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ABSTRALT

In d;tily fiie. RS:IN has, a: gRear. ilnportance.:.:a00, used. in w:ezy mp€ltlautdiekkti-ke:, h:
officfal & public work. P.STN is also used ir, Army commurikatio-ns, tt also play an.
-impo-rtinit role in flledof science, -With PS'fN; it-became 'possible 'to eenneet 'the aH 'over
world .through Internet, which keeps t0 in touch with cm:rent-affair~ of the Wotl:d. A
telecomm:unii::atiort system, can take many dffferent forms: PSTN- has a very' iiil.eortanc

role in our fife:

The PSTN is one of the most important aspects of information theory, upon

which many of technological advancements in Communication,

Public Switching Telephone Netwark is now part of our environment. Everyday

Ty . . : sl S i
we receive and transmit information by this network, often without knowing i.

s ol Vit b v B < 5 ;
Because of these and more, 1 prepare to choose my project's subject as “Public

Switching Telephone Network ™.

PSTN is very wide field,and itcanriot be covered even by one book, So we can

find lot ofbooks taHdng abouHms,sulijjeotand- each. book has,his own point of view;

One of the mean object-ive of this project is to give the .reader enough of

understand M{ to :aHow him or he? toask the right question.

As- I am doing: filis project to- cover the: impurtruit snlijec.t -such- a: yrtal field.

Whatever;  the assnrrrttti'oti~  o-ne can be- assured- that PSTN WI' continue fo- occepy arr

wnportant place asa mean of communication.



INTRODUCTION

Telecommunications is a term for a broad field that can include transmission
through satellite; miemw.rve, telephone, and computer networks. Public Switching'
Telephone Network has a great importance and used in every important field like in

official & public work.

PSTN is also used in Anny communications. It also play an important role in filed
of science. With- PS-TN, it became possible to conrrect the all over world through
Internet, which keeps to in touch with current affairs of the World. A
teiecomm.'Imication -system 'Can take many different furms ,PSTN has -a very i.-inportant

role in our life.

In Chapter | we briefly describe the major elements .and types of communication
device, switching systems in telephones and telephone network. pervious and Modern
history  of Telecommunications. and. nnportanceef PS.TN in.coiaemuication and in Life
span.

In Chapter 2 there is a discussion about Telephone Set that how telephone works and
how the systems layout k

In Chapter 3 we briefly described which type of interference..would .involve in
telephone- system. How the long and short distance- calls can- b-¢' transferred and- which
main factor is involved.

In -Chapter 4 we brrefly de-scribed- the failure of -PSTN and which factors euottldhe
itwolved-tC' fa-it the Pti:b-He Switehing: Telephone Network (PSTN).

To aid in the volume of traffic between of toll centers and primary centers, sectional
eeaters fflld -r-egronai -eenters are used. T-he best reet is -shertest route er the route

utfiizing smallest rmrrrberof switching centers.




1. ‘-Introduction to 'feiec-omtnunications & PST:N

l~~utmr:runicatior.BiS- a term for a: broad: field that. can indttiie: ttan.."IDIfferitrn
thruugh sarellite, microwave, tetephene, and computer networks. In order to transmit
infomt:ation from one computer to .anciher, one must have access to a
teiecornmunicatien system that maintains a large computer server with connection
facilities:.  Uni:vernities,;. commercial  teleco.muta:m~1:ion~ system pmvid:ers~~ an:d.
community frees, ne1 usualy have connecfain: facilities. There:are- three primary methods
used ftH'-es:tab:lisshing.coimectirmn:
DDial-up connections with modem and aregular telephone line (Terminal Emulation).
Fm- this: kind. of connection you need a; tefocomniunicatit.:nr s:o:ftware:-package'{.Pmoom~
Zmcdem, Versa term, etc...) installed m1 your haul disk.
2) .PPP (Point to Point Protocol) conneeilon with high speed modem and a regular
telephone line. This kind of connection provides access to all multimedia features of
mternet. To establish this killd of connecti@r:1, you need. to: itislaU special PPP software,.
and TCP/IP (Transmission Control Protocol f Internet Protocol) software on your hani
disk.

3) Direct connection through local area network.

Lt-History of Telecommunications

1.1.1 Brnadc-.a~iingthe. Human: Voice; ..

Since telephone: wires could carfy the hnmmr voice, could-tlie-~ireless broadcast:
speech seimds as well? In 1906, rR Caeadtan scientist named Reginald Fessenden
converted sound waves into a pattern, or signal, in the radio waves, This pattern altered
tire amplirude; or height~ oifradio waves,. This methO'dc of changing: nrdict wa~es. was,

called amplitude-mb'dulation~W1: eaU-irAM forshort:



Figure 1.1
By the early 1920s, regular broadcasts "Nerebeing made i
n many "Countries. Radio was a great success. People everywhere could keep in touch
with the latest news and listen to children's programs, concerts, er plays. In 193-9, the
American engineer Edwin Armstrong discovered a way to improve the signal further. It

is known as frequency modulation, or H.1.

1.1.2 Television

Figure 1.2

Z



In December 1883, a young German named Paul Nipkow had thought of a way
to send a moving pieture by wire, He knew that a substance called selenium lets more
electricity pass through it in bright light than when it is in the dark. He thought he could
use this fact to tum a picture into an electrical signal,

1.1.3 Computer and New Media

 Modems and  acoustic-
\docking—stations. More and

r_i more people are using
‘ modems and acoustic-

docking-stations. Speed: 300-

First real Laptop. Compaq
aunches the first portable AT

(with batteries)

PCMCA-cards. The
PCMCA-standard is going to
be the most common standard
for mobile communication and

online hardware.
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a few basic network components, which are: (1) user equipment telephones, computers,

and all the other devices ttu~t provide a means of accessing the network; (2) the access
network users are connected to the main network by wire line or radio links; (3) the
n.rirr network copper wire, microwave radio, and optical fiber cables connecting all the
nodes of the global network; (4) transmission equipment the means by which huge
vohimes of L."lfomiation {there are many minions oftelephone and data calls made every
second) are carried over the network; and (5) switching equipment the hierarchy of
local, long-distance, and International switches that allow any user of the network to

connect to any other user. Each of these components has to consist of a combination of

hardware and software.

server =Teleplitae

transmission
1tnes

Modem

.S,

.-

Figurel.4

ttardware

This usually covers items such as telephones, transmitters, cables, interface devices,
switches, and computers, In the past, telecommunfoations have relied heavily on
hardware, such as dedicated switching elements, and on the logic providing. its control
functions. A situation is new developing In which mere of the system relies on elements
operating under computer {software) control. Because this software can be upgraded,
this makes it easy to add new, enhanced functionality lat-er.

Software:

This is- cede that instructs a computer or network device. Until the 1980s, mest of

the operational instructions used hy a teleeommuaications network were liard.-wired or



-pPeSet. The advent of digital systems 'and data networks has led to .a murh wider m.nge
ofnetwork services, Snitware solutions are weli suited to the eonrpiexity and flexibility

inherent 1n these serviees,
1.3 Public SwitchingTelephone' Network (PSIN)

The PSTN is a -:highiy integrated oommumcations network dint connects over
70% of the world's inhabirants, In early 1994., the international Telecommimications
Unfon estimated. that. tl'lere:. were:~ 650 .muilliarr. ribl:te: - hintiiHrie, teiepoooo roim:h'e~, as.
c,mpared tn 10' miHfo-n c:eHular relepho.rie :mmthers: f1TU91J,.. while buidline tdephones
are being added at a 3% rate, wireless s.ub.sm:ptions are .growing .at .gre.ater th.an;a.509./0
rate . .Every teftuJlmn:e .inthe world Is given calling access over file PSTN.

Each. country is respcms:fofo for the regw:ati-oruiof the: PSTN within: tis:- homers~ Over
time, some gnvernn.tent refopl'n:nie- :i'Jstmi~ haw- heoome pri~ail.czed by cntricle-ttfori&
which provide local and king distance.serviee for profit

In the PSTN, :each city or a gengrapitic .grouping of itnms is ral:Jeda fot:al access:
and trrm:fJIO"ftarea. (LAT A)~ Suurrround.ing: LATA -are:-connect.edby a oom:pinty call-ed:a
focal exeh:ange-earmr (hEC); A.-LE.C is a-cmn:pany- that pruvitk.:1 inter LAT A rek'pb:on:e
service, .and n:my be .a -focall:eJeplio-ne ,eom.pany, or may be.a .telephone ro:mpany that is
regiomd 1in scope,

A lallg drstance relep:ha~ crnn-pcimy collects toll fees fa provide- co.nnect:itins
between- different:' .AIf A. over its toog- distance; aetwu-rk. These- c.ootp.~ art: referred
io as mter exe:hange carriers (D(C), and own and operate hirge fiher optic .mid
microwave radio networks which are connected to LEC throughout .a country or
oomiw.em~

Figure (3) is a- simplinat ttbistratiou of a local telepb:oae ne:tw-ork; t-aUed a lo'e.at
excfuinge. Each focal -exchange c:01:usists ofa -central office (CO) w:hie.h provides

figur-e (L5)is a simplified iH:ustration of a focal tdephone network, cailed .a focal
~haage~ Each local exchange oo:ristst] of a central: o-ffi.ee {Cii) which: prévides PSIN
cmme.ctinn ta the custorner: prewuti.es equipnrem fCPE} whidi. umy be. au rudiveduat
phone at aresidence or a -private bra.neh exehange {PBX) .ata,pfa.ce of business. The CO
:mm1y handle as many as a million 'teiephnne cormectiorrs; The CO is connected "to a
tamnl.6m switch wb:idf in rum. eeeeecis the kical ~ci'fange:r0 the- VSTN. NW, tandem
s:witcbp.hiysieatlUy comlecis rtre local telephone network ttt the pomt of presenee (POP):

of tnmked km-g d'is.tanee Jines -p:t0'Vided by eme or mere IXC I11Pec9-2j. Stlnieti:rtles JXC



connect directly to the CO switch to avoid local transport charges levied by the LEC.
figure (LS) also shows hew a 'PBX may be used to provide telephone
eonaections throughout a building or campus. A PBX allows an organization or entity to
provide i'ntermd ealling and other rrr-binlding services (which do not involve the LEC},
as well as private networking between other organizational sites (through leased lines
from LEC and 1XC providers), in addition to conventional local and long distance
senders which pass through the CO. Telephone connections within a PBX are
maintained by the private owner, whereas connection of the PBX to the CO is provided

and maintained by the LEC

IXC A
IXCB
Tandem !
" Swilch xece
| OtherCOs

Figure 1.5

Since the invention of the telephone the public switch telephone network
(PSTN) has grown proportionately with the increase demand to communicate.
Switching services beyond metropolitan areas were soon developed increasing the size
and complexity of the central office. New methods of switching were required to
interconnect central offices through the use of interoffice trunks and tandem trunks as
shown in figure. When the call is made outside the local area, they are routed through

Toll Trunk and Toll Center.



14 Teiecommnnicatien Concept:

Figure 1.7

There mi: several w.ays of carrying information between senders and users. Th.e
options: c:hosen should reflectthe.type ofcommumc:ationreq.uired. For Instance, humans
compensate. for noise.and transmission errors wben they talk to each other. Unexpected
delays or echoes cause problems in understanding, however. Computers have the
reverse characteristics being tolerant ef-shert delays and less so of transmission errors.

The-folto-wingcanceptsmiderpiin relecommtutlcationsnetworh.



1~4.1 Analogue and Digital Networks:

Many ,o{der telecottimfflltca:tioos ,systems are analogue; tlie electrical signals
conveying informartioit vary eo.nti:ntioiisly in harmony with. the sounds-they represent
The quality of spee.di: across. ana.logue. ne:n.vark:s is determined by the. aninunt: of the
speech- spectrum that could be carried. Around 3 kHz was accepted as .a reasonable
C(H:ttprom~~ of eost and quality for norn.tal telephone ,culls.

The alternative way of transmitting information is with a strargiitforward
electrical signal. that is either: m1 or off,.. as with:, Morse's. telegrap:h.- Cr:imputets ‘also,
Communicate with discrete, digital (on/oft) .signals, and while these can be converted to
tones .for fra:nsmjssi:-on over analogue rominl:h'li~a.tions;it makes more .sense to .send
them back in their o.riginaldigfiiif form. Speech and other analogue cnnlnlwiieatians call
readily be can:verte.i:tinto digital fiirn;;. and hack tf analffgue-(see: Digitutc.to-..../£..narl~gue'
Converter and. Analogae-to-Digitat Converter). Most telecommtl.ITIcationsnetworks
today are "integrated" digital systems, .ideally suited kl camputer ,networking and other
multimedia app,fiilatiom, such as speech (voice), data, text, faxasd video.

1.5 Switching.
13~1Service Ev.olution

As -origmally jnvemntecl by Bell, {dephone comeienication went from a particular
tefephone, instniment to only one. other telephoee i-:tStnimen.t. This was:tril:)" private;-line
servi.ce (Figuu: 1-&{a)}, and there was no wa-y to reach any other telephones. This private-
line service was soon extended to connect a number oftelephones to the same line, a
ft>rm ,3f p;,irty--}Ire. Ev-eryone-C<fiil<l hear everyone else hence there was no privacy, and
once call would prevent anyone else tram-using flie line. Clearly, there was the need fora
telephone to be switched to any other desired telephone.

One way o perform this switching would be 1o bring lines from all
telephoncs to all other telephones. A switch at cach telephone would then make the
eormection with: the appropriate ate line-to the desire.cl' telephone (Figure t-8(c)). ffth'e:.
universe- eftelepboae stations, to be reached is smaH~ suck a 1i)'Stem v,<ould he ,vodrahk~

However, .ifthe universe is large, then the large number of.lines that must terminate at

San lonlinss,
L]

cach telephone makes such & systom of station switching impractical.
The nltimste  sohrtlon was discovered arrtf rmvlemeri:ted: milly a few years aiier
t-.¢ invention of the telephone by Belt The s.olutio-n was a centralized: s)vitdiing

-Mra_n,gemen:t {Fi-gth't: Zc..8{JJJ- ,*H tic Hnes f:r0m aH 'tr,e tek:ph.3fi'C s,lddaas ~re ortni:ght



to a common place where the electrical connections were made to connect one station 10
another. The actual connections were m ade by people. The ce entral place where the lines
all came together was called the “central office” or the “exchange.”

As exchanges grew to cover greawer geographic areas, it hecame uneconomical
to bring lines from the more outlying areas to one central office. More central offices
-were vrested, gach serving 2 T by sgrrounding arez. Conne ertions between central
offices were made o lines called trunks (Figure 1-8(e))- As growth continued, special
switching offices were deve toped to handle the yrunks between a numbers of central
offices. This centralized switching of trunks was performed ai a switching office called
a tandem office. New switching needs developed 1o serve tons-distance or toll circuits
between cities. Switching offices were thus devised to perform the switching of toll
trunks only. These offices were called toll offices (Figure 1 8(g)). For businesses, a fair
amount of telephone traflic was between lelephones that were all located on the
customers’ premises. Theset selephones, therefore, could e served most efficiently with
a private switch located on the premises. This switch was called a private branch
exchange, or a PBX-a torm that is still in ese today. Present PBXs are automatic

»

{PABX), using electromechanical or electronic technotogy (EP ABRX).

10
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{a) privatc hos

n.wuch

telephone

J}_c_r

party line {c) siation switching

~

tandem switching
office

{d) cemiralized swisching
(f} ecentralized trunking switching

(=) ‘trunking

1.5.2 Technology Evolution

1ofl connecting
- ll‘\l toll trunk 0 =

toll offices o ;0
.
.
]
L
3
’

<g) woli -~

Figure 1.8

During the first few decades of telephone communication, switching was a.

manual operation performed by human beings who made the actual connections of

circuits. (Referto Figure 1-9.) The connections were made at a switchboard utilizing cords

with plugs at the ends. The plug had a tip and a ring, which made the actual connection

between the lines. The sleeve: was used for signaling, and supervisory purposes, in

common-battery ex-changes. The terms "tip" and "ring" continue to be used to this day

for the two wires between the central office and the actual telephone instrument. The

circuits desiring 'Serviceand the availability oftrunks were indicated by small lamps.

11
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PROGRESSION: lines

e Manual --

cord connccuon
PLUG

CORD M

® Electromechanical _
: signaling
® Electronic et veca
within the
- analog

Central of[fice

- digital

Figure 1.9

The first major innovation in switching came in 1892 with the first installation of an
automatic switch. controlled by the telephone instrument itself. This switch was
conceived by Almon B. Strowger. A later modification I of this system included the
invention of the dial and the use of dial pulses to control the operation of the switching
system. The Strowger switch was an electromechanical device. Strowger’s invention
was adopted for use by the Bell System in 1919. Bell System engineers later developed
improved automatic switching systems using electromechanical technology: The
elec-tromechanical technology was somewhat slow, not very flexible in terms of
offering new services, and frequently generated electrical noise in the connection.

The current generation of teehnology for telephone switching.is elec-tronic using
either 1mirtog ~witches-ar digitzrfswitching tecliniques. The eleetromc tedmology is

exiremely fas! i ible. There are two major parts of any telecommunication
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switching system: the switches themselves and a control .section, .as shown hy Figure 1-10.
The switches form the switching network. The controi section operates the -switches at

the proper time in order to make a communication connection.

CONTROL
Jines lines
(circuits) SWJT,CHES (circuits)
Figure 1.10

1.5.3 Net Work Switching

The switching. network is composed of'a number of centralized loca-tions
celled switching offices, where the switching or connecting of circuits is actually
performed. These offices are organized into a hierarchy dependent upon whether a call
is-lecal {exchange} or long-distance {t-OH}. The three major types ufswitdii-ng offices are
local, tandem, and toll. The local office is. the one closest to the telephone station and
connects directly to the locat loop. A tandem office serves a cluster of local offices. Tolt
offices, or toll-centers as they are sometimes called, are concerned with long-distance
toll connections.

There are five classes of offices in the Bell System switc:hi:nghierarchy.
At: the lowest leve] IS the loeal office er end office. This is the switchirtg office where
the call first originates and finally terminates, The end office is classified as a class-S
fice. A class-S office will attempt to make the connection directly to the terminating
class-S office over a direct interoffice trunk. If necessary, the switching capabilities of a
tandem office may be used. If the call is a. toll call, then the toll switching offices

become involved.



The. class-5 offlces connectto class-d offices, or toll centers, Toll centers
collnect to d:ass-3 effices, er primary centers. Primary centers cennect to elass-2 offices,
or sectional centers. Sectional:centers connectto class-I effiees, or regional centers. The

whole liienm:hy is organized in a tree' fashion with regional centers at the- iup- of the tree,

as tuu~tratedn flgure .11

CLASS |
REGIONAL CENTER

SECTIONAL CENTER

0
£ o
- 3 =
g PRIMARY CENTER @
& )
? g
v
b4 4
< TOLL CENTER g
o
END OFFICE
CALLING : - FINAL ROUTE
PARTY ' CALLED —'—! HIGH-USAGE
PARTY ROITE
|
Ongatini )
| T~rmnating
Figure 1.U

The number of offices increases as the tree. is descended. There are only about 20

regional centers serving the United States and Canada, while there are well over 20,000

end offices.

Normally, a call will be connected using as few switching offices as
possible. The intent is. to keep the actual, final route low in the switching network. The
preferred route is to cormect across from an originating office to a lower terminating
office using routes called high-usage routes. ifthis route is busy, then the next preferred
route is to connect across to a center at the same ievei, or, if this route 'is busy, then
across to the next higher center, If all the routes. across are busy, then the route of last

resort /s to ascend higher in the originating office to the next higher office and attempt
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.10 eross over again. The mutes .connecdng .ceniers in the originating offwes and in-the
"termimitmg 'Offices are t:al.ted inter toll trunks.

The call sseends the- m:erarehy in the- eall:it:ig,-affice: sequence- and then: descends: the
hierarchy in:the: callat-Office;. sequence~ Actual traffic- conmt:intis~ at thie' tizme: -6f a:: cail

detennine the final route.

'The- routing used in the. AT&T Ioog,d:i:stance -network Is- moving, toward a. dynamic
rronhleratchical: system in;whidi ait switching centers arc equal and the mute for each
can is chosen according.to 'tile capacity-that i-s available. Thus, with this newer system,
tire fiml routes are not fixed, but..a:re'chosen ,dynamically at the moment of the call. This

s;ystem: offers increased- flexibility and efficiency in the use of the network..

1.6 App.roaches to Switching
1.:6.1 -Space-and Time Divisimi
There are two basic approaches to switching: space-division switching- and time-
division swit~liing

In space-division switching; as Figure- 1-12 shows, each telephone
'00-n-versati-on has ks own physical -pai:h ibt-ough the switch. Each path is ,dedicated to
that conversation oaly, and: the physical. connection is maintained through-out the
duration of the conversation.

1~parate
switches pathi

A m INoooo
B 1 ,..."‘ -~
A connected ro D

t:r‘ | S connetted to C

Figure 1.12

LU Time Division

i1l tim'e-divisltm 1switc-hing, 1S shown by figure i.13, paths for separate



conversations are separated in tiine, and connections between various paths are made for
very short time intervals. In effect, each conversation is broken into samples, and these
sample values are.muted to their appropriate destinations along the, shared.path. This

of switching is most appropriate for signals that have been sampled and digitized.

ARRAERAE--

N7

sampler desampler

Figure 1~13

With space-divison switchlng, signal paths are switched in J}hysicaispace. With time-
division switching, sample values of a number of signals sharing a common medium are
reorganized, or switched, M their time sequence. The earliest automatic switches
transferred physical paths and were space-division .switches. The newest switches are
called digital switches because they switch digitized signals by using a combination of
space-division and time-divisron switching.

There is a thlrd possible approach to switching, namely, freqrrency-division switching

{seefigure L14). Wit-ldrequency-division'Switching.

}V shared
. medium

1.6.3 Frequency Division:

FREQUENO DIVISION:

A O—sf

tJy jul

BH Aand I> B and t- D

Figure 1.14
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Bands would be assigned to different connections. This type of switching could be

particufarly applicable to the single broadband medium that might be shared by a

number ofusers, such as the coaxial cable in a CATV system, Each pair of users would
need to agree on a specific: band of frequencies to be used for their pa-rtieular
conversatios.

L6.4 Technologies

The two major types of technologies used in switching systems are
electrmnechankar switching and electrorrk switching. fiiectromecharikal switching is
used solely with space-division switching. The earliest type of electromechanical
switching system was the stef}"by--stepsystem using the Strow~er rotary switch, Ah
intermediate type of electromechanical switching system is the crossbar system which
utilizes coor<lirmteswitchittg.

Electronic switching systems (ESS) can utilize either space-division
switching or time-division switching. A coordinate switching network of small reed
['iWitehes was used in the first electronic switching system, along
wHh starell program control'. The newest electronic' :-.witching systems are digital
switches using combinations of .space-division and time-division switching. All
-~-witching is accomplished b;' using wtid-stine de'Vices. These 'Sj~'tem$/e described in

more detail in: the following sections.

1.6.5 Space-Division Switdiing

NonnaUy, not everyone wiH-want to coneerse witt1 everyone -else at the
same.time. Henee; it 1s not necessary to design a. switching system so that all lines. can
be- eonneeted snntdratltXfft:.dy with-aH ether lines. The liucom-ing lines can therefore be
concentrated and distributed through a smaller number of switching paths before being
expanded atthe last sta:ges of the switehmg process, as iHustrated by i.he flow chart of
Figure 1-15. In this fashion, the switching is accomplished in stages consisting of
eonceniratiorr, distribution, and expansion.

ElementurySwitcliing Stages:
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ouip»t

Distribuiion rin.es

Conceniraticn E,1.pans.ion

Figure 1.15

Clearly, it is possible that some paths in the switching system might become completely
congested. Irr tlris case, some calls desiring service will be blacked. The blocking can
occur at any stage, and the switching system must be designed to minimize blocking for
the traffic that it handles. The actual design depends on the type of customer served by
the switching office, insofar as dlfferen1 customers have different traffic patterns, The
two approaches to space-divisron switching depend on the type of basic switch that is
used at each switching stage. The earliest switching systems used the Strowger switch in
which a set, or bank, of contacts was swept by one wiper contact.

The electromechanical switch mverned.by Strowger was a.stepped.rotary
switch that could move hi two dimensions (see Figure 1-16). The actual electrical
connections were made by contacts that wiped across each other and were, therefore,
subject to considerable wear and tear. The large amount of mechanical motion meant
that a fair amount of time was needed to make the actual, final connection. The
Strowger type of switch made a connection between one contacts to one of many

contacts.

Rotary S'vvitching Network;



w, W
o -

Concentration Distribution Expansion
[lines in lines out > 1} [lines in/lines out s 1J [lines In/ lines om «; il
Figure 1.16

An improved approach to switching compared. to rotary switching is coordinate, or
matrix, switching (see Pigere 1-17}.fa coordinate switching, connections are made- at
single contact .poinis in a matrix consisting of .all input lines and all output lines. The
electrical connection at the contact point can be made by using a variety of technologies,
such as conventional switch contacts, small reed switch contacts sealed in glass, and

diodes and transistors biased to conduct or not to conduct
Coordinate Switching Network:
Many telephone calls are to other telephone lines served by the same switching office.

In these cases, the output tines from the switching system are connected to the incoming

lines to make the actual connection. Su-ch lines used for interoffice calls are called

tnink1
to

oth(r
omca

interoffice trunks.

Coll(tntralion Diuribuiion El1,.nsion

Figure 1.17



1.7 Control Methods

A number of methods have been devised over the years to control the
connections made- by cornnrrmicatiorr switching systems. The method of control is an
integral part ofthe actual switching system, but the various methods of control can also
be described separately.

1.7.1 Direct Progressive Control

The oldest method of control is direct progressive control. With this method, sketched in
Figure 1-18, each stage of switching responds directly to the digits dialed by the calling
telephone. As one stage completes its connection, the next stage responds progressively
to the dialed digits. The final connection through the switching system is made
gradually as each stage receives its digits and progressively sets up the final path
through the system.

The dialed digits contain the information necessary to operate each switch. The digit
information is transmitted over the same lines that will carry the speech signal after the
last connection has been made. The control path thus is the same as the speech path.

Each switch has its own control associated with it.

line finder

DIRECT PROGRESSIVE CONTROL: ' .phﬁal
)

line
circuit

line
finder
control

switch switch

~

control signals passed
down path proaressiverv

Figure 1.18

Direct progressive control is simple and economical. However, because the paths
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through the system are created progressively, it is not possible to look ahead to
determine whether future paths will be blocked, This means that additioria! spare
capacity is needed. to minimize the effects of blocking, Because the dialed digits control
the switches directly, there must be a strict correspondence between the dialed; digits,
which represent the telephone number of the called party, and the physical contact to
which the called line is connected.
1.7.2 Register Progressive Control

The solution of some of the disadvantages of direct progressive control is
achieved by the use of a register to receive and temporarily store the dialed digits.
{Refer te :Figure 1.1'9.) After the cailed number has been completely dialed into the
register, the register then redials, the number down the line and iaio the. switches. If
blocking occurs, the number is still available in the register so that redialing can be
tried. A translator can he used with the register to translate the telephone number into
the digits required to control the switches in order to Teachthe appropriate contact, This
means that the actual connection to the s.witcliingsystem does not need to be changed if
the- telephone numberis changed for some reason, and vice versa. The use cf a register

with progressive control is called register progressive control.

line 1]
. Lin:ull
calling N4
line
line ) .
switch switch
. sifinder |
— coono! centre]
corutol

L JRFGISTE R b TRANSLATION

Figurel.19
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Direct progressive control and register progressive control are used in step-by-step
~switching-systems. 'fhe- -hasic cSwite.h in <Step-by~.ste-p swit-ching systems ‘is die Str-0-wgtir

switch.

1.8 Step -By-Step Switching System
Invention

The step-by-step s:witchirrg s;yster:m..was-invente.d: by A.hn.oa R..Strowger;
an. inidertaker who was: nvs:et that aU the blisittess in- biS: town' went to his, co-nl:--petito-r~
who-se-wifiiwas the operator ofthe local telephone.exchange. The basis ofhis invention
was an autl>maiic ,,witch Orrt .stepped 1vertic.tHy and horirontaHy nnder the- wntritl of
digits dialed aHhe-telephone irstttr,..ment by the teleph(Hie- user, Ili..¢' first rristaUation of

WY ifU:tom.atic s.wirch was- in 1&92:.. A few ye-irr later, in 18:96, the teleplitltre dfal waS'

invented -by some -of Strowger's assseiates. The -Strowger switch -system was

manufactured by the Automatic .Electric Company and sO!d W the nona:Bell,

i.nde~pendent te.lepb.an:e companies. The: first instaUatiorr Of a Strowgerswitchiog system:

in the' Bet} systettfilid oot atwr afifti,) f91~:

Figure 1.20

Photo of a Sirowger switch, Note: The contact hanks are shown alosg with thewiper

arms amt the relays at the- top can!rol the movemerit ofthe wiper'arins.



The Strowger Switch The Strowger .switch, shown in the photograph of Figure 1-20~ is an

'ingenious, electrcrmecha.nfoal device coasisting of electromagnets and ratchets.

1.9 Panel Switching System.

The punel s.witchiitg,sys:tem: was devised by the Bell System as: its- answer-
to the Strow ger switching -system, The first installation of a panel switching system was
made' in 192 1.

The basic switch in the' pand system. was. a hO'fl'endot:s affair. able. to aecess
any of fiie. 500 terrtrinais,. as cuntpaited: witl:: access to: arry- 6:f HIO tenillirials fOr the-
Strowger -switch. This was accomplished by zotaiing cork rollers that moved the
tselect.-mg. enntacts h!Jri'irmtaHy and vetifoaUy. The basic swiich was extremely rtpisy,
and the system needed considerable maintenance. Hence, there, is virtually no panel:

equipment in service. in the: United- States.

Figure 1.21




2. TELEPHONE & TELEPHONE NETWORK
2.1 Telephone Set

I~I.1 Basic&inctions Of Telephone Set

1. Telephone must notify the user of an incoming call through an audio tone such as .a
ring

2. Tdephmie must convert ealler's sileeeh to- electrical- sigmils> Otherwise; electrieai
signals must be converted to speech signals

3. Oealing'cs -method (subscriber numbers} may be pulse or tone.

4. Telephone must regulate the speech amplitude of the. calling. party by compensating
fur the varying distances to the lo-cal-Telephone Company (Centralvffice):

5. Telephone must.gain the attention of the central office when a userreqnests service
by lifting the handset.

6. Telephone must provide a nominal amount. of feedback from its microphone to .its
speaker so th-at a. user-cart hear person. ~peaking: Tbts feedback is ealled side tone. The.
side tone regulates how loudly one speaks.

7. When the telephone set is oot in: use, ~ {}pen--c-ircu).t de patl;imust be provided to- the
central office.

&. Telephone- sh.(nrld also be capa:Me of receiving ealt progress tones (busy, ringing, and
so on) from the central office. A block diagram ofthe conventional telephone set is

'shown in Figure 2.1

Ring C') R

To On-boot -
subscriber RC Off-book Hybnd

iLiCi T
loon &— I ¢;iL;1Cibl

Tip(+)
T-Tnmsmittet

-cMicrophone)
RC - Ringer circuit R-ReOeiVer
EC - Equalizer circuit
DC e Dialling circuit

Figure 2.1



When -pfacing :or answering a call, the telephone is lifted offof it,s cradle ,and
the on-tlo~ 'Otsoif-itook ,el.'f-cuit et\tli'ge'S thie telet)lene set 'to the ,releihene $;stoo:1.
Power of the telephone set is derived from a - 48V de at the central office (see
Figure 2.2). The power is. delivered to, fue. telepliatie set .via the snhscrib:erkiop,
Since most subscriber loops are two.wire pairs, a hybrid circuit is necessary te
Iransfurin the t\.'ro~wirce transniission line into fiiur wires. To compensate fur the

,qarying. lengths of wire between the- central o ffieealla its.

On-hook/Of-hook: Central office
Speaker switgh

=4 D

. TC RC T
Subscriber
Microphone loop

Figure 2.2

1.1 .Z The Basic Elements OfTbe- Tetephone Set Telephone

2.1.2".a Transmitter

The part of the telephone into which a person talks is called the transmitter. ft
oonv:erts speech signal fut{') an ,electric enrreai trntt can he 'tranSmitted 1:hrough the
transmission system to the receiver; The most common- telephone transmitter hl use:
ttlday rs m prirndple Hke the: cme- invented abour 100' years- ago- by Tham as- 4. Edison.s

-nlierophone.Figut<e 2.3 iUixsttate. a -etli~ssceetional view 11flbetta-nimilitet.

Figure 2.3



DC current provided by the Central Office (CO) is passed through two -electrodes
- separated bythousands of.carbon granules. One electrode (J) isatiached to a diaphragm

that vibrates, in response to. the acoustical pressure of sound, The opposite second

electrode {2Jis- fixed. Vib:ra:tion of the diaphragm. cc.tu-ses the. contact resJstan:e:e: between

the two electrodes io vary im>ersely with pressure. As the resistance varies, the current
(lac) varies inversely, thereby translating the acoustical message into the electrical

sigiial-that is tmnso:ritted. ta-the cetitral~effiee-..
2.1.2.b Telephone Receiver

Figure 2.4 shows telephone receiver. The receiver converts the ac current ,lac
back fo: snund. A perimineut- niaguet is used fa produce a conlitattt rt:t :agttetic: ftetd <Ile.
Insulated wire is wound around the armature, which passes the ac signal lac. The
varying electrical ceur.rem representing speech prudu:ce.1.

Varying electromagnetic_ fields <P>c. It alternately aids and opposes the permanent
nmgn'.'t ftebl; tlms italb::niatefy tri:creases arrd de(,"teas-es the total ma:gn.e.tk tiield acting.
on the diaphragm through armature. This causes lhe diaphragm to vibrate in step with

‘the v.a:rying,cmrent-and  "moves the ai:t10°re-prOducet-he ori-girial speech .signal.

AILS A TELIS
el II/I EIS A l/a

SN
%\\‘\\\\\\\\\\\\\\\\}

Armature

<DeitDac

R AR

GO Bin

Figure.2.4
2.1.2.c Telephone Ringer

The function of the: ringer is to alert the party of an incoming call. The audio tone
gener.ited. Ity the- ringer must be loud erttwgh for the piirty to hear from a dtstem-ce.
Several variations of ringer are used in today's telephone sets. The most popular types

ate the cotlventlOnal eloctromechankal and more recently, -semioonduct:.or sound
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generators. Inthe United States, telephone companies will ring the called party with an
-a.c Tin-gmg signal, typi:cally -90 V rms, at 2-) Hz. The .ring signal is superimposed upon
the existing -48,V-de signals.

2.1.2.d Telephone Hybrid

'the telephone hybrid is used to interface the transmitter and receiver. The hybrid

fa ith.owri. ia Figure 2.5 {a). A multi:ple-whtding transformer is wound-ma masner to

.efoctricalUly .separate the

&R Repeaters
A

&
= BT g
. Lk
Telephone line
. .

Figure2.S

minsmitted it and received Ir signals.. This .permits simutatleous t-ra~ion aod

reception: of the speech, or what is more commonly referred. t0 as a full-duplex

op erarian.

2.2 Telephone Network

First of aU, I must -offi:cially advise against coJin.ectinganything ,other ro the
telephone line.than equipment approved for the purpose by the telephone contparty or
some: other regulatory body. Telephone company- tend- to- be very strict about
unauthorized gear hanging on their lines, and if something does go wrong with your

-gadget {like puttmg-dungerous voltage-sto telephone line) .you-will be -in deep trouble.

2.2.1 How Telephone Works

A telephone uses an electric current to Convey sound information from your
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me to that of a friend. When the two of you are talking on the telephone, the
Jephone com-pan-y iis semling -a steady etectric current through your te-1:e-phones. The
,-0 telephones, yours and that of your friend, are sharing this. steady current. But as you
1alk into your telephone's microphone, the current that your televhorre draws from the
:elephonecompany fluctuates up and down. These fluctuations are directly related to the
air pressure flu-ctu'.ltions that are the sound ofyour voice at themicn..""'Phone.
Because the telephones are sharing the total current, any change. in the current through
your telephone causes a change in the current through your friend's telephone. Thus as
you talk, the current through your :friend's telephone fluctuates, A speaker in that
ot fluctuations by compressing and rarefying the air.
telephone responds to these current Hiuciuad J
The resulting air pressure :fluctuationsreproduces the sound of your voice. Although the
rurture af telephones and the circuits conrectir:g them rr.:rve: changed ra:dfoaHy in the past
few decades, the telephone system -still function.sin a manner that at least simulates this
behavior.
The current which powers your telephone is generated from the 48V battery in the
central office. The 48V voltage is sent to the telephone line through some resistors &1

o

indictors (typically there is 2-000 to 4000 ohms in series with the 48V power source).

The otd .
relephona ®quips
Telephone central
~ mmm—— + sookswitch /
1 Sy OwemmETT s
COIL 5K )S |
' >l
LU~ a a-
— 000 nn I
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Figure 2.6



u go off hook, and current is dra

8v. This means that there is about
voltage between the wires going to telephone in normal operation condition. The |
resistance of typical telephone equipment is in 200-300 ohm range and current flov
through the telephone is in 20-50 mA range.
2.2.2 Why 48V voltage is used in telephone systems?”

The -48V voltage was selected because it was enough to get through kilo me
of thin telephone wire and still low enough to be safe (electrical safety regulation:
many
Countries consider DC voltages lower than 50V to be safe low voltage circuits). 4
voltage is also easy to generate from normat lead acid batteries (4 x 12V car batterie
series). Batteries are needed in telephone central to make sure that it operates also w
mains voltage is cut and they also give very stable output voltage which is needed
reliable operation of all the circuit in the central office. Typically the CO actually 1
off of the battery chargers with the batteries in parailel getting a floating charge.

The line feeding voltage was selected to be negative to make the electrochem
reactions on the wet telephone wiring to be less harmful. When the wires are at nega
potential compared to the ground the metal ions go form the ground to the wire insf
of the citnation where nacitive voltase wounld cause metal from the wire to leave wl
causes quick corrosion-Some countries use other voltages in typically 36V to €
range. PBXes may use as low as 24 Volts and can possibly use positive feeding volt
instead of the negative one used in normal telephone network- Positive voltage is m
commonly used in many electronics circuits, so it is easier to generate and electrot
in telecommunications wiring is not a problem in typical environment inside ol
buildings. Some older offices employ battery reversal (swap DC feed to tip and ring
signal off-hook at the remote end.

2.2.3 What is sealing Current?
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The current sent to telephone line as an another advantage besides that it
supplies the operating power for your telephone. Telephone practice uses {or did use)
twisted splices. These splices did not always make good connections. Placing a small
PC bias on a long transmission pair is often done by telecommuncation carriers to
reduce poor connections, and noisy lines. The DC bias is often refered to as a "sealing
current". So putting DC current through the cable sealed the connection and so

improved the transmission.
2.2.4 Why Fuil Duplex Operation in Single Wire Pair?

Full-Duplex is a term used to describe a communications channel which is
capable of botlr receiving and sending information simultaneously. Telephone sets
(ordinary analog ones) have only 2 wires, which carry both speaker and microphone
signals. The signal path between two telephones, involving a call other thana local one,
requires amplification using a 4-wire circuit. The cost and cabling required ruled out the
idea of running a 4-wire circuit out to the subseribers’ premises from the local exchange
and an alternative solution had to be found. Hence, the 4-wire trunk circuits were
converted to 2-:wire local cabling, using a device called a "hybrid".

lI'his- fiinction can seml- and receive amti:0 signals at the saere time- is
accomplished by designing the system so that there is a well balanced circuit In both
ends of the wire which are capable or separating incoming audio from outgoing signal
This function is done by telephone hybrid circuit contained in the network interface of

the telephone.
2.2.5 What is the bandwidth of the telephone line?

A POTS line (in the US and Europe) has a bandwidth of 3kHz. A normal POTS
line cart transfer the frequencies between 400 Hz and 3A Khz. The frequency response
is limited by the telephone transmission system (the actual wire from central office t-0
your wall can usually do much more). Nowadays POTS is sharply band limited due to
the fact that the line almost always is digitally sampled at 8 kHz at some point in the

circuit. The absolute, theoretical limit (with perfect filters) is therefore 4 kHz - but this
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isnt reality, 3.4 kHz maximum frequency.

'fl\e -bass frequency response is timted because of the limitatians -in telephone
ystem components: trensfromers and capacitors, can be smaller if they dot:1!t have to
deal with lowest frequencies. Other reason to drop out the lowest frequencies is to keep
the possibly strong mains frequency (50 or 60 Hz and it's harmonics) hummign away

from the -audiosignal you w-iH ~ar.

3.3 Network Interface Details

The telephone has a circuit called network .interface (also called voice network
ur relephone :hybrid') which .connects the microphone and speaker to the telephone line.
Network interface circuitry is designed so that it. sends only the. current. changes-the
osther telepfame causes to the speaker. The. current changes which the telephone's ‘ow11,
microphone generates.are not send to the speaker, All this is accomplished using quite
ingenious transform.er ckcuitcy. In theory the Jrybrid circuit -ean separais .au incnining
oudion frnm the audio sent aut at the same time if all the impedances in the circuitry
{h.yhdds on. both. ends and the wire impedance; in hetweerr): are well matched.
Unfortunately., the hybrid is .by its very nature .a "leaky" device, As voice signals pass
ftom cthe-4-~-wire .:to 1l:re 2-;;.,wire pnrtion ,of the-.netwo:rk, the high.er energy level in the 4~
wire section Is also reflected back on itself~. creating the. eehoed speech. The beeaese
cificu.it does not work per{ectiy and you can still hear sorue of your own voice in the
speakw

Tire -actual :ameunt-of*signat,which--is ,refrected back depends on h¢fw wen the
balance circuit of tlie.hylidd .matdtes-the:.2,,,wire line. In the vast majority of cases, the
match s quite poor; resulting in a considerable level of-signals being reflected back;

The signal which is reflected back is not always bad and in normal telephone
-some if it ‘is realty ititentional by the design- The separation. uf the received :and
transmitted audio could-be done much better with modem electronics than with old
ph.mies~ but but people who use the telephone prefer to bear some of their own voice"
back. Radio Shack's "Understanding Telephone Electronics" (copyrighted around 19851
think) ,cans this e.ffeet -side u:nie and -gives the impr-Ossi-On that this was indeed imetltioool
in order for the;speaker to determine how loud"they were s.ireaking with reference to the

caUed party.
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2.4 Signaling

2.4.1 Manual-Exchange Signaling

In the .early days of telephony, exchange

service was accomplished with manual

swi-tching by a -human operator. The teiep:ho-ne subsCfiher desiring service first had to
alert the operator., This was done by turning the crank on the telephone, whichcaused a
lamp to flash on the panel at th~ exchange office. The' operator would see the flashing
lamp and then plug in on that line. The calling party would verbally request the operator
t.o mske the w:rmection to t-he-caU.ed party.

The operator would then visually check the cords and jacks to deter-taine whether a
corinecfam could-be made to the e-aHed party. ff not, the operater would infctw the
calling party that the called party's line was in use. If the .called party's line were
av.aUahle, the operator would make a connection and rfrrg the .called party. The lamp,s
for both the called party's line anil the calling party's line would remain lit as long asthe
telephones were iwuse. As seerr as one tel-epnone were-hlultrup, the corresptmu:fiilg lalll'p'
wouldge out, and the operator, noticing this, would unplug the connection.

If the call were from t-he local exchange to another exchange, the operator at the
caning party's exchange-would use special interex:changelines called trunks to reach the
operato-r at the called- patty's exchange-.'Fhe number to be called would be passed
verbally from operator to operator, and .the operator at the called party's local exchange
wouid make the final con."lection.

The making of a telephone connection involved a large amount o-f humari labor
dm-in-g the early days: o.ftdephml:y Te.chnolo.g.y has, over the years, reduced and finally

:eliminated all human labor required in making % telephone connection. This was

arooniplishert -through ootomnterl :switching m-acbirie:s and varinus electricai signals tg

request seni:ice, forward telephone numbers, and set up the actual connection of the
lines.
The general topic that deals with the various signals used to request service and to

controlthe p:mgress ofthe teleptio:ne -call is -kntrw'r1 as si.giwJhig,



This latte function is supervisory in nature, Thus, de signaling on the subscriber loop; is
used for alerting and supervision functions. Address information can be transmitted in
two ways:on the suhs:crihe loop. The flow of direct current can be interrupted by the
telephone dial ti generate dial pulses. These pulses are at a rate (if about H) pulses per
second, The second way that address information can be transmitted is in the form of
unique two-tone combinations caHedtouch-tone dialing.

Information is transmitted onthe subscriber loop as either audible tones or recorded
announcements. Four major tones are- dial tone, ring-back tone; line busy tone, and

trunk-busy tone, Four generic frequencies (3.50,44fi, 480, and 620 Hz) are used, either

Dial tone is a continuous tone formed by combining a 350 Hz sine wave with a 440
Hz sine wave by addition of'the two waves. Ring-back or audible ringing is formed by

the addition of a 440 Hz sine wave to a 48-0 Hz sine wave. The combination is onfiit

There 15 one {ast alerting signal that is transmitted over the subscriber loop. This is
the rhiging signal which causes the called telephone to ring. It is a sine wave of 75 volts

rms at a frequency of 20 Hz.

The oldest and most basic type of signaling between central offices is. direct
current, or de; signalirrg; The presence or absence of a de signal on a trunk would

indicate whether the trunk was idle or in use. Normal or reverse direct current is
cannot be transmitted over circuits derived from a carrier system, and hence. de

signating cinmot be ased. The sohrtlort was to use a single-frequency tone, either Iir tire

voice band (200-3400 Hz}. or outside -ihe voice band (3700-3825 Hz). One popular

Unfortunately, there were problems with this in-band, single-frequency, sigmaling



scheme. For one, some people discovered they could generate their own tones for the
fraudulent purpose of avoiding toll charges. For another, some speech signals could
cause accidental disconnections. The use of an out-of-band frequency was not without
ity problems, too. One problem was the loss of usable bandwidth for the speech signal.
The address information was transmitted over the seized trunk by using two-
frequency tones sent al a rate of 10 tones per second. The tones consisted of two-
frequency combinations of 700, 900, 1100, 1300, 1500, and 1700 Hz. With the various
combinations of these frequencies, it was possible to
Represent all ten digits and up to six control functions. This type of a signaling was
called multiple frequency key pulsing (MFKP).

2.4.5 Commen Channel Interoffice Signaling

In 1976, a new interoffice signaling scheme was first installed in the Bell System,
and it is currently in use on practically all interoffice circuits. This new system is called
common channel interoffice signaling, o CCIS for short.

With CCIS, as shown by Figure 2.7, a separate channel between the offices is
dedicated as a data link for transmitting only signaling information No signaling
information is sent over the voice circuits. The switching machines used in most central
offices are actually computers or procession that control the switching of voice circuits
or paths. As such, the use of data link to enable these computers to communicate with
each other about the availability of the voice circuits between offices is quite consistent

with the capabilities and requirements of the newer switching technology.
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Figure 2.7

A single analog circuit is, used t0' convey the digital signaling, information.
Conventional full-duplex modems operating at either 2.4 k bps or 4.8 k bps are used.
Each signaling circnit can control .about 1800 or 3600 voic6 circuits, respectively,
Because the signaling information is transmitted over a separate circuit, there is a need
to determine whether the transmission quality of the specific voice circuit is acceptable
before it is connected for use. This is accomplished by performing a transmission
quality check on each voice circuit before it is connected for service. The voice circuit is
fooped back onto itself, and a tone is transmitted down the circuit. The return fevel of
the tone is checked to be certain that it is within specifications.

With conventional signaling, a busy tone is sent from the office closest to the called
party, all the way back down the network to the calling party, thus tying up a full voice
circuit. With CCIS, a busy tone is generated at the office closest to the calling party,
hence freeing voice circuits for use with actual conversations. ,

CCIS at present does not transmit the calling party's identification to the

o a2

terminating office. However, CCIS could be given the capability of doing so, which

would make possible call screening at the local terminating central office. Also, it is
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possible to envision that the calling party's identification might be transmitted all the
y would know the identity of the calling
party before answering the telephone. CCIS, therefore, might make possible many new

services In the future.
2.4.:6 Teleppbmie Numbering ,Plan

During the early days. of telephony, a total of 10,.000 lines was the maximum
number served by a, telephone exchange. Thus, a four-digit number specified the party
to be reached inan exchange. The exchange was specified by two alphabetic characters
al digit, for example, WAS for Waverly-five. Arc
introduced to specify the area.in the c:rn.iritry to be reached. Area codes.are also called
numbering plan areas (NP-A).

A special nomenclature is used to describe the telephone numbering plan. The.
symbol N is used for any ofthe decimaldigits 2 through 9; the symbol Xfor f.'11" ofth.e
decimal digits O throogi1 ~; and 0/1 for the- digits O or 1 only.

The sfatidard format far tdechmie numbers in the United States has been NO/ \X-
NXX-XXXX. NQ/I Xspecified the NPA; NXX gave the local exchange in the NPA; and
}:1110: denoted the specific subscriberline in the local exchange. Because the number of
area-eodes possible with the NOil X format is being gradually exhausted, a.new format
of NXX is being introduced for the NPA.

The format N 11 is used for special services. For example, 411 specify directory

assistance; 611 isthe repair service; and 911 is for emergencies.
2.4.7 Lecal-Loop Signaling Design

The resistance pfthe local loop must not be too high; otherwise not enough current
win flow in the line ta activate the ime relay at the central offiee, The resistance uf the
local lo-op depends on the total length of the loop.and the gauge of the wire. Resistances

Fy Va 5 i€ o - 233 £ < E '\!‘ 337 R
for various gauges of wire are as IoHowS!
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26 gauge - 83 ohms per 1000 ft,
24 :gauge-'- 53 ohms per 1000 ft,
22 gauge - 12: ohms p.er 1000 ft,
19 gauge-- N ohmislerlOOO-ft.

The maximum resistance of the local loop .can be calculated as follows. The
telephone instru:tmmtreqn.iresabout23 .mA far ilie. .rarbon .grami.leransmitter to operate
reJiubly. The eommcem battery at the central offiee has, an, electromotive forc:e.of 4'&-
votts. Thus, the- total- resistance: of the circuit must not exceed- 48/0J)2]- = 2100- .ohinS".
The resistance of the telephone instrument is ~equivalentto 400 ohms. Similarly, the
reshtance of the central .o-ffise.eiN:Uitry is-atso- 400- oorns. Henee, the resistaiic.eof Jhe
ki-op must not exceed 2100 - 860 : 130fr ohms.

The maxim um loop resistance of 1'30&crhms, detemrines the wire- ga:uge:-fon.t giveff loo'},0/
length.
2.5 Telephtnie Line -Panimeten-

Telephone line resistanee, capacitance. and inductance do oot: depend, on- the

voltage ot' current on the line.

2.5.1 Line Balance

For- telephone- local loops, crosstalk is related to how well bala!lee fiie eirecflit is.
Loop current does not affect that balance, even if excessively high'- If the balance i not
:good enough! you can near crosstalk form .other .telephone lines or from .other noise
sources. The balance of the telephone line is determined by the circuits connected to
Ltelephone fine-ends (typically line transformers) and the quality of the telephone cable

(wet cable ca» eaase tmticeabk balance problems if wires are-in contact with the water).
2.5.2 Loop current effects

'Fhe detrimental effects, cf exeeseive.loop-currentweuld- be tHstertion eansed.by
saturation of tr-ansforniers-("repeat coils" in the vernacular). Within the raage it
acceptable loop current (up-to 120mA), no transformer used in telephone equipment

should become saturated. If.an inferior .transformer is used, or ff loop ,carrem were



significantly higher than i20mA, then distortion could be expected. Neither situation is

cornrrron,

],-&Network Interface in Telephone

The telephone has a circuit called network interface (also called voice network
or telephone hybrid) wh..'Ch connects the 'micr-cptione and speaker {{} the telephone fine.
Network interface circuitry is designed so that it sends enly the current changes the
mher-telephone causes-to the speaker. The current changes whiclr the telephone's own
microphone generatesare not send to the speaker. AH this is accomplished using quite
ingenious transformer circuitry. The circuit does not work perfectly and you can still
hear some of yon:rown voice in the speaker (it could-be done better nowadays but

people who use the telephone prefer to hear same af their awn voice back),
2.6.1 Simplified Traditional Network Interface
Normal telephone eonsists of ringer, dialing circuit and voice circuit. A

traditional telephone voice circuit consisted of hybrid trarrsfbrnter; speaker, carborr

microphone and one resistor,
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The circuit is: designed; s:o that the impedance. at audio frequencies looks like
abcut 600- ohms, The audio impedance IS corrtrolled by the transformer charaeteristics;
carbon microphone, speaker impedance and the resistor in series with the transformer.

The DC resistance consists ofthe transformer coil in series with the resistor and
part of the coil in series with carbon microphone. The carbon microphone is put to the
transformer so that the changes in the current flowing through it do not generate voltage
to the secondary coil where the speaker is connected.

Modem telephone circuit is much more complicated because they typically
include compensation for the attenuation caused by long subscriber lines. This
compensation is done so that the audio levels are controlled according the current
flowing through the telephone (longer line has more resistance so there is less current

which you get form 48V source through it).
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2.6.2 why carbon microphone in telephones ?

Carbon mikes were the first microphones and consisted of a small button of
carbon powder connected' to- - metal diaphragm; Wlhetrsuund- flexechhe-dfap-linrgm; the
carbon grains changed their electrical resistance. When a voltage source is applied
between the microphone wires a variable current is generated. This is how the first
telephones were constructed, and many phones to this day still use the idea. Carbon
mierepbenes have poor frequency response and bad signal.ta-noise ratios and they are

only suitable for-telephones and such cemmimication applications.

2.6.3 Typical European Network

The following network circuit schematic was shown in BUILDING A1'lD
USING PHONE PAT-Cfl..ES by Julian Mecassey:

0-90-\,===----=- 0----0----0------- 1
| O-11
\d'l
'
I 1x
'
|
""" 0====>
>
s1 . ) |t0 """ 0 """
HKSW . 200 > 111 va |
mX. 0 obms) 111 60 1
| rn t<
1 >l 0 ax
—————————————— tit(
so ) 11 (60
OoluUn) 1 | (Ohmaa | |
)IIC—-——-—- o--—--
‘0--0\. "=--- .. T > 11
Figare 2.9

Note: I ha,e ed'ited- the schematic by reptacingihe cumpoment riumbers,.with' the'

component values listed in component list
2.6.4 Simplified U.S. Standard "425B"
This circuit is put here to show an example of the electronics inside typical
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wraditiona! telephone which ases hybrid transformer circuit. Modem telephones usually
beve special !Csto do the -samethings with {mtthe transformer. The circuit tries just to
be ar~ example whats: an mside typ.ie:a:l old tclephaire fo.r those wha want to know how
telephone works. .Building this circuit is 001 a goad idea because the circuit diagrams
does not haveall component values and the circuit is optimized only for telephones (it is
oot good for anything else).

This circuit is taken from UNDERSTANDING TELEPHONES article by Julian
Maeassey. Component values may vary between manufacturers. The circuit is designed
to operate with standard telephone speaker (RX) and carbon microphone (TX}.
Ccanections for, Dials, Ringers etc. not shown to keep the piCture a little bit clearer, The
circuit is quite eomplicated because it is optimized for usein standard telephone: which
[§ used in various conditions. veristers VRI and VR:2 are used for loop compensation
circuit which tries to keep the telephone volumes (incoming and outgoing) at suitable
levels even if the: local loop attenuation varies. This compensation can be done because
longer loca} }oop which bas more attenuation has. also more resistance, so less current
passes through the telephone. If the loop is- very short there: is more current passing
through the telephone and the varistors cause more signal attenuation inside the
telephone hybrid.

The-hyhrid drenits in telephone sets are deliberately mismatched. so that you

can hear yourself in th.e earpiece when you: speak. This is- ca-Herl »side tone".
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.and -GN :respectively. Black .and Red are mike leads BDd -ihey connect to- B and :R
~ti.v:tly.

Ring.er: Conneenhe  single winding, [N series with the; A-K. Capacironifld- thh,
whole thing across the line. Rotary dial: Blue and Gr,eengo to mterrupter (~t E atid:
RR) Touch-tone -dial; Green is * line in and counects to net F. Black is + line out and
~tg s t-0 'flet. RR. Qtg,'Blk "is - alfl'e am sacntl -oo~.ct~ t-o lJet £. ~etMGinlB t}ntput
common and.eennects to ncl R Bhieis signal output and,C<;nme-cis-lo- Ret B.

Hook switch: You'"ll find many variants ofthis ht different units; some configurations.
switch both sides of'the line; some only one; some switch out the ringer wh:ettoff-hook. One

,'Switch -switdies lhe -oonnect'ion 'between Li -and C. Another switch s..vitchesthe cennection
between LI and RR. L.r-ne-ifr.'Gr'een amt Red: cmine«t. to LJ and L'.:Ll'ry ese pefaitty.: ff the-

touchtorre dial doesn't work then fl:ip' tITenr.
2.7 Telecom Hybrid Circuits For Other Equipment

2.7.1 Traditional transformer hybrid circuit

The transformer typ,e was the mo.st used :to make telephone .hybrids (around 19"-04
'Or:tro} ,was* fi'Yin wintitiug "tr.alis,futroet. 'f:w0.,,0f'L.tlooe wet>e~1teeinm,for..onn ,h;ynriasoircuit.

Rieh:-ard" Harrison ga:ve me the foUwong description how to- make such hybrid:
-cw..mit: To make the .hybt"M, strttp- twe £-Oils together in -each trausformel(series-aidillg
in. each case). Call them primaries. One primacy will serve as the 4-wire transmit
,,cormoofron. Tehe ,ather ,primm<y-WM -sew:e -as the -4-,.wire arecei-ve ,cominction. .f.aur ,ooils,
two arr each transformer remain undedicated at this. point. Connect the start terniinalo.f a
~ondary coil on one transformer to the finish terminal of a. Hke. eoH on the other
transformer. The other two terminals ofthi~ pair of secoedary coils wiH be dedicated to
-a-bainm:;-iflg~net-werl<.

Two coils now have no coeeeetiens; yet Connect the start term:inalof the coil
on one transformer to the start terminal oftne coil on the other transformer. The other
two terminals ofthis pair of secondary coils will be dedicated to the 2-wire line.

Suamesthere-is :-Fp{}'arity re<Ver-sal-inlhe -inte~nne&ti@n -i:n,one.oHhetwu-paths
between the two- transfiimiers, no coupling will exist lietween: the transmitand: receive

cnimections of the 4--wi-re paths (provided perfectbalance in: the line-balance network



.agaim, 1the.2-wire line). The.2-wire line will.however, be coupled with the transmit and

T~-vtrpair::S  ¢0.Hbe 4-w:ire.U,ne. ThaLis -wbat tlre hybrid is s.uppased to do.

Qlu . 4--input

t.i.o,Cu t
# E
L)
2-wire,telephona ZB
line ‘
E————
| 5 SR ——
4-wire autput
ZB=JU=RO=~—cilln F o o
Tnn nsformers: 1:1:1:1 RO
Figure 2.11

Tbe.advantageg, of the traditioita:l circuit are.. High. isolation~ No de path exists
hetween any tines. The circuit is completely passive and precislort balance can preduee
almost any desired transtiybrid loss. You should get very good results when you
~Inp:lemeritthis £jwuit ns-ing nigh ;qua~lty au.dfo transformers (for exami)l:e t'lrmidoa..~

cpaafiy Westem Electric. HI-€  "repeat coils". Lundahl Transiorniers  Hybrid

Transformers etc.).

2.8 Siemens and ITT Resistive Hybrids
This ,is a simplified 'Circuit tl.iagram you can made a s-imple -600 ohm hybrid -as
such. The circait.is indeed. a Wheatstone' bridge consisting of four 6-20 ohm impedances

(one-of them is telephone {ine-In series- witl:t2 u:F DC blocking capacitor);



—_ Transmit
Phone line

line input/LA) 620 ahm
-1u
\ 620 oba
1-r et e =82
Line input/LB 620 oba
—————————————————————— A
Figure 2.11

Receiver .cennected to.RI/R2 'and transmitter is connected to S1/S2. Note that
this -cireutt does not -shew any <le -paths whicli would be needed for real telephone line
hybrid. Loss. on all ports is 6aB nominal. This hybrid design can: be used for simple
experimenting when measuring telephone equipments and such applications.

Better hybrids with two transformers have a typical loss of 3.5d.Band JOdB
isolation from TX to RX (but typically little isolation from RX to TX but that does not

typically matter).

2.8.1 One Tummsfor:mer Hybrid Circnit for 2 Wires to 4 Wires Omversion
'this is a -quite'fypicai 4 wire to 2 wire wn~1'On eircuit which ts 'Shown. in

telecom books.

Traneait I Ix
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N 4W ——————mmm—— Jzr | Reoei.ve
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Here the wires marked with LINE .2W are the wires ofthe2 wire duplex line.
Wires marked with: RX and TX belong to 4 wire line. RX is the pair where the received
amlio form 2 wire line comes. TX is the.pair where the. audio which is to be transmitted
to 2 wire line are sent The corrrponent marker with ZZZZ nrodels the tefophone line:

-im-p-edftnce {typically around'600 -onm--s').
2 8.2 Connecting Hybrids and Telephone Equipments

Sometimes there is need to connect normal telephone equipments directly to the
tcleplmne hybrid circurt without any -c-ormectioo to pu:blk telephone network. This kind
of interfacing. ts. need:e.d for example for- telephone equipment measurements using
hybrids or for Itnerfaclrrg'telephones to computers through a hybrid circuit. There are

{ V d‘! L'L“L lvdyb U d‘\r t o) L,'L(’H il o1 J1 hj ia aﬂd W Jisw qu_ipH €ﬂ1.
v f v S T * 1ey it 1 1V L6 1(—1’}“ 1

Simplest interconnection is just wiring the telephone equipment to the hybrid.
This kind of simple interc-onnection works for eases where the telephone equipment
does not
need any telephone line loop current to operate (normal telephone avera:ted orr loop:

current and can not be used in. this way).

Green Q-——————————"—""——————— I
TELEPHONE Hybrid
EQUIPMENT circui~

Red 0 """""""""" 0
Figure 2.13

2.8.4 Simplest Powered Circuit

Tills circuit is suitable for simple telephone equipments like normal telephones

con.llecied.  to -transfonner based tdepheme  nybricl-s "Wffich -can withstand 'fIffl'fl:al

telephone line OC current (use "wet" t';pe transfiinner whic.hcan ;. \tithstand at least SO
1Y p

mA DC without saturation).



Battery

+ 12V
Green U------- P L 0
TELEPHONE Hybrid
EQU1PMEN? . circuit
Red o o
Figure2.14

The drouit works- so that the battery voltage 1m,rersthe tdephoue equipment.
The current taken. from..h: is limited. liy teh resistance in. telephone itself and the DC
resistance of the hybrid. If you fear of excessive current, you: can put a 220 ohm |W
resistor in series with the power supply. This WIl limit the current below 50 mA in all

cases and

does not cause too much' impedance mismatch to the circuit:
2.8.5 General Hybridinterface

This is a general circuit suitable for interfacing "dry" hybrid circuits to
practicaHy any telepheen equipments (works'atso forllwet!l hybrids):

:;..ine cur~cnt.

feed. -
Cl
2.2 Ur
li
Gre,eq-----+--—----—-- [ ] = 0
TELEPHONE i Hybrid
EQUIPMENT circuit
Red  0----t-mmmmmmmomm oo -
Line cur.l;ent
feed -
Figure2.1S

This circuit uses a capacitor Ct to isolate the line current fed to the equiprrtent
from the hybrid circuit but still passes the audio signals. The C\ should, have a voltage
rating so high that it can e.vithstand'tht~- voltage'S' which mrght be-present' in the line. The

value of C\ is not very -critical, 'a\\ values from 1 uf te 50 uf «.ir,Uwork well. A "dry"
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:capacitor type like polypropylene is preferred capacitor type-to be used.

The current feed is an -externalcirceit which is -use-d to ,supply the current to the
telephone equipment inuse. For normal telephone equipments and ideal current source
with nom-ina:l current in 20-30 mA range and the open circuit voltage in range 12.-48V
would be ideal. NOTE: The source must be current source type. Normal voltage sources
like -batteries or normal DC "Power 'Supp-lied does not work for this-bec-au~eof-their low

Internal img¢edarice which would just short-circuit the audio.

Ifyou do not have a suitable ideal current source, you can use other methods for
making "close enough" substitute for telephone -apptic'fttions.The closest thign to a

traditional power supplied by Telephone Company would be a 48V power source fed
thro-ttgharound 1 k ohm resister and 2H inductor. Ifyou use lower resistanee-values yo-tt
can use lower voltages. The2H coil is needed to keep the impedance on audio
frequencies ti-gh -se that'tne PCVI"Cr 'Sttppij -cfoes net "Short cireuit" the 'ailii'le 'Signal '0T
cause serious impedance mist aches.

If the actual impedance matcheg are not very important, them you can try

methods like 12V power source-fad through the coil ofsman 12V relay or through'680

v v i ic gs WOTR 111 oviniv ¥ SC5, Vi vaiz vae IS¢ NPL nce m 88
g hry\ 1 “f rogioinTr n 1 ,w.ih ~de = 1-!, i oMma $ases bt can caike o -p,,\d i 5

¥ 3 i. 17 FE S L i

Uiiiii 1 ivo |

i isolati ctween incomin
match which can cause poor operation of the hybrid (the isolation between i g

and outgoing audio signals will not be very good).
2.8.6 Components for Telephone Line Interfacing

If you are looking for components relays. and tranSformers. for making telephorr~
interface; cheek the-foHowing eompanies:
+  Clare
.+ -Mitltom:
Prem Magnetics
+  BotrrriS.
Using ready-made type approved interface can make designing small volume
. ~t more easily, but unfortunately those ready made DAA are
telecommunication product more €astiy, ies make
A : /ing companics
‘e th SCTE mponents. The following
usually more expensive than the discrete comp

DAA products:



* X-ecommakes miniature telephone interface modules
* Cermetek has a selection of DA.A, piro.dugts
"'-Siemens-makes-optically isolated DAA Mmhrle:D.AA:20.0&

The. frequency response of the line depends on the line length. When line gels
long high-tones drop-off much more quickly than the low tones (with the obvious effect
on speech). It's not aU-thaLdi:fficultto tell the distance an analog phone-is from a central
offi~e- {~s.-mming an: an<a\og Hl'ie is the c:onne-ctor): Itthere arent>"highs- i-t's far:

Take also note that the -telephone equipment has a. huge effect err the speech
quality. For example carbon and eleetrets handset rnlcrophorres have radically different
frequency responses. The. frequency response and, overall sound. q.ualiey of carbon
mi~opho:1-1esused in o\d-releplrones:are not very good. Many modenr telephones. with

electret-micropboaes give 'better sound-quafily.

2.9 Telephone Line Details in Different Countries

Normal telephone line is theoretically designed to be 600 ohm resistive
impeelanoe. This 6:@0 ohm Ji; kept as intemational -r-efot-ence for designing telephone line
equipment (typically-the signal-powers. are. measmed to 600 ohm lead), In practice the
telephone line does tot took tike pure 600 -ohm resistance. The cable and equipments
used by the telephone companies have effect what the- real impedance is.

Telephone --eeruipment whi'ch is ,des-i,gned to 'llperate with 600 ohm toacls win
operate with. tnese re.al-life: rines~ but it:s performance- is worse than in id.ea! sitnatfon.
TypicaUy the modems are designed for600- ohm reference impedance because they ean
handle- the side tone, hut fut best perfonnance the telephones are designed to the exaot
-line -im--ped.mre.

When crest performance is needed the circuit should be exacdy matched: to. the
impedance of the real telephone lines, Matchhig the. hybrid circuit to the real line:
im-pedance (instead of.600 ohm) will improve the fiiedhack ;typically by 3--6dB.20dB
side w>trc is easy to achieve,but 3-0dB .is also no1too 'difftcult pmvirled you can measure
the line impedance and take steps to build a- correct balancing netwmk

Different countries have different charactertstics on the telephone: lirre

opa:tameten;. Here ,a-re seme impedance m-Oclels fiir typical lines in <Iff:fereflt «nuit,ries.
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2951 USA

Normal telephone subscriber lines in USA (0.4-0,6mm subscriber PE insulated

vaseline filled cable) are 770 ohm resistor (with 2uf series capacitor) and 47nF paralle!

capacity.
2 uF
I
| }
I I
[
770 omu
47 nF
—mmmtmm e +
Figure 2.16

This diagram is referred to 800Hz, but impedance is rather complex, and varies
from high value at low frequency and drops to ca. 150 ohm on | OkHzand 120-125 ohm
above 100kHz.

Some telephone lines can have higher impedance (typically 1100 ohms in lines with

io'atlingtons or telephone-air cabtes).
2.9.Z Finland
The equipments connected to public telephone network in Finland must meet NET4 (ETS 300

001} tecbnieal specs. AH pmv-er specs and 'return loss measurements are taken so that the

reference impedance is 600 ohnr resistive.

The return loss of the terminal equipment must be greater than 10 dB when compared
to 600-ohm reference. This measurement applies to telephones, modems and other
terminal equipments. NET4 technical specs are European specs and they are used in
many European countrics (NET4 is actually a collectionr of different specs i use in

different countries). Telecommunications Administration Centre in Finland also




mentions in it's regulation THK 20 1/1997 M that the telephone line equipment can tie

% - B lavy 4 “ve & (ogh
measured against the 600 ohm resistance mentioned in NET4 or complex impedance of
111w JLid i A L3 -~
Z= 270+

. : 3 .
(759 //156 nF). Here is a picture of that complex reference mpeaance
& i - X £ wJ
,50 ohm
!/I J
{/
270 ohm +--1_1--+
l e
I | SR \>
\ =7
-—1 1___+ +----- &
I u 7
Fomn | et
[
150 n!’

Figure 2.7

Typical cable used in forsnbscriberlines has fcllowiag characteristics: 0.5 mm diameter

e AL

resistance 182 ohm/km and pair capacitance 39 nfTkm.
2.10 Notes abot.~ Telephone Transformers

Telephone line interfacing transformers are usually called 600;600 ohm

» 00 : o The ha Lo #aTTY l’}“? he
kS aAns Larvmars Loy -1 }'3‘;}"\ oOnm ansion ’u‘\’.fﬁ} 1110 l/\‘l{h marangs 11 {.a Gl ’.
Aot (% [y -

G444 LidainSd

transformer has (around} same number of turns:on both primary and secondary coils and

t‘ oy Are O wtirmrzo ta o - ahm Iaa FThe &00 ah [:\&r{ ({(\en ant fetl the
31 ¥ ;39 \}'kiuuiu"lLuu[ O 0}“)‘.‘[3?3 t}tn (\}ﬂ \/9 SO 0ad. [0 OUU UL Vgl UULO Ut b f3 Y 34

primary or secondary coil resistances or impedance, it just tells in what kind of

wiptiswen  the transform®r l.s designed to by used. The DC resistance wof typlcal
telephmie line transformer coils is around in 40--150 olun ranges and inductance- is

typically in range of fe\V henries:

A 600:600 transformer is optimised for 600 ohms use. but of course wilt work
ever a range e-fimpedances raore 'of less well {for -example you lose a whole octave at

the low frequency end if the impedance is 1200 ohms).
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3. Comparisons of Communication Modalities and Media

3.1 Voice and Video

It is enlightening to compare various communication modalities -in terms of tlni-r
analog and :digital requiremi:mts.

Voice.telephony req~ires a-base band analog bandwidtho:f4 kHz: The digtttzatimi
of the. speech signal: results.:- h1 the data; rate of 64 k: bps. This digitats;ignal can be-

.oempressed in its data rate by capitalizing on the many redundancies that occur in the
speech signal. The degree of .compressiond.epe.nds on.how mach .degradation .of,quafii.y
is. acceptable. Th-e 6.4 k bps signal can he: reduced to 3:2 k bps with virtually no
noticeable degradation of quality. The: digital signalLe.outd: he further r.educ:ed to a,data':
rate as low-as L2 k bps, but-the degradation of quality would be quite noticeable, and it
.sometimes might be difficult to reoogn~zewhat was said.

A television video signalrequires abase hand analog bandwidthof 4;5 MHz. The-
digitization ofthe video s.igna:l resmes ia adata.rate of 50-M bps, There'is a consi:derabl'e' .
amount of redundancy in video images, both within an individual frame and also
betw:eetlframes. The d.i:gflized video signal can be eo-mp.ressed t-0 1.5 Mbps .with some
<legra.dation o-f quality, particula!'ly for those. portions of the image that move
appreciably from frame to frame. Compression I0- the' data rate'as low as- ahor:it OJrM
bps is even possible, but the degradation of quality would be more noticeable. The

preceding can be summari-zed In the following table; 3J

ANALOG DIGITA.I,.
Bandwidth Baseband Compressed
4kffz 64k bps 1.2k bEs
4.5MHz SOMbr>_s 0.8-1.5 M bp_s
Tabie 3.1

An interesting observation is that the ratio of the requirements for video compared with



speech is always about 1000 to 1 when like methods of .encoding are considered,
J:indeed, the old .adage that "a-picture .is worth' one-thous-and words" appeart,; m-he well
grounded and applicable even to communication techaelagy!

3.2 Text anii Image

Electronic mail holds great promise for the fiitur-e as a new coumiunication
-moo.itity. T~er-e -m<e tw-0- ways in -whefcit the In:forrmation -On a sheet -of paper can be
eoocided .md cnmmnmecate'd eloctrmricaily . In: one way, the: image: on the sheet of paper,
he it text: er -piemres, Is sea-mi-ede. ele:ctronicailsy and elnTverted int& an anackig: or r:iigital
signal. This signal can -be transmitted to a distant location where the image of the page
will be reconstructed. This type of tmage -scanning and :reco:nstru-c-tion Is called
facsimile trammii-ssimi. The s.econd way of efl.€0.ding the inf-ormarion oa a.sheet of paper
is i:n terms- of the: A-SCH syrrtb'ols: that comprise rn¢ text (ASCH is Hie,-ae:l'ottyiw filYr the: -
American Standard Code for Information Ieterehange.) Facsimile can cope with bc,th
lert-a:rui pktmes, hut A.SCH can mi}y cope with text

1'he--digita-I-i,11 fOfffl--ati&ff on apege-ef text a-rld images- depends ttpii-ft seeh factors as:
the resolution-of-the:: seanningp-ro-eess,. the mumbe-cr of quantiza-trio.nc levels mre.d +0" eneede
each point, and the sophisiicaiion of the compression technique used to rednee
redundancy. A resolution of2HO Hnes per inch is exceUein for must dom:iment-s.

If a resolution of 200 lines- per inch is used in the vertical direction with a

oorrespi;nidmg res &limi.an in, the. horizontal —direction~ then- an 8-hy-H inch- page. has a

little less than 4 mill-ion picture elements. ff-a single hit is used to encode each picture

-ere-ment, t\le,11-4 mH-Hen \Hs ar-e'need-edto eneode the image digitally.

There is, a great deal oJ empty space (Hr mos-t pages. Hence, a lwge amEH:nt o-f
ooitff.mtssfon rs fe-asthle- for facsimile —tr'JJtsrtt-ission. Compression, by 20- to 1 is possible,
thereby reducing the number of hits per page to 200,000, or possibly even less, if
fancier ,enm;preil.sitl-niecl'miqin$ Jit,e.used.

A page of text is most efficiently encoded in-terms of the AS-CU characters,which
go,mpri&e- it. ff a- full p-<igut-o.ftext eoesists of60 tows of SO, ehmraete--:s each:, then the fiilU
page would eoniain nearly 5000 characters. At eight bits per .eharacter, a full page of
lext would -r~rir-e 411;000 hits  There is redu.nrlanq in text because ~:n
eombimrtiuHS of characters occur more frequently than others; and- thus the number of

hits needed ro ertende the cbaraciers o.n a page. of text might be: reduced. hy at least a
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factor of two toabout 20,000 bits. Such reductions are rarely performed because ASCH

18 -rure-arly sa effu::.ient compared with ,other com:mumnicatio-n mo.dal.itl¢S,

3.3 Text and Speech

A fairly good rate for reading aloud is about 120 words per minute. If an average
word is six charsciers long; :then the-text equivalent of one minute Hiread afoud would
be 720 characters or 5'16& bits: using eight-bit, ASCH enedllmg. The'text equivalent of a

ftve~ro:i:nttte te:lep:h.€me co:nversati@n- wottld tbenefane he 5 X :icl6l), biit<oy err nea,.rty 3.0.,00Q;

hits. At ,64 k bps, the five...miHute telephone conver:Sation would -require 5 X -60 X

641)00 hits, .Gr neatly 20-miUion bits. Clearly, te.xt is o:msldembly more.effici~njt~~
speech in its use of bits bya factor ofroughly 700- za I.

Voice mail is-a- funn- ef. eleetrfffIff mail Ly wtiiemn, actuar speeech messages aie: stoted
digitally for later retrieval by the intended re~.}ipient. The digitization of speech at a-64 k
bps rate wouid require uTireafiirticaity farge ami:-nintsnf -stmag.e for a:n :but the shortest
messages  Hence, compression is used. with most. voice-mail systems. A nominally

acceptable quality m,ight b-¢ possible at a, hitrate of 9> k. Up~

For the sake of comparison; it will be assumed that the speech message is encoded

at arate of 1 2 kbps; -.althoughthe quality now av.ail-able .at such a low raie would not
be acceptable. A one-minute message would. thus require- a, total of 60 X L2 k bits, or
72,000-bits. The textual equivalent, of the speech,-message w-Oti\d,be 120,wer<l~, whiclT
would require less -than -6000 bits using -eight-bit ASCII encoding. Thus, text is far

more effi.cknt than speech, even-withmaximum compression ofthe-speech'S'igna\.
3.4 Total Traffic

The yearly total traffic in bit equivalents for various communication modalities and

meaia--'.Canh:e,estimate:d. 'fih:e traffic ,representscthe-iicigiw:l ,ca:p~~"¥1~  -to trffAsmit o:t

store- all the messages for each niediixm ..

The-average daily mimbe:r of Incal and toll telep:hune conve-rsa:timis for Bell and

independent  teleph-on.e companies is- &D0 mlllioa (Slat Abs: 1984). Assuming that the

kngth of an average tdephone -00lwe:-saiio-n -is :three mim:ites and that -the :Speech :is

encoded at 64 kbps; we- have a total. yearly traffi:c. of J.4 X J0us bits, ot" 3400
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quadrillion bits.

are three major networks, two
minor networks, and seven cable broadcasters. for a total of 12 eaanncls. Each channel
W be-assurrredtd’ bmai:kas~20 noun of programming each and every day of the year.
At 50 M bps digital encoding of the television signal, this amount of programming is
ivatent to 1.6 X 10'®bits, or 16 quadriltion bits.

In 1982, 71.8 billion pieces of first-class and second-class mail were carried in the
United States, Asrumrng that-eac'h piece of ma:rt contained the equivalent of one ftill
page of text (4800 characters), we have a total yearly traffic of 3 X 10is bits, or 3
quadriHion hits.

It is estimated that about 3& billion cliecl<swill be negotiated in 1985 7} the
United States. Each check can be assumed to contain about 200 characters of text. Thus,
the yearly digital equivalent.capacity of all checks,..assuming.eigb.t-,bitASCII encoding
isused, 'is 6.1 X 1013 bits,er-OJ)6 quadrillion bits.

There-are- abotrt 9200-newspapers in the- United States, about 6800 of which are
weeklies, The average lengtkof ir newspaper is about 100 pages. This means that about
123 million newspaper pages are published a year. It.will be assumed that each page
contains about 7000 characters of text, which is equivalent to 56,000 bits using cight-bit
ASCII encoding. In addition, it wiH be- assumed that each page contains about 200
square-inehes of pictures-and advertising. Using 200 lirresdper:..inch sampling and 2(}-to"-'
| image compression, this pictorial informaiion is equivalent to 400,000 bits per page.
Thus, cach newspaper page is equivalent to about 456000 bits. Thus, yearly production
of newspaper publishing is 123 million times 456,000, which equals 56 X 10" bits, or

0.06 quadrillion bits.

.
3 3 T ¥ I\'}‘l’\\l."!ﬂ'
The preceding can be summarized in the followin

TOTALUAaLY TIAffIC

MEDIUM (P L (11")hll)
Voice Telephony 3400
Television Prograimini 16
Mail (first.-dus. and second<hm) 3
Checks 0.~
Newspapers 0.06

Tabie 3.2



Clearly, voice telephone traffic swamps all other communication modalities and media.
This is not surprising because each telephone conversation is 2 unique message,
requiring a considerable amount of bits.

3.5 Philips Recording Interface

The first circuit is Philips LFH0O117/00 telephone recording adapter, which is not
manufactured anymore I think. The circuit is quite typical telephone recording adapter
design. I have used successfully for getting audio from telephone line to soundcard and
my stereo system.
because the telephone provides them (this circuit is designed so that it disturbs the

operation of telephone as little as possible so it has high impedance input).

PHILIPS LFHO0.117.-00
-9931:S OU 70001

c1 R1 r"'—'l‘.-1
= .:;;:' s = —;ﬁ ® 8115“02160%’0001.1
TELEPHONE LINE ! ggnur s — b
ce rz 3 AN e —
c-——L(I-‘————W— K3 SomA
15nF w7k ’
Figure 3.3

1 found out the type of all other components than the transformer Tl Tl is the
audio isolation transformrer, which seems to have properties quite simitar to typical
600:600 ohm telecom isolation transformer. The components Fl and F2 are 50mA fuses.
The signal output level is suitable for microphone input because the resistors attenuate
the voice signals form telephone line around 40 dB (some telephone equipment
regulations in Finland needed this).. On the picture below you can see a picture of the

inside of the Philips LFH0117/00 telephone recording adapter: Show in figure 3.4




In the circuit the two 15nF capacitors are blocking the line DC level and the low
fr-eqa,iency for ringing. AH other eornprients are safety requirements, for lowering Hre:

noise and for matching. the telephone equipment regulations (signal isolation from line,

a recorder. (the mitput signal level is typically few millivolts: which is too low for any

other type of input).

3 6 Noreico Recording Interface

The second circuit is made by Noreico and 1s also designed to be used in
tla=rallel witll existing telephone, This circuit has mueh less attenuation between

telephone line and tape plug so you get stronger output signa! out I have used this

7]

.
ome audio

circuit successfully for getting some audio from telephone line and sending

back to~ telephone: line:

JItRD.CO t.FH 0117.154
9935 D11 75'KII

) c1 o F1 :
v :‘L& | w— c1.02: 250
F ' S0af TaPE
—¢ —An 1
330nF K3 S0aR
Figu.re3.5

I found out the type of all other components than the transformer Tl Tt is the
audio isolation transformer, which .seemsto have properties quite sitliilar ""to :typical
-600:600 ohm telecommunications isolation transformer. The components Fl and F2 are

50mA fuses.
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3.7 Recording Interface From Tekniikan Maailma Magazine

The third circuit was shown in an article written by Martti Koskinen in
Teknitkan Maailma magazine issue 8/1994 pages 94-95. The circuit is designed for
recording telephone conversations using normal tape recorder. The circuit has an
option to also play back sound ot the telephone line from reparate connector. The
transformer T1 is typical 600:600 ohm telephone isolation transformer with centre

tapped secondary. This circuit is also designed to be used in parallel wiht existing

telephone.
P
4
he T 1
C1 ) 21 R3
_L(ﬁ__.___ 57U o8 ~TQPE% JIECQRn
Y7nF 2500 22 B20R 1724 r——*GRCUD
ca R1 27V 0NN [2 R4
~¢ Y Vt. | * TWE PLAVBACK
Y2nF 2500 10K 178M BEOR 1MW fl'DI1D-
| c3 R2
8- [ 'h | J
«7nf" 250V~ loic VIM. 'tJr?;:n1$°"
't
$7nF 230V
Figure 3.6

The capacitors Cl to C4 are connected in parallel to make about 200 nF
capacitance. Four separate capacitors can be more easily fitted to one case than single
200nF 250V capacitor which is quite large. 1 don't know the reason of why Rl and R2

are connected in paraticl, because single 4.7k ohm resistor would do their job as well.



3.8 Maraniz PMD Recorder Serics

T I — }
It t--m—tm————- t----- Aucti.o
470 nF | A -
) 1« \
) It ( /\  &tmel [
1 ) 1 ! 1
I t 470 ohm 47 nF ) If ( \ | 1 4k7
I_t 1/2w I« --\_ nener. I_
Il | |
L mmmmm hudj.0
9round
Ring----+------------- pommmnoe- -
Figure 3.7

Tip and ring are first shunted with a 470 ohm 1/2 W resistor (to allow the interface to
sieze the line). Next, before the transformer primary, there is a 470nF series cap (high
pass, and DC transformer isolation) and a 47nF shunt cap (low pass to limit the upper
end). The transformer is a 1:1 600 ohm, I believe, though the schematic doesn't
specify.

On the secondary there is first a shunt pair of back to back Zeners to limit the

max voltage seen by the recorder circuit, and then a shunt 4.7K ohm to ground.

3.9 Telephone to Studic Mixer Interface

The transformer and 44 o capacitor keeps the impedance seen from line high
enough that not bad mismatching happens when connected to studio mixer. If I would
be connecting something like this to my audio gear I would add some type of surge
protection to the cireuit {two zener diodes in output would be nice) or add external surge
protector. But let’s the original text to describe the circuit in more detail.

We use telephone audio in our studio all the time. And yes, it's an off the shelf

design. I designed and built such a device with scrap door components. I used an audio
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coupling transformer and a capacitor. The primary windings add in series to 500 ohms.

{nnpﬂan ¥ add:d

ogether 1 cap between them. { it was
something tike 0.047 micro farads with a 600 volt rating. And the secondary which is

500 ohms runs Into the control room mixer.

~ip, pmTmmmmmmm--s / 11
| I11/---—=—-————- <
(primary: winding 1) I u |/
I n i
>=---- X------ [ u I
I 11,/
0.047 uF = N ] ==m=emmeme- cir  (secondary
Winding)
| n/
p ST T / n o/ OUt:put Side
I n | to Mixer
(pri.Jla.ry winding 2) I
| TT [fm—m———————
'Figure3.8

TtY fiiis circuit it works great for us in the studio. The circuit is designed to he-used in

parallel witfrexisting telephone. Just make sure, you use properly rated comp |,

3.to Audio interfaces without Transformer Isolation

In some, special, case the. audio interface is built. without isolation transformers.
In these eases the audio- :;i'gnaYis' pas-sed from telephone- lirre tt<irotrgh the- capacitor
which blocks the DC from telephone line. This type of isolation works quite well in

* . 3 s
G 7 Py wyay et wwant fn oo
unnl-nahnns T han- vy gont wand 01

GE/plivaiiviio v

{ vou still want {0 oot some

audio from the, line. 'Eypical.applicatkin is. called- ID boxes:.

A typical capacitor isolation cireutt:
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Cl. BL

~~pe —m———— 11-/\/\--o------ o
|
\
13 1 Aud.i.c, out.
\
c2 u
~  emee————— I, -\\--0------0
Figure 3.9

The cepaeitors Cl and C2 "#iH block the DC -andpass the -audidsigaal to the
output. The resistors RI-and R2 provide some protection against the spikes on the
telecheng, ., 1ing. ande thicine ooy o e - glrepit 5 D0 nlesl fgmredar e gua - dogs: not
disturb the telephone line operation. Rl, R2 and R3 make together a voltage division
network which will attenuate the audio signal coming from telephone line to the desired
s.ignal output level.

The- eirettff s-hcrti!d be eonnected to- differential audio input If the circuit is connected to
single-ended input the circuit works worse and .gets easily all kinds of interference,
5. The capacitors Cl,
C2, Rl and R2. should provide sn high:.impedance; to the. telephone line. that the. telephone
Hne balaneing 1s not disturbed. You shotttd also note that this circuit does not provide as
.good .snrge protection as transformer (surges can quite .easily pass trough CI, C2, Rl and

DIV Thic 1c nat the araforrad wav 4o dn the talanhans bine
AN e 21110 10 1IVL Ul Awviviivw i v ) W 11

YUy U uuU v

av |

use transformer isolation instead.

3.11 Simple Teleeom Hybrid -Circuits

Telephone hybrid circuit is the circuit which is designed for converting 2~wire
interface to 4:-wir~ interface and- is one of the: basic building blocks of. the telephone
system. Telephone hybrid is the circuit which separates the transmitted and received
audfo which iire sent both at the same wire pair in 2-wire normal telephone interface.

There are many different types of hybrid cireuit.in use, Traditienally telephones.
have used combination of special transformer and few additional components to- keep:
incoming and outgoing signal separated from each other. Nowadays this is done more or
less electronically.

In telephone central end hybrid circuits are needed when must be done any
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amplification to the signa raditiona e systeins separate the incoming and outgoing signa
plificat to the signal Traditionally the syst parate th g d outgoing signal,

then they are -rwriplifted -seperately Tu'ld -sent to other telephone central using separate --wires or

otherwise separate commiinicaticmchannels. The oldest models of those

circuits have been built from one or two transformers and some other balaridng

components to .get best results. The problem have been how to. get go-odbalance to the
i s well

id in other way how to scpa
as possible. Nowadays e:veryb-miy is a:Y.0.iding. bulky and exp-.ensive special transformers.
and more and mere eleetror.ies ts used becanse it is cheaper. Modem hyorid circuits
consists only of one audio lsoletion transformer, two operational amplifiers, resistors
and some capacitors, and the most modem approaches #ry to avoid that transformer
altogether by using active e.le..ctronicgircuits. in telephone line side to do: the job. and
opto-coup!erstodo the isolatioirwhere needed.

Many different system circuit have been used and I am showing here just one

basie transformer based circuit which easy to tmderstand and is useful for many

experL.111e11ts.
Prim,uy 600 oha seconda.J:y 600oba+600 oba
Tep >————m———-——- /I1/======—==——~ < audio to telephone
line
| 1| (low impedance
output)
I 111
I'n 1
I u./
| 12 1------ 6000ch1r--Ground
I xr |
[ .n 1
I n |/
I x1 |/
P L e LT JIT/-======—————= > audio to mixer
(ip i mpedence
input}
Figure3.10

This first circuit is a traditional simpie hybrid drcui-t which have be-err ear-lier
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successfully used in many telephone circuit (for example modems). The circuit works

1 qn 1 cppdor nin of the cocondar
tor in the center pin of the secondar

/ i seen as 600 ohm
impedance load in primary circuit The end of the secondary which is connected to low
impedance audio"oulpttt:(for example aml}ii-fier made-for-driving simin speaker; must

be always connected to amplifier or ground to make the circuit work as expected. The

sy
&’

o g
% 1 i 2 it man o 7
audio signal output from the circust must BC 100

impedance (>10 k ohm) audio

C
jor
Eae

e
-
=

input to make sure that the operation of the circuit I$' not dlsmirbed. The circuit gives
quite aeeeptable separation between Ineernirrg’ arrd outgnirrg signals when aH
impedances are set correctly. The 600 ohm impedance is kind of idealistic value and
-dees not fully reflect the reality. In real life tire impedance ef the -telephorie line or
telephone is not exactly 600' ohm and the-transformer has it's losses. A 600 ohm resistor
is anyway quite a good starting point.

If transmitted and received signals mix with each other, you will have to fiddle
with the- balancing network. For experiments I can suggest fitting | k ohm variable
resistor to the pace of 600 ohm resistor for experimenting which impedance value gives
the best results. You may also want to try other type of kire impedance simulation
circuits if you know what what matches your system better. If the impedances presented
by betll the:send and receive:sides are the same the-liybri-d dr-cuit will work quite welt.
You will find that the send and receive signals don't interfere with each other, but both
come and go from and to the line.

If you are thinking of connecting this circuit to telephone line or otherwise
sending OC current tl->rough the -prinrary of the transformer remember tr) use a
transformer which can-handle the DC without saturating (telephone transformers made
for "wet" eircuits). Amil' remember- that there' are- strict rotes what the- equipment you-
.conneci to telephone line must 'meet .and you are -not allowed to connect anyihing not

approved te public telephone system.

3.12 Modified Circuit

The following circuit is for telephone line interfacing when using a 600 ohm

to 600 ohm transformer with center tapped output:



Pr:iaary 600 ohm Seconcla:1:y 600oba centre-tapped
<®— %% 31500ba+1500h111

sec:ondary) -

~~p >_N ________ / X Jo—————— <evdi.oto teiephOZMi
1:1.n€.
/I n |/ (low ~anoe
O\>tpi:1t)
I xx 1
o |
I zr |
| T Ry A— 1500ba,--Ground-
I u |
lu |
I xu |
I o o
1U..tUJ > """"""" / B / """"""" > aud.i.o t:o ai.Jter
Uu.g~ :unpedancie-
input)

Figure J..11

This circuit works the same as that cir<.uit above, but uses standard telephone line
transformers easily available. One commoa transformer type has 600 ohm primary and '600
ohm centre-tapped secondary. In ceetre-tapped secondary each secondary side presents. 150
ohm impedance. By using 150 obnr resistor-eormected to secondary centre-pin. the primary sees
600 ohm impedance. Experimenters can try for example 470 ohm

variable resistor instead of 150 ohm fixed resistor to test which value gives the best

results. You can: see this type of circuit built to a -smallplastic box at the picture below:

FigureJ.12
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3.13 Soundcard To Telephone Line Interface

The following circuit a modified version of the circuit above, This circuit

‘inC;fo.des: snitabl.e: audio: output which; ca;it- he.fed to: a PC. snu-ruiea-r..d: and a- on'loff huo-k

switch:
Pruiary 600 ohm
secondary)
/
TIP -——-0/ Q============
output
ON/OFF HOOK
SWl'.TCH
ground
ground
RING---==—===— =
input

~NN Y~~~

Secondary 600ohm cen~-tapped
e .-(uae -+ .1500bin+1500bm

IT/-—===——————~ < aoundoard apeker.

11/ - +-< speker connector
11 |/
r1 1---1soobfii-+

n +-> li.ne .input connector

II1/---——————-——- > souiidcard 1~ne level

Figure 3.13

Remember that in telephony applications.the- signalS1 le:.vels must he adjusted.carefiilly

~nd sma must litt nifiiie;., tirat-the. ckcuit is, in good enough, balaaee that thete, 1 no

annoying feedback in the whole system. Warning that this cirueit is a little bit simplified-

interface d-iagram.Thi~:dfagram lades for ex-a.inple overvoltage -p:ro.te:cthm on the audio

output and also limiting circuits which: stop too large signal levels to entertfie tet'ep:frorie

network.



3.14 Operational Amplifier Based Hybrid Circuits

Modem modems use hybria c:itemts: built from operational aniplifiers-resistors:
and Gt 1i100:600 ohm is:olatiowttanmorni,er:  With, ~kn~1 amp\tfrer~c~ttit  ~he-

cir£Uit can be made .cheaperand,p.edor.min:g hctie-e.

Priliiaiy 600 oha Secondary 600ohm
....... -
LI:NZ ---=mmmmmmmmmes / U /__+__l_ 1=-=—-- +---< A11d:i0 to t.lephone
line .
I uw | t 600 ohm 1
I 1o ]
I n | | | | 600 ohm
I \T | | [
I n | +-——> diff <----+
| hh | opamp e:ircuit
[ n | for received (.
I 1L j audio I 1 6.00 ohm *
I n I
LrNE ~~~"°7TTTTTTTT /II/ """"""""" t---- Ground
Figure 3.14

Tue- s-ffurce for audio signal which - transmitted:- t the telephone-ime- sne:uld be
low impedance to easure that the impedance matching tct telep:lio:ne Hueis. e~rr-ec.L For
Tete-iv:-ing audio a differ:.oo.tml mnplifier -mnsthe used to separate the inooining signal
-fol.m -out-going signal~ but differeri.t4'J :am.plifrexr is vi;#y &L g imp,le-t:mnl ,U~R.g
Qop,euarion-al amplifieFS:, The peFfo.mumice-of Ure-eircuit eaa- be made lrette:r: by r~pla~iflg
the 6.0.0: ohm- res.-istor wh.i'.ch is: mark-cd by with some better tnodel fot th:etelephoffe fiie
.seen through -the-isolation.,amplifi:er. A4 better model provides better isolation-b:etween
100.0:ming awi ~-gmng at.inm signals.

A quick rwte to mixing desk ssers: proflissional mixing des-k9 nowadayg have
4i~rimfia{ mputs. and low impedaucc: tyUfpl1ts. This ma.kes i.tvery easy to -(,~pccim:crtt'

:with this type .of circuit :ifyo:u happen to own .a good audio mixer.
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Here is the full operational. amplifier based hybrid circuit diagram (theoretical

eireuit):
I\. op amp buff&%
xm:Lt------ 1 )----- \“‘I' """"""""" +
I/
\. ' \
/R, /a2
v \
/ . /
1 I |
op amp / =] T
rev-------- <
\+p----+
\I
\ -=>  )il(--~--- Tmm—mme- ~ip
/ )L ( (to telc:i0>
\ R3 (Rn) )tI<
/ )11 (-~ R.i.ng
Figure 3.15

In-the above diagram Rn = the telco network impedanc.eas seen at the other side o.fthe
transformer.

This circuit is an example of an "active” hybrid. Essentially it is a balanced
network. If the ratio of R1/R3 = R2/Rn, then you have infinite return loss - that is, you
should have none of your transmit signal appearing on your receive line (when this
happens, this signal is called side-tone). Yet the receive signal from the “far-end” with
appear on the receive line. In other words, two signals can use the same two-wire
interface, yet are separable. Not theat the resistors which define the amplification of the
op-amps- are not drawn here. so if you are planning to build-this circuit yeu-will-have to-
ad"d'them.

Unfortunately, Telco line impedances can vary quite a bit, so the ratio of R2/Rn
rarely equals R1/R3 except in situations where the designer has tight contro! over loop
lengths and terminations. Any imbalance in the balanced network creates side tone - a

stnall amount of the transmit signat wilt appear on the receive line. In typical situations
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the side tone can be attenuated around 20-30 dB with a weH designed hybrid circuit.

Arnother © way to fmplement a hybrid circuit is to build an opto amplifier

Another typicat
Cir~1tit. Whlcrr take-s the signal over the trans.former coil and subtracts the transmitted

signal from it. The: foHcWi:rrg cri-reratinrra! amplifier ~e-Ir-e-nit dues this:

NDIIE-
TMNSIWTTER
{It' = R2J Rt 600
It!
D MODEM: o < =
RECBVE&- +
A 0.AA. IItPUT
ITH'BJANCE
Figure 3.16

The eireni1 . below is, partly redrawn optimized. hybrid circuit from National Semi
comfoctor apptrca:tiurr nete "Optimum Hybrid- Design" from 1-98'5 (that applicatiorr

note is no lenger -avaiiable),
. TRANSMITTER -.D
9.1K 28K

6.BnF

1120

‘ | J TO PIHO"E
( : LINE

RECEIVER

0.01ut=-1-

Figure 3.17
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Tlie transform.er in :this circuit is 600:600 ohm telephone line transformer~ For best
results you have to adapt the component values sHghtly to match the line Jmpedanee and
the transformer you are- us:rrrg;

That upper amplifier (the triangle.with one input arrd output wire) is just a buffer
amplifier' with.anrplification factor of .ene, Signal from transmitter is connected to the
positive input of opamp. The negatiwt: input of that op-amp is conected to the op-amp

outpul

3.15 More-aetails.ImpJeni:eniing T-el:eplione.Lmc Int-eda-ce

T~lipno-neline interface has to pru-vade two functions when it is off-hook:

* Provide DC path for eurren1 flowing in telephone Une. Normally. there, flows about
20-SOmA current in telephone line and telephone regulations typically sepcify
that the DC resistance must be less than 400 6hms.

» Provide pmper termination for telephone- audio frequencies (300--3400 Hz). This is

typically specified to be GOO 0-l-ims.

3~1S.I'"\\~t"transformer

Traditionally those two fuin;tiom; are aooompii-s:l-100 in mooemcs and ttieit
te-lep-ltofie htter:fae:er.iare:accrnn plisrutd hy "wet" telephmie- trruisfuruier. Wet type 1aeans
that the transformer is designed to hartdle the: DC mne:m (typicaUy 20--5-OmA) properly
and does not saturate at this DC ,eurreo:t. Typ-ically "wet" transforniers are more
expensive, bigger and. have worse specs than "dry"” transformers (wtii:ch do not h.ave to
withstands tnny DC current). Tire proper termmation m: modeni-s is pmvid:ed hy the'
cleetro-nichybrid oireuit eonneeied to of the ttamns-fo-r-mer~ Anofiiel-- possibility is tcv use
-transfur-mer -which- with center tap and build "Simple lransformer and resistor ;hybrid
circuit around it

Here is.a. typiea:l eit:'cui-t for "wet transformer:
yp
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Hookswitch

/
~p: =m0/ Q==m=mm=m=nm-n- -t
L tommm - >
I
I
I
[T To hybrid circuit which
) 1 prodiv.d 600 ohi1
termination
) 1
11
pommmeee >
Ring--------=-=--=---mommmmo o +
Figure 3.18

The:circuit operation is quite straightforward, when the.hockswitch is closed the
telephone- line DC current starts to flow trough the- transformer primary coil: The DC
resistance of the circuit is determined by the resistance of the transformer primary coil
{typicaHy in -60-200 orun range in'-600~600ohm -tele:cetmmurjcationtransformers). The
transformer is: | :1 trainsformerdesigned to operere.at .600 olinr impedances, so 600 ohm
termination provided in the secondary reflects as 600 ohm to primary (this in not totatly
accurate because transformer has some losses so you need a little smaller than 600 ohm

resistance in secondary so that it looks 600 ohms in primary).
3.15.2 "Dry" transformers

Dry transformers are transformers which are not designed to handle DC current
flowing through them (if you put DC through them they saturate and do not work
correctly as transformers). 600:600 ohm dry transformers are very useful for example in
modems because they are available in small sizes (even so small that can be fitted inside

CMCIA modem card) and can have very good performance figures. Because the dry
transformer can't stand DC then in telephone application where there is DC present the
DC must be blocked by suitable capacitor (usually 2.10 uF) and alternate path for DC

must be provided. Here is an example circuit:
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Jtookaid. tch capacitoi:

Tip =0/ ommmmbm-zm----tlo--4
" II -|- _______ >
[ |
) 1«
DC ) I (
PATK ) To hybrid circntit which
y 1« pr:oclived 600 ohm
teil:mination
1 ) 11 <
I
I >
ting------------- T '

Figttff 3.19

The DC path.musthe designed so that.it will pass DC well but provides ligh
impedance to telephone audio frequencies (so that it does-not distmrr the impedance
matching done elsewhere). A large inductance coil can be used in this but it is not
'practical because yeni-wanted to -get rid -ef %lat hulky "wet" transformer using small
"dry" transformer instead, so you don't want an expensive and bulky coil in your
circuit.

Fortunately coils can be simulated electronically using gyrator circuit. With
it is very easy to have a simulated coil which has low DC resistance and -the

Syratcor
circuit looks like high inductance: cell (few He.mi.es. simulated: coil can be. made easily).

ks ¥ ey rert CIETHt
~urrent sinking circuitry. Constant current circunt

s

y v ety
§ to uge constat

Another possibility
provides path to DC current but has very high impedance (before using constant
current circuitry take a look if your telephone regulations allow constant current
operation or you can make the circuit to work inside the specs in varying line
conditieris).

When you add electronics to- transformer primary side remember that those must

. e will hels to make sure that the curren
work at both line polarities. A bridge rectifier will help to make sure that the cu nt
going to DC path circuit is alwa;is at correct polarity, Another thing to eonsider is
overvcltage protection because your circuit in the transformer- primary side has to

withstand the spikes vihkh exist in telephone lines primary side. Make also the circuit
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so that it is not.zlamaged by .alittle more eurrent :than:normally present intelephone line
{sometimesther,e~¢ tIV:el ettrreut i,it'l:Urtions and you oodt want lnur ckcuit r0 break

dowt1,tQO easily).

3.16 Problems in Linking Telephone Hybrid to Audio System

Even stn:nd' engmeer has: had-ttr dear wifii te'leplrone:Jm--es: at one tmieor aoofiier:
Uriki.ng the-poone.-c-Onversatforft-o audio system H:ke-takiug-caUs~taa:dio studio carrbe
mere prob} {lina,ticth.in you ti1;stthnught You ;can:get-:a glond view of~  scsnario at
artiole ~Phone-Line Hasws .article from JK Auditl The fiiain ftablem -in -making-the
audfo co:tinestiorr: is: that- i~ of 1ie- fIMUe" pincb  (transfumrer: aflalt!ig .hybrid, dfgitru.
hylir-id; etc~}. to the.-caUer, and back terthe studio i'u-to the..tdephonei line. input' of the.
phone patch. (Yoa can hear this leakage inthe earpiece-ofyourtelephone handset. Just

li~end@!1@w<m.ucl'. @fy.ome.GWn ,v.oi.ce-~m.Gsha.ek to you!')

3.16.1 Level Matching on Local and Remote Voice

'fJpical eammer-cial telephone <hybrid -allows the equalizing of telepbone line 1s fi;ill-
duplex interferee .implemented usmg single twisted -pair. When 'an :announcer ‘speaks, ‘msflier
vofoe travels through -the phone line output fevers -of focal: and remote voices. Typically a

hybrid needs agjustment for every new connection because of impedance changes. Today

-automatic4:iglt.al-hybri<ls-ar.e--1iSOOfor equalizinglocal — -and remnote-telephonecconversations.

1.16.2 Trauns-hybrid loss and announcer voice distortion

Trans.;:hybrid loss is that portion of the announcer's voice that 'leaks :through .flieliybrid
to -its audio .output. The .higher this spedfiGll-On, in db, the better isolation -inthe device. This
ieakirge i's distorted and:phase shifted after itslongjourney~ Inthe s.tudici, the-amioencer andfo is:
mixed at the.console with.the phone patch (caller),otttpllt to. create the
on-air mix, When you use a-poor .phone patch,' its omput mcludes a distorted, phase
shifl:.ed .version of the .anaouncer sigrial. When 'this leakage is combined with the uiean
a't,nounc.e1: m.’orl'llo,..a.“'ﬁol'n.()w"" Of! " '1'11113?' SOUiLt-1&pr™l..,<=as, Jo ;5. 4LV S ewm 715
affected by phase cancellation than others: The greater the trans-hybrid. loss, the Jess

announcer audio that leaks into the hybrid output .and the less the announcer voice



,distortion. :Ide.atty~ ithe output of:the !1y.hrid should .conslst of caller andin o0.nlyA Digital
lu;41-M-s lia\'e -stgnaled f}T-ooe-s-sing eleotreaics -to 'get better kafiHlybr'-icl less -figur-es lhtti
which are available with simple analogue solutions;. you have to- decide what's best for
your budget. There are different requirement depending the application (broadcast,
1t have been suggestions that ISDN be used as its full duplex is good one, but
he only practi.cal if both sides of the Tek-o path have ISDN: When calling, between

plain old telephones services (POTS} and, ISDN, the above problems remain.

3.1-6.3Echo Problem ‘in Long Distanee-CaHs

Echd is caused because of the coupling between incoming and out going audio
in The-telephorre-circuit anchhe-delay in the-"tclephorreline (especially in'long distance- calls);
Echoed hack audio is usually caused by an impedance mismatch a! a 214-wire eonversion point
(such as a codec-annex-hybrid, analog CO lirie interface) and by-acoustic feedback, Thus there
is echo: ISON ny, other digital telephone set on an all-digital connection: would

Not cause-echo because af conversion mismatch; but if normat handset or hand,
free 'telepheae is used the acoustic echo is still possible.

Echo doesn't become audible until the dela
tbre:-sholdvalue wrudi depends mi the losses in the, dreuit Even milliseconds of
terrestrial echo-oarrbe mri:0-ying, hut typically the -edm rs not annoying if the delay stays
below 25ms. Old Beli standards said tha:1 on. calls of more than 1800 miles, an echo

nand
U [#cea

Y
o~

some subjective value in the 30-50 ms range.

A5 it is practically impossible to prevent echo (by perfectly matching the
impedance In line circuits and by acoustically insulating ail phones), it either has to be
-sappressed or cancelled when -it -dces occur. For this reason, echo cancellers are
deployed by Telephone Company on long,,.hauJ routes thai; when used, [>ring the total
circuit delay to above the echo threshold value determlned by line loss. These echo
cancellers are deployed on both sides of such long-haul routes and the echo canceller at
~the remote end of the call s responsible- for ensuring that you don't hear any echo.

For more iftformaiioff on how eeho canceling works, please consult ITU-T
reeonnnendation frf 65 or seme-geed telecommunication book. The morale is therefore

that if you hear echo, you can't .do practically anything about.it, as both the cause of the



vrohlem and .the solution ‘o it. :lie :at. the remore .end of tlie ceonnection {ty.pjcally at the
‘telephome ~mp:arty .ceqwipmeents). H the .cenneetioa you'rce talking about is across a
priv-a:te networ:ky make sure- that the- echo: cancellers are: eorreetly dimensiemed- because

wrenigt,y dt-mensiii:nred eeho eanceUer win he totalty ineffecti.ve
3..16.4 MetalUc-Sounding Caller Voice Problem

If yo.ur teleplione. com:iection-is though- a:d.igitrtH PBX-mr digital switch{typical
nffwa.tfaryss-} thert ytnt migftt- enoounter- a, problem fiiait the vo,i:0'e which. niigllt soufld OK
on telephone hut sound "metallic" when you connect it to the mixing desk through your
hi,gh" quafiiy hyhr<i<l -oir-cuit The metallic sound prehlem is afi 1rHasing problem cause by
the digital telephone: system. where there. ritnot. m:u.dr :filtering after the: BIA. c.ofl\i'etier
whi~h, 0i&tpY'ts. the sOund. The ab-sence: of the °'utput fiitevs causes-that there: are high
frequency noise compcment~added to the output audio signal. The audio sounds fine on
oo:rmalte-lephone because it can 4;}nly ,playbaok the normal tefoptione autlki -mmie. The
p:roblem is audible with yem- hybrid cin:.-1iit of thar e-ircuit has. wider bafldwidrli fiian:-,
normaHelephone. The solution to make this signal sound normal telephoneis to-remeve:
everything -above4 kHz by .¢ sharp-low 'Pass filter. You can try if your nrixing desk:
ooa-imel ~-Oqia~izer-s are .-d,fltti¥e -eimugh ,to r-ouuwie this ,pr~hlem. Whoo WHU st~
equa-lizing the- signal :&om telephone: hybrid thell you ~an ~-so remoNe  tlie bass
freq,uendes aJso: (there -8 usable sound information below 2-00 Hz orr normal telephone
line) so you can also getTid -Ofthe possible low .frequency noise {maim, 5-0 Hz or 60 Hz)

whfoh .is~em.etim.es -pr-e-sent-0:n ,te!.ephon~ine.
3.17 Helpful Tips for Telephone Hybrid Circuit Designers

3.17.1 Measuring Return Loss figures

Rewurirless |3~ #rmeasure af mfftc'lh hetweewthe- impeoonee-"tt:fthe"Hne--terminatioifff
and the. fliie itself. ff the.impedance of the line rs Zo and the termination or load is ZI
then the return loss is given by the formula:

RL=20 * log {(ZI-Zo} 1{:2.0+Zl) )

The log function In the .formula above. is togarithm of HI.
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The return loss must meet the _regulations in 'the whole specified frequency

ade using 2 variable frequency signal

Vin TTTTTTTTOooS +“““_““_“_T+|
600 ohftl

- Vout----- -+

600 ohm Z1

GND ~—~—-—=-=------ S +

Figiire 3.29

If y.ou want to test the device with the signal level of Vm then you put .the
voltage 2.*Vin to the circuit from the signal generator (the input impedance of the
eircuit is
Around 600 ohms if Zo and, Zt are near- 600-0~1ms)'. Connect- the reference impedance Z»

and the measured telephone interface circuit ZI to this measurement circuit. Connect

re the Vout voltage. In

-millimeters have very large measurement error when frequencies go much higher than
few hundred Hz).

Using the circuit Is very simple. Just apply- the input signal and measure. the
output voltage. Do es many measurements as necessary fa cover the whole specified
frequency range. When you have made the measurements you can calculate the return
loss using following formula:

RI=20 * 109,2~vouWm)

If you want to- measure telephone equipment which need some DC current
flowing through the circuit you try to measure you have to use a little bit more
-c-cmplicat-ed -cir-cuit to 00 ttlat~ Yee can separate tJie DC si=gna! fr-om -the m-cas-u-remcnl

circuit using capacitor (to uf capacitor does not cause much error on telephone 300-
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3400 Hz -frequency range, for -lower frequencies use higher value). The power to the
measused telephone or ;othei- equip:t:nent must be fed from separate power supply And run
through AC block circuit which preverits the: power source for short circuiting.the AC

signals-. This- AC hlocki:n.g circuit can be a large: eoi] {preferably more than 5 henri-es)~
gyrator circuit or constant current source.

+----< power to the

Vin------------ trmmmmmm oo t
:elephone
600 ohm Zo AC Block
C
F-——-- Vout------- +--1 I-—-+
10u
600 olun ar
|
GND * + +
Figiite 3:21

The measurements can be dene-with this circuit in the same way as the original
cirouit. The Kmly thh,g you mu-i;;t coosicde:r ts the possible Titea,;;urem:ent errcrs caused by
ec capat.ItQf and AC li~kmg:--ci.rccitYo:a nicrst.make swe that Z > 1/f1*pi-*f*C). H}

uF is a good, value to stalt because- it has maxi-mum resistance of about: 50 ohms: in

4elepi.mne-audm -s-pectrnm-(100-3400-Hz}.
3.18 Simulating telephone line

3.18.1 Resistor and capacitor network simulation models

The most traditional way to simulate. telephone line Is to use resistor and
cap.rcitor networks to sjmulate the attenuation caused by the tele-phone fitte- A typical

model for this typ:e of telephone 'line simulator is a resistor and capacitor network which

looks lik~ This:



0------ y dmm=t=mmm | e o
0===mmmmmmmmes L 0
Figare 3.22

lowi or simulating a

telephone equipment regulations have listed the following values fe
typical
4ocin foop ooble:
Length Cable diameter
0Skm 04 mm 70ohm 10" nF
1.-0 km 0.4mm 140ohm 40 nF
"0.-S kin {LS mm. 4-Sohm 20 nF
1.0 km 0.5mm 90ohm 40 nF

The circuit can be modified for simulating symmetrical cable better in some

measurement by dividing the resistance to four wires. This arrangement leads to

tbUowing circuit:
R/2—-- R/2—--
0------ Inl-m—pmmm-1nvi-—m—m- 0
n./2
o t R [ 0
Figure 3.23

3.18.2 Build a Telephone Line Test system From Telephone Cable

Find an old spool of 25 pair cable, preferably pulp insulated, from the back of

0
. Punch down each end to opposite sides of a 66 block, only on one side
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Stick in bridging clips across all but the bottom pair of the block. In this way you get
quite easily very l-ong line to test ,quite easily. AUach one end of this to a cheap phone
line simulator (all it needs-to provide is battery, dial tone, and ring voltage.) Buy a
couple of test dips from your usual supplier, and new you have a fairly easy ta use test
device for cheap,

ff j'eU need tu simulate aiw the interfererrce which cari. go to the cable, use an
old. office, fan and an interference-source liy putting.this right next to the spool of cab-le
and tum it on during testing.

If you are doing worst case testing, you should use junky cable from the

ine bin and stick in loading coils at the appropriate intervals. To be really nasty,
t

that cable into water (you can add same salt and dirt to the water- for mere- realistic
situation). Add this into the middle of your test circuit someplace, Now you have

something that is beginning to approach the real world cable plant worst case.
3.19- Testing StaRdards,

To be able to do any repeatable testing one must have control over th.e
equipment M 1 eontroHetl environment Aim to cnrrefatinn you -resints to muy test tlone
by other individuals, one must test to a given. set. of "standards". For USA standards
TSBJ7 A and TSB38 deal en telephone fines and modem testing (Loop 1 condition for
them is EAI 1, which is a 2k:ft of26ga). For longer loop there can he up to 5 loading
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tions but { have

not found references to them.

3.19.1 Other Technical Regulations KFor Telephone F:ine Terniinal.
EiJfflpmftli's

The folkn.v-ingspecs are taken from the European NE:T4 (ETS JOO 001,. second
edition- April 1994) regulations. ETS 300 001 i, basically, a big collection of the
various European countries parameters I have pat some parts of the specs (Finnish part)

to 'here:
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On-clmok
" DC resistance must be at least | M ohm when measnred.et 100 V wlta.ge
. Isolation resistance must be at least 5 .M ohm from line to touchable- metal parts
measured at 100 V voltage
when measured w#h &5V RMS audio signal

Off-hook

* Isolation resistance must be at least - M, ohm from. line-. ta: tmrclmb'le: .metal: par.tSs

measured at H}O V vafiuge

DC-resistance must be less than 400 ohm in current values between 20 mA and 50
mA
. If the terminal equipment used: constant current prineiple then tire: current must be

in 20--50 mA regionhr aH eondltions

The impedance uf the terminal equipmenr must be so matched that the return loss is
-greale-r"than tO dB eempared to 000 ohm reference
When the terminal equipment transmit voice or music the mean signal level must

not be greater than -10 dBm level in any 10s tim estot

33radd vy AL ALl

When other signals are sent to line the .signal must not be greater than -1 0 dBm in
any 200 ms tim:e-siot

" The :Ugual level between 1400 Hz and 12 kHz must be attemratoo 12 dB/act and
the signal level in frequencies greater than 12 kllz must be less thm:r-5-5-dBm

* Common mode rejection must be greater than 40 dB in 40-300 Hz region, greater

than $-0 dB in 300---600 Hz region and greater than 55 rIB in '600e3400 Hz region.

Note on sign-al levels: O dBm means 0.775 Vrms level, so -HI dBm is around 0.2

Vrms.
3.19.2 Ellllipmen.t in Series '-itb Teleplmn:e

" 'Fae series resistance must be less than 200 ohm:

* The- atteriuation ofaudio signal must be less tharr 1 dB- at 800- Hz

80



There are also many otbertechni.cal specs in NET4 do.cmnent, but those are the

Most -criticalto hjbrid 'Circuitswhen buil:dingtetephone signals you should ais6
Undersiirnd the telephone equipment: electrical safety regulation in EN 41 003 standard.
ek, meaf); zenerally wat the equipment must withstand 2:1 k¢ surge aml, DC oo
between the telephone line. The .equipm..ent does not be .able to cause danger-onsvoltages
to the telephone line or to touchable parts in any probable single component failure. And

H
€13 : nnnlf tinna
many other safety- regulations.
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4. Sources of Failare in the PSTN

Whal maikes-a distrilimed system .refoilile'? A sfiidy of furmres in the US Public
Switched Telephone Network shows that human iriterventimt- is. one ke:y t-0 this. large
system's reliability. To operate .suocessfiilly, .most large distributed systems depend on
'SO041lw~ hardw:ar,e, c.inld-~ sQ~'1$ -and 4U:ainta~-s-4i0 fu~ti@AA - ,00~tly~ F.aiaitlre
ef any one af these element~ carr disruptor brirrg dawn an ent'rre. system. One- su.err
distributed system, the US Public Switched Telephone Network {PSTN), is the US
:portion of p<:fssibly the -largest d~stribured system. in existence. {l1] Like all telepkt:ufi.e
,&witching .n~om, :the -PS:r:N -petfo:r-m-s :a-fairly ~mpie task: It connects -point A with
point B. PairadoxkaUy, this seemingly trivial task .requires some of the. must ¢,Hrrp:lex
and sophisticated computing systems in existence. Software for a switch with even a
relatively small-set of features may comprise several milfion lines of rode.

The PSTN contains thousands ef switdws. Switcnes mdude redundant hardware
and extensive sdf-dieckirigg and reoovecy software: .Fer several decades,, AT&T has
expected its s.witches. to- expecience  no:t mor-e. than. two hO:ms-rJJ failare. iri, 4Q; Jears [2| a
failure Tate of 5.7 'X 104>. Since 1992, telephone eorapanies have been required 'to noti:fy tile
US Fwer.t:l Comnninicati'l™ns Commi'ssil;')n (FCC} -of :out.ages "afft:eting 1nore than 3-0;100
eestomers . I used these outage, records to, determiae the r,rindpal casses- of P&TN
failures. To account for the possible effects of seasonal fluctuations in call processing:
v-0.h:ime, I-analyzed failures over two years, -from April 1992 to March 1994, beginning
with the ,eadiest F:CC,rep-orts. I made -qum:ti~we m-easu~ Ltfhrirw -eooh ~Hut-¢ 'Soot~
affects system dep;endahility, in an effort ro shed some 1ight on. the de:pe;ndallilicy of
different eonlponerits {int:rrucl:ing suftware):

Major sources .of failure were human- ermr (on the p~rt of :both telepho~
-oompan-y persowid .and bthers}, acist.lftmture, and -Ocv.er'l0ads. {Jv-erJoaclcs -caused -flea:r:Jy

half of a:Udowntmie {44 per.cmt)-in tenn:sofoutage minutes,



An unespected :fitidfog, :given.the-compfe:x:ity ofithe ,PST:N ilud indieavy reliance
on software, was Hiatsoftware-ermrs caused less system downtime {2 percent) than a'fly
ott-rersou,tree'offaih:ire- e-xcept vandalism. Hardware r:trtd siiftw'Mecfailures were simila~iu
te~ of aver.a:gea-numbeof customers, affected' £96:00& and 111,066} and duration; of
entage (160 and 119 minutes).

Errors on the part of telephone company personnel and acts of 11ataT~caused

sim-ilar amounts- of downtiin.ef 1k and: 1:§; percent)t

4.1 F-ailure Classifications

Table | Hsls: the failure- classi:fto.aticm scheme | used, a,sehenre that is general:
enough for c:omp'atisons- with-failures in other large- distributed systems. tn-theease of
the human error. category, I separated -errors made by telephone compaay personnel
from those made by mm employees because the companjes have direct control over
employees only. Overload eonditions are aceoumed for separately beeaese. tne:y
1,~prgsent- failures aeeepted as alY engiriee'ring: trade-oftbetween- dependability amt cost. '

Tahle-4.1 Failure categories

Category Somme Examples

Humari error- Errars made-by En-ors in-

-eompany telephone company * cable maintenance
Persorme | * power supply maintenance

¥ power monitoring

* Facility or hardware beard

maintenance

* Software version {mismatches)
foUowing software  mutintenance

procedures

{Such as errors ,in patch installations an

Confrguration changes; does not include

source eode. changes:}

* Data estry

Hurrimi error- . Errorsnade by people Cable cuttings



-others  ulher than telephone Accidents (for example, cars striking tele.phone
S~~~y ~aeA ,poles,t:u-,eti.uiprt~)

.A~-aof, Majorand:imntWnatfflral ~ Cable-, poweF SUPflly; or faeilityt damaged- frome

Nattt~;.  events, butto:wirig: mtrmuils: ot Irghtiting

Natural disasters Earthquakes, hurricancs, or floods

Hardware Hardware component Failures of cable
eom']) Ottetuts:;,, power.: supplies:;. tr facility

-components, dock or >clock -~yncfuonization

faihires

S&ft:ware Lirrter:naletttW'nitJ:tlre;-  S'<}ftware; ~-11s,,u,nderno-rm-aliEtpeF.atioo'*OF in~
faU:Ln:es,  so,ftwaree: recoveryHtl'ode:
Overloads. Service demana- exceeds

~the lieNigned sysrem

Capacity
Vandalisni Sabotage or other intentional

:d:amag.e

Table 4.1

4.2 Findings

Figure 4.2 suinmarizes the nuri:iber- aricf dur:ation: of outages, customers affected,. and |
customer mitmtes: by,eatises1 Figure shg,ws, the. percentage of. outageaffiiitifut~d: I~ each, major
,category: Figure2, the peteenttige of ,e$totnet miruites. The Daie--shnw that -the [Dmihtir -and
.magnitude :of,outages .,differs :sigmf~y  .fiirmost failure -eategories. For -exa:mple, although
overloads caused. only 6 percent of tne total outages, they accounted- for nearly half the total
customer- 1runutes.. Hiimin error caused nearl:.y half o.fttie: o:ut.a:ges, bur <Jmy about- a, quaittt of

the downtime.
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Figure 4.2 illustrates.the outage durations for the- different failure: categories and
reveals part of the reason number and magnitude measures differ. Software, hardware;
and human error by company personnel caused the shortest duration outages. Figure 4
eompares the -duratien and customers affected for the major faihirecategeries. The *x
axis displays outage: duration, while: the y axis d;is;pjays the. number of customers
affected. Only overloads and acts of nature (in the upper right comer) are extended and
widespread. Failures due to the errors of telephone company personnel (upper left) are
brief but have widespread effects. Hardware and software failures were similar in term:

of outage duration and customers affected. Vandalism and human errors caused by

others were also similar in their effects. Table 4.2 Failure effects by categories and

soprees. for putases from A ri! !QQE tn _\qu‘h 11994

™
1108 Ml W iviGiv

Average no, of Average Customer

No.of outages

Categories and Sources customers outage minutes
.outages
Affected duration (in
Table4.2
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4.3 Observations

Figure 4.3 shows that rre-.1dy half i1f fiie- d:o,winime is caused by (Jverlo.ads,
whfch are expected outages. Because- of eee-t'l&rtic and techrrieal cOnstrain:ts, telephone
companies do not expect service to be available all the time. For example, Bell cote's
:avaifa:b:iHty <Jbjective for idca! ,e:c'ttiange .networ~s in iis client companies is 99:93
percent, Lwgercapatcity ne-twor.ks colt:hfpirobaM,y dmr-inate trmst of thls: downtiinre buit
i:ncfease cost. Through decades of experience~the-telephone industry has estab'\:isheda
balance between°henefits and the cost-their consumers find acceptable.

Although the errors -attributed t-0 t-ek:phoue empksyees are irotthe maj:or source
of cnuitages,. they are: ehe ntaj@r's~mree:offail-ute-ai-n-Ong fiiese:operafror.ial- aspeets umder
the cmnpanies' contn:it Human: errorby company personnel accounteu for only 25

- percent of outages and 54 percent of.downtine. But .fai-ill'fe sonrees controllable by -
the telephone 'Coffii'Klnies '{human error ph.ts hardware and so-ftw-are failures) accouritetl
for 5& percent af autag~s'and 21 percent of downtime. S-0 human errors by e:ourp:m-iy-
15ers:onnel contributed nearly half of these outages (25 divided by 58) and nearly two-
thirds of customer minutes of downtime (14 divided by 23). 'Effects of humari error
were about the same for hardware and software maintenance. Human error fur
m&il ltennce oJ cable arid, ha,dware- eampomints a,fld for -p.ewer momturring  aceo:untedi
for about tJ5 percent of outages and 7 percent of downtime StrftwaTe-rehrted human
errors included mismatched versions, ieeorrect data entry, and procedural errors
,Ld:Lring upgrades 1hiese errors accoo;nte] for HI per,rent -0f .outages ;ar~ J pereeent -0f

downtime.
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'Softw~.e enr-0rs caused .a significant number -0.f .moderate ~utages. A:U:tiough

softw,are:error--s causeti appi<aximately 14- perce.nto-:K the.outages, they aci:eo'tmted.fiir, only

2 petcent-of the customet-nrinutes excluding. human error by others, acts' of nature; and

overloads~ however, :software .;,accounted for 24 per.cent .of .outages.and 9- percent -0f

:cuest:Dmer minutes {dt)wntime). 'fwt1 fa~tors probably caiise ~oftware-eutageste be ~{:
the hworpoFatio'fl- of human intervention eapahilities in the VSTN and the use; of

extensive error detection.and recovery softwate.
4.A.Wit.y So lleliable"!

Hes:plte-its: eeormees size .tml eOm'plex'ity, the--P-STN: a;ueragexl an availahility
Tate better fiilau.99.999 percent in die time. period studied. Wity should perhaps me
world's largest andmest complex computerized distributed system also be among the

most reliable?
,t.4.1 Reliable Software-

Te begin with,.telephone -switchmanufacturer&are among th.e world's ,leaders :in

rom:putingte~hnology. They focus much:oftheir research on developing highly reHaMe

S:JSterns.  Their software development processes typically ineotl}'iiritte the- mast

sophistieated practices, su.pplemnented'hy dahorate- quafiiy a:ss:itrance. functions, The'



:PS"IN software's fow 'fafiir-e rate tlemonstr-ates -that we can develop .highly reliable

software using the best -practfols.
4.4.2 Dynamic Rerouting

But :other-faceors .add to the PSTN dependability. In particular, -teiephoae
network designers .appear to have exploited some aspects of the :network's nature- to:
c.om,~¢: foF eo:mFlilie~ffiiesiintromicedi by-fuecd~errdaliiHty n:eqmrtinioots.,

By itSc very: nami~~ the tdepbotie nrtwo:rk, is. mgb}y disu:ibtited;- sty kYcmized
failures .aremore likely, and switches can reroute traffic dynamically to avt)id a {ailed
network node, Mme important, intemi{ttent failures are usually trot catastro-phic. O.th:er-
sy,stenis- fa:~ mueb greater rislfs fioii1- a- fliltwe, na matter how brief. For example,
failttre:;. of a- few seeoml&- in~ so.me tly-hy.,.-wire av.ionics- software may Tesutt in tlie
aircrafiis destmction. A brief failure in one network rompmient has r-elatively little
imttaci: ® the java:i'labjlit-y fitgur.es .fur -the >entire J>S'tN ,acro~s ille US. H:ewever for -the
PSTN to- rermite,. c~Us, it must ke~p- a goodc.deal of mfmmatioJf, glohatiy. Ma-i-ntainmg;
consistent  d:istr-United databa<ses. e.m: veqtt~re- complex- inw~1i0n-s a\fi:6»!l System
components.

'In his book Norm.a} Accidents, Charles Perrow identified two factors-
int:eractions mrd coupling”- mat are sigmfi-eca'nt m determming a system J safety
ptop:ettres, f6'J: Imeraetils)ffii refer' to- the: depen:de-rreies: between- compoitertt-s~ white-
,coupling ,refers to the flexibility in a syf,tem. He.cliaractooz~-dmier.a~iefi5-as linear ,or
,oomple:xwhi-le,c.erupling,i~ .loose.or tight .Syst-emt. with simple, lill~r mt~ctrol1s have

oomycr-rients- that: aife®t ooly Otlier oomponents- tlint: we -funftio.naU-y o00-1-.VBStre:am.

Cmnplex: system- etlmpem.entl. ituterae.t: w-ith marty other component~n different parts ef
the system. Loosely coupled systems have more flexibility in time constraints, operation
sequencing; and assumptl-ons about the environment than do tightly coupled: system,s
witw cOmnplJe,1; iatenwti-ons an0, right: eeupM,ngare likely t-¢- protwiore a-eeMent&. Com~le-x
intera~tions-al\Q,w- for more'. comp{icationi to develop- and. make the system hard- Ut
undert.laml .andpredict. Tight coupling.also means that .the system has less :flexibility is
recovering when things go wrong.

John-RusJ1,by applied Perrow's, aooysis of :faihires m larg~. pliysieal S'ystems to-

computer systems [7}. fn, sueh systems, intetacti-QnS-+ ean, for example, take the fiimt of
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signalingllini coordinates processes or keeps distrihuted-da:tab:ases consistent Coupling
Jrefors.to.;-00nstrwinis {}1I -tirrting, ,operatfon seqeiencing, ,aaeptabte inputedalarzmges, -ood
0.ttw:r a.spe€t'S, of system :flecxfiiifiiy. Cofltro} systems. wfii1 fMIifl-'He:got-iahie- :real-time
tfoud:filleS' aretightty-cuupted, ~whRe' the- Intei-rret~ with multiple paths to' route' pa'.ckets, is"
a loose-coolpiing ex-ainpre. Systems that requtre frequent updating of a -distributed
-Oatabas.c -are <likely to have "Gomt)gx ,inteva:ctlGn8 t-0 -exchange -messages amxnig
-Oorriponerits and maintain the database's glabal eensisteney. A smiple- ur,diate: and
rerrorting system, which updates ,rdatabase. artd writes frtes for input to report programs,

is an example of linear mteraction.

4.S Loose- Coupling:

I ‘m.ost -systems,a tr-ade-.fltf,can be made -bei'Weefl simplicity of mter.actiom and
Tooseness of.c.oupforg. We can cons-itler the 'PSTN a loosely coupled system because it
can dyna.mk~Hy rereate calls along many paths<- However; if achieves- this loose--- -
roupling at the cost of somecomplex interactions between components. These iric:lu:de
,the need far erul40--Orn:hicknow!edglnents, interactions among many .sy:s.tems,and the
maintenance Of some globally consistent databases. Major switching unle.rs store
infcrmetieuen alternative-paths and exchange data<'Yt1' tmffic patterns and switeh starus
throughout the day. Such complex interactimlS- can contribute to failures. hy maldng;
system behavior difficult to analyze.

The most speetacutar example nf a failure due to .eomplex intera.cti:o.ris i:n~the
PS-TN is. ~ k99fl natie:nwide: AT&T Retw:orw faiihi'fe’. This faikrre' reruLted wO011v
interaetions - between systems attempting ta rrtairttain consistent information. about a
'failed switch . Dn fhe other hand, the PSTI.T distribored .1:latabase .of remiing infunnatkm
promote-s loose ,coupfrng, whfah,,mntrfiiutes to system dep.etidabiHty.

Fer a courmtinicatfons. system, coupling is:piobably the :tit@re: important of tlie-
two properties indetermining its capacity to tolerate-failures. It is.dit:ectlyrelated to the
sys;t~m's :prhna:ryiwiction; maintaining .co:une.ctions between points. The PSTN is
10Gsel;;r c~Jtip,lecl, alfowillg -for {kitlibility ™" sfeco:vel-iTig .&om failuees. fu:r -the PS~J.
Loose coup,Hng' p,robably more than makes- uv- ft'rr tre interaetiott eom:plexity. Designers
sfiouM eonsider the- trade-off

'‘Between these facton,..-Hnear cintera:ctior:s ..or :lo(1S:e :ct:tuplh:rgdo :add cdeper-1d1ihHity to :any



high-integrity -syste'm. Two l~vels of recovery m-ootianism:s-autom:ated and manmu]"
sexpl-<iiit'ltie-PE T~ leY0se:-cO1tplhl'g,

Designers, devote: abaut half af the- software hi telepherie s:w]tches to eiTor
detee:tiffi'i- atid oorreetim:t Such:a r:gb percentage of self-checking is;- pro:balilJL atypical
for oofiware :systems. Altoough some researchers note that adding fa:nlt-tolm-ance anil
fai:1lt~avo:idancmechanisms to software sometimes decreases dependability' because of
the reemery m€\\lhani:sms' a<ldoo: co.mple:iity f&}; these mechzinrsms work with great
~niccess:.nswitdiings:ystems~ Oilier computer-driven: syst~ms.might benefit from more:

-extensive use -ofhuitt-in 1liagnostic :and recovery software.

4.6 Human-Interve'rtfion

In .addition to birilt-in self-test .and recovery mechanisms, operators monitor
telephone switclles. 2.4 !mttrs. a -day and -ustlaHy have .'tlie 1ab.Hlty,to 41't(@dify -switch
soft,;v-a<fe y,1f tke fliy~ Svme.l1, m~wfa~{:fS:; ;mvide: 2:4-htomr Support, ~services; $W~}y
with a remote -maint-enanec,ce:ap-abiiity t-batallows them. to eereec1 software, in a switch
thou-sands ofmiles .away..Human intervention corrected many failures M less. -dinn one
fa:mr. Simply "restarting -a -switoh l:emporarily fixed a -significant ntlmbeT of -software-
eattsed- aut-ages.

Tniffic. rootfrig moo benefits -&om atttomated fifd hninan ope-mt-i-o-rts. Using
infonn:ation on switch staais and traffic patterns exchanged by switches, software w-ithia
-a -switch WM -automaticaUy-seleet an -alternativc reutc-if-thc-preferred mute beeemes
twitrloaded ~ ar mriarvai-lalile~ LIl tlre ScWitclr endimsts” all ~It.ematwe renites) Imnrarr
Interventicnli~an Teconfigurc the network, sometimes solving the problem in a few
minutes. S:tatus data exchanged regufarly hetweim switcbes makes ammomated and
-hu.m®-.ciper.ations o ‘-r.econiig.ur,e.r,0uti.ng ,possih~e-PS'.fW-designer,s made theceupting-
int:er-actions- trmie~aff in faver of hmuse: e:oopfuigr LaO'Se tr('fitpfiig:, aUgw.s,, mnmn,;tni
operators to. intervene in the event of failure, rather than relying entirely on computer
oontr-ol

Software is not the weak lin:kin the ~8TN system's ~:a:hllity:Ert-ensiv-euse ofbuill:-
in sel:t~testande recover*'- mechm:iis:tns il:l major system components (s.witefaes}eon:triiittted to-
-software dependability and are significant design features in the PSTN. The network's high

dependability in<lirates that .the trade-off -between .dependaoifiiy' gains and complexity
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introdiwed by built-,inself-test and recovery mechanisms caa be positive. Likewise, the tmdeoff
'between romplex iriterlittioos -rurd 100'Se -roupli:fig -5f -system roinpooent-s li:as been positive,

permitting quick human intervention in most system failures and resulting In an extremely

relittbfesystem.
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The modem telephone network can be viewed as a globally distributed machine

that operates as & single resource. Much of it uses interconnected computers. The

network. that most people use to carry voice traffic.can. also be used. to transfer data in

the-fmrn of pictures, text, and vldeolmages.
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