
and 8 bits have 256 possible levels. This is called binary coding. 
Codes represent 127 positive levels, 127 negative levels and zero. 
This utilizes 255 of the 256 possible codes; the. all zero code is not 
used. Of the 8 bit group, the first (Bl) represents polarity; the 
second (B2) represents the largest value and the last (B8) represents 
the srrallest value. Thus, Bl is the rrost irrportant bit and BB is the 
least irrportant. Each 8 bit code can be converted into a positive 
or negative voltage sarrple of a specific value. 

Repeater 

A PCM repeater contains two regeneraters (A), a power supply (B), inter­
regation circuits (C), and electrical protection (shown later). 

~ G> ~ 
East B cP West -

OU~ ~~ <8 j~ ~ 
~c 
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l Regenerator 

'Ihe regenerator sanples the input at precise intervals and regenerates 
new pulses of the same polarity at the output as described earlier. 
The PCM span line signal alternates the polarity of each generated 
pulse. Two pulses of the sarre polarity indicate that an error has 
occurred. A bridging error detector used at the input and output of 
each repeater can determine the faulty repeater or cable section 
causing the errors. An acceptable error level is about one out of one 
rrd.llion bits. This varies with the specific service and application. 

Repeater Power 

The span pa,rer is fed down the PCM carrier transmit cable pair and 
returns on the carrier receive cable pair. As the current passes through 
the repeater, a zener diode causes a constant voltage drop of about 10 
volts. This voltage is the power supply for the repeater. A capacitor ' 
is added across the zener to irrprove the imnmi ty to 60 hertz current in 
the cable pair. 

Repeater Interrogation 

PCM repeaters contain interrogation circuits. A digital bit stream 
containing specific error patterns is generated at the central office 
and transmitted down the span line. These error patterns are detected 
in the third winding of the repeater output transforrrer and passed through 
a voice frequency filter. There are 12 filters associated with the error 
patterns. Each repeater location uses a different voice frequency filter. 
In nost cases of span line troubles, the faulty repeater can be determined 
fran the central office. 

F2 and F3 are voice frequency filters. 
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'Ihe interrogation test set consists of a pulse generator and a voice 
frequency selective voltmeter. 'Ihe pulse generator output is con-
nected to the transmit side of the span line, and provides the span 
line driving signal. 'Ihe test set receiver is connected to a fault 
location pair; this is a voice frequency cable pair (loaded or nonloaded) . 

'Ihe pulse generator output consists of trioo of pulses with a large 
quantity of bipolar violations. These are transmitted in specific 
patterns of positive trios (positive-negative-positive) and negative 
trios (negative-positive-negative). These positive and negative trios 
alternate at a voice frequency rate. 

1-< Positive > f"< Negative > I 

I I I I I I I I I I I I I I I I I 
I I I I I I I I I I I I I I I I 

Filtered Pulses 

One Voice Frequency Cycle 

If the repeaters are operating properly, the trios will be regenerated 
and transmitted to the next i:epeater. A portion of the repeater output 
is coupled into the interrogation winding. This is filtered and con­
nected to tre fault location cable pair. At the central office, the 
fault location pair is measured for receive level at one of the twelve 
voice frequencies corresponding ·to filters Fl through Fl2. A faulty 
repeater is detected by no received signal or by a low receive level. 

With this system, office repeaters (at both ends) and eleven line re­
peaters can be interrogated using cne fault pair. Additional repeaters 
can be interrogated using additional fault pairs. 

other interrogationscherres utilize tre sarre twelve frequencies and 
anplifiers in arrangements that provide for interrogaticn in ooth directions 
from one or both central offices (loop around interrogation) ; or arranged · 
to interrogate up to 24 repeaters over one interrogation pair (in one 
direction) . 

When carrier system acceptance tests are made, it is irrportant to include 
the interrogation systan. The acceptance test data can be used as a 
benchrrark to better interpret tre fault location data at a later time. 
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Repeater Protection 

Electrical protection of repeaters is generally provided in the 
following rranner. 

r-- ------------------

t t t 
C B A 

~ ¢~:: 
I 

L ___ - - - - - -- - -- - - ____ _j 

High voltage gap devices (A) are used to limit the voltage across the 
line terminals. These are usually 350 volt 2 elerrent or 3 ele:nent gas 
tubes. Series resistors (about 5.6 ohms each) provide current limi.ting 
for lightning and electric system fault currents flowing through the 
repeater. 1Dw voltage limiting devices (C) are placed across the input 
and output of the sensitive electronic circuits. PCM repeater protection 
has been much inproved in recent years. 
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