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ELECTRICAL AND MECHANICAL RESTRICTED TELECOMMUNICATIONS
ENGINEERING REGULATIONS A 151
(By Command of the Defence Council)

CARRIER TELEPHONY

Errata

Note: This page O, Issue 1, must be filed immediately in front of Page 1, Issue 2,
dated 24 Sep 68.

1. The following amendments must be made to the regulation:
2. Page 5, para 8

Delete: 16Hz Insert: 16kHz
Delete: Uu8Hz Insert: U48kHz

3. Page 15,'para 33, line 5

Delete: 180kHz Insert: 108kHz
L. Page 20, para 54, line 4

Delete: nearer Insert: hearer
5. Page 20, para 55, line 5

Delete: 304B Insert: 80dB
6. Page 22, para 67

Delete: Fig 3 Insert: Fig 13

7. Page 24, para 75.a., line 2

L , L
Amend T to read T

8. Page 24, para 75.b., line 1

L 1
Amend e to read w

9. Page 25, para 76

L ’ L
Amend T to read N T

EME8/30L47/Tels

END
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CONDITIONS OF RELEASE

1. This document contains classified UK information.
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2. This inforination is disclosed only for official use by the recinient
Governnent and (if so agreed by HM Government) such of its contractors,
under seezl of secrecy, as may be engaged on a defence project.
closure or release to any other Government, national of another country,
any unauthorized person, the Fress, or in any other wey would be a
breach of the conditions under vhich the document is issued.
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3, This information is to be safegusrded under rules designed to give the
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TiTRODUCTION

1., This EMER is divided into three sections: The first two, General Principles and
Circuit Techniques are concerned exclusively with carrier telephony. The last
Telephone Transmission Principles, deals with principles which, whilst not exclusively
apvlicable to carrier telephony, are employed extensively in carrier systems.

GERERAL FRINCICLES

FREQUENCY DIVISION MULTIPLEA

2, In order to periwit the simulbaneous transinission of several discrete telaphone
conversations over one traunsmission path a syaten of multiplexing is required so that
the conversations may be separately chamnelled at the receiving end. This may
operate either on a time-sharing basis (Time Division liultiplex) or elsc by transla-
- ting the voice frequency chan:els to-individual higher frecuency bands so that they
occupy different positions in the frequency spectrum and thus may be separated at the
receiving end by selective circuits, This is Irequency Division iultiplex.,

CARRIER TELErHONY

3+ The technique is very similar to that used for the transmission of radio tele-
phony where voice frequencies modulate a high frequency carrier and for this reason
it is usually called 'carvier telephony'. However, vhereas in radio telephony the
nrocess is employed to translate audio to freguencies sufficiently high to be
efficiently radiated from an antenna, in carrier tclephony the carrier frequencics
are gencrally kept as low as practicable in order to reduce losses in the trans-
mission-path. Bach voice chaniuel modulates a different cairier frequency, thus
producing sidcbands separated by the differcnce between the carrier frequencies,

TRANRSHMISSION TATL

L, The transmission path may be open wires or cables, in vhich case the carrier
sidcband frecuencies are transmitted over the path. It may also be a radio path, in
which case the carrier frequencices are made t¢ mcdulate the radio frequency carrier.
In general, the radio frequencies 1ill be v.h.f. or higher in order to provide a
sufficiently wide band to accommodate all the carrier channels, Either a single path
(2-wire; most commonly used with open wire construction) or separate paths for each
direction (4=vire; quad cable or radio) may be provided.

HODUIATION SYSTEM

5 In carrier equipments, the single-sideband, suppressed-carrier system is almost
invariably used; all the information is contained in onc sideband only and band-
width and pover handling capacity are wasted if anything else is transmitted., This
means noviever that the carrier freguency of each channel must also be gencrated at
the receiving end to demodulate the sidebands., Yhea automatic gain control is
required it is also necessary to transmit a sirgle pilot frequency at a fixed level;

this may also be used to operate an alarm wher received levels vary outside accept-
‘able limits.,

CHANNEL SPACTING

6.  Tor modemhigh clarity specch chaniels an audio bandwidth of 300 to 3400Hz is
sonsidered neccessary; with a singlo-sideband and allowing for practical filter

Issue 2, 24 3ep 68 Page 3



TELECO:HUNICATIONS 2ESTRICTED

BLICTRICAL. AND MECHANICAL

A 151

DIRECTION
B-A A-8

i sI
ACT 1+1 No.2 (2 WIRE WORKING)

DIRECTION B-A DIRECTION A-B

NES BN N A 4 A4

ACT 1+4 Mk2 (2 WIRE WORKING)

P

AN AN

ACT 1+4 No.2

ACT 143

L4

ol

$ S

AN

ACT (2 CHANNEL (RADIO)

lII|I|I|III|I||lll|IIII|I|IIIIII||III
0

(] 20 30

FREQUENCY =

041/0

ENGINELRING  REGULATIONS

A HIGHEST CHANNEL MODULATING FREQUENCY CORRESPONDS TO
"HIGHEST SIDE BAND FREQUENCY

B~ MODULATING TO SIDEBAND. FREQUENCY RELATIONSHIP INVERTED

S SIGNALLING FREQUENCY (OUT -OF - BAND)

p  PILOT FREQUENCY
(CARRIER FREQUENCIES AND AUDIO CHANNELS NOT SHOWN)

S S

A

A

lllllllllIIII|IIIIII|I|IIl||

50 60 70

Fig 1 - Frequency spectra of Army carrier equipments

Page L

Issue 2, 24 Sep 68



TLECTRICAL AlND MECHANICAL RESTRICTED - TEL.ECOMEUNICATIONS
ENGINEERING REGULATTIONS A5

limitations it is feasible to space voice channels evenly Lkilz apart. Either upper
or lower sidebandsmay be selected; indeed, the carrier set, telephone 1+4 No 3
selects upper and lower for alternate channels, thus requiring only two carrie
frequencies at 8 and 16kHz, :

7. It is now usual to provide all carrier frequencies from a single crystal=-
controlled master oscillator by frequency division and mixing (frequency synthesis)
but in older equipments (eg ALCT 1+ lk 2) individual self-excited carrier oscillators
are used for each channel, the channels are unevenly spaced and restricted to 300 to
2600Hz audio bandwidth.

NUMBER OF CHANNELS AND BASERAND

8. If a separate transmission path is available in each direction (4-wire or radio
path) four channels will. require approximately 16Hz of bandwidth and twelve channels
approximately L48Hz, The total bandwidth occupied by all chanuels in one direction
of transmission is termed the 'baseband'. If one path only is available (2-wire
working) the bandwidth requirements will be doubled since the 'go! and 'return' trans-
missions of each channel must also be separated in the frequency spectrum. Fig 1
shows the frequency spectra for some Army carrier equipments. All are 4=-wire unless
othervise stated.

Channel nomenclature

9. Carrier systems with one to four channels were usually required to provide
additional channels on an existing telephone pair. This gave rise to the nomencla-
ture "1+1' or '4+4' indicating one (or four) carrier channels added to the audio
channel., TVhere twelve or more channels are provided this nomenclature is rarely
used even when an audio channel is included because the *ransmission path is usually
tailored to the requirements of the carrier equipment or the latter may be designed
to go 'over the top'! of an existing three or four channel equipment on the same path,
The audio channel is commonly used as an 'Engineering order wire' (EOW) to facilitate
technical cooperation between terminals,

BASIC CARRTER SYSTEM

10, Fig 2 shows an outline block diagram of one terminal of a f-wire or radio system;
the other terminal wilil be identical. For 2-wire working all carrier frequencies in
one direction of transmission are made higher than those in the Apposite direction;
either different carrier supplies are provided for the modulators end demodulators or.
a second stage of modulation (group modulation, described in para 31) is applied in
one direction., The send and receive lines ars then connected to the 2-iwire line by a
directional filter consisting of a high=pass and a low-pass filter,

Two=irire to four-wire !voicez termination

11. Referring to Fig 2, one channel only is shovn but the othersare, except for the
carrier frequencies used, identical, The 2-wire exchange line is connected to a
hybrid transformer with its balancing network thus converting the 2-vire line to a
L=tire system, :

Send direction
12. The speech frequencies mcdulate the carrier frequency and the desired sideband

is selected by the bandpass filter. All sidebands produced by the four speech
‘channels are then amplified in the transmit amplifier to a suitable level for feeding
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to the send line, A high-pass and low-pass filler combination permit connecticn of
the audio channel to the line without diverting the carrier frequencies,

Receive direction

135. The received carrier frequencies are separated from the audio circuit as before
and directed by the marallel-connected channel bandpass filters to the appropriate
channels.  After demodulation it is usuval to provide a stage of amplification for
individual channels to allow their levels to be adjusted to local reguirements,

Sippalling

14, blnce the speech channels are designed for 300 to 3400Hz, low frequency (1782
or 50Hz) ringing current from the exchange is converted to 500Hz so that it may be
transmitted over the carrier circuits. This is performed in the ringer panel R,
Other signalling systems may be employed, eg out-of-band signalling, in which the
exchange signals cause carrier Irequency oscillators to be connected to the system
whose frequencies lie between individual carrier channels, thus allowing supervisory

signals to be sent during conversations and avoiding the risk of false operation due
to speech or noise voltages.

Auxiliery equipment

15, Apart from the obvious omission of power supplies, Iig 2 omits several units
necessary for effective worizing but not essential to illustrate the principle of
carricr ueloohony.  Yhe nore important of these ere:-

a., Attenuators, variable and fixed (the latter usually callgd 'pads'/
to adjust levels and to minimise the effects of impedance variations,

b. Transformers fbr impedance matching.
“c. JBqualisers (networks with a 'shaped! frequency response) to correct
for uneven responses in the transmission path or to iluprove filter

operation,

d. Compensating uetvorizs at A and B fg 2 to correct for the narallel
counection of scveral bendpass filters,

e, Tronsmission measwsing set (t.m.s.) for checking levels at various
points in the system. Tnis is often a scparate item of egquinment.

CIRCTIT TECHNIQUES

DOUBLE~BATAKCED BRIDGE-RING 1ODULATOR

16, The modulators used in carrier telephony are requirel to handle low power only
and rectifiier type modulators, designed to give suppressed carcrier modulation, are
almost invariably used. A 01rcuit, which suppresses both ©thz carrier and the
modulating signal, is shovn in Fig 3.

17. The operatlon of the modulator is as follows: tie amplitude of the
carvier is large comparcd with that of the modulating sizral; consequensly,
on the half eycle vhich makes point A positive, MR1 and IR2 are biassad 'on'
with MR3 and MR4 biasscd 'off'. On the next half cyecle, 1IR3 and

Page 6 Issue 2, 2k Sep 68
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MR are conducting whilst (1 and ¥R2 are biassed 'off!, The modulating sigunal at
the output of the circuit is thus being switched in polarity every half cycle of the
carrier frequency. DNo carrier frequency appears in the output since the carrisr
current divides equally between the phase-opposed halves of the transformer windings
producing zero resultant flux, Fig h(a) shows the result when a carrier is modulated
by a frequency of one tenth the carrier frequency. From Fig L4(b) it can be seen that
this very closely approximates to a square-wave modulation by a frequency of one “enth
the square-vave frequency. In general terms, if we allocate unity amplitude to the
square~wave it may be expressed by the Fourier Series:

b 1 1
’T(sin mt + 3 8in 3 ot + 5 sin 5 ot + .oooooo.oooo)

Multiplying this by the modulating frequency E sin pt we get:

LE 1
"—(sin pt;' sin ﬁ)t + 3 sin pt sin 5 ot + ;-sln Dﬂ sin 5 0wt + oovooo.ooooooo)

%E(cOS(w - p)t - cos (w+ p)t) + %%(cos(}m - p)t - ccs(3w + P)t)

* %E(OOS(SU - p)t - 005(50! + p)t) 4+ escevsacesceve

18. This gives a difference frequency term and a sum frequency term representing
respectively lower and upper sidebands together with sum and difference terms involv-
ing odd harmonics of the carrier and the modulating frecuency, but no carrier or
modulating frequency terms. All save the sclected sideband are removed in the band-
pass £ilter ot the output of the modulator.
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Demodulation

19. The same circuit may be used at the receiving terninal for demodulation and a
circuit such as this is sometimes called a 'modem'’. In this case the received side-~
band (eg the upper sideband, = sin (v + p)t) tekes the place of the modulating frequency
and a locally generated carrier of the same frequency as the carrier at the transmit-
ting terminal is applied to the centre taps as before. The output is 2 square-wave
of the injected carrier frequency multiplied by the upper sideband frequency producing:

LE 1
" (sin(w + p)t sin ot + 3' sin(m +D)t: sin 3 wb + oooooooo.o)

= 12-’§(cos pt - COS (2(0 + D)t) 4+ seceosccsss

Thus the modulating freguency(t=p) is recovered provided that the carrier frequency
injected is identical with thas 2r at the sending end; if not the frequency at the
demodulator output will differ Dy the same number of cycles, producing no serious
distortion of speech provided the difference is small and still within the filter pass=—
band, A slight drift from exact synchronism of the carrier (say, 20Hz) is not there-
fore significant, The phase cf the injected carrier is not important provided there
is only one sideband involved,

Carrier leak

20, To assist in suppressing “he carrier current in the output of the modulator a
potentiometer is included at the centre of the balanced output and/or input transfor-
mer as shown in Mg 3. These =re adjusted for the minimum carrier 'leax! at the out-
put. They are not normally fitted to demodulator circuits since the output of these
is usually at a frequenoy far rsmoved from the carrier.

CARF.TER FREQUENCY GENERATION

21. As previously stated, the generation of carrier frequencies by means of individual
oscillators has now been superseded bty a system using one high-stability crystal-
controlled oscillator as the primary source for all carrier frequencies for both channel
and group modulation and demodulation., Thus only one high-grade oscillator is

required and only one freguency check need normally be made however many channels are
included in the system, Standard chamnel spacing is LkHz and hence the oscillator
operates at this or at a multiple of this frequency.

Frequency synthesis

22, There are basically two methods of obtaining the required frequencies; frequency
division using a relatively high {requency crystal, and frequency multiplication using
a low frequency crystal, ie 4kHz. The latter method has only become practical in
comparatively recent times, as previously no high-stability crystals were available at
frequencies as low as L4kHz. However, it is clear that frequencies at LkHz intervals
cannot be obtained either by successive frequenoy mltiplication or division and to
obtain any desired multiple it is necessary to combine multiplication and/or division
with mixing. Vith a LkHz corystal amplified harmonics may be strong enough up to say
the fifth (20kHz) but with both high and low frequency crystals, the sum or the
difference freguencies obtained by mixirg harmonics will give any desired multiple or
dividend of the crystal frecuenocy.

Issue 2, 24 Sop 68 Page 9
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23, Examples illusirating both methods are shon in block diagrams Fig 5 and Fig 6;
both produce the same range of freguencies from, in one case 120kHz, and in the other
LkHz crystals,

24, Fig 5 shows the technique used in the ACT 144 o 2 (cable system): see BIER Tels
R 162, In ©this equipment a 412CiHz crystal is used as the primary source, This is
mixed vith 4okHz frow the third harmonic of the locked oscillator V5 and the 72kHz
difference is extracted, The locked oscillator V5 also serves as a generator to give
16kHz, and although self-excitcd, is firmly lociied by the 16kHz dividend. The
Trequency dividers are in this case all locked nscillators though multivibrator and
Fecles~Jordan cirouits can slso be used for this purpose. Fote the use of hybrid
transformers to isolate separate sources feeding a common input.

25. Tig 6 is taken from the ACT 12 channel (radis) equipment EIER in which a 4kliz
crystal oscillator is used; <the buffered outmut of this drives a harmonic generator
which in this case is an over~driven amplifier, In the output eircuit four bandpass
~ilters are connected thus selecting the 2nd, 3rd, 4th and 5th harmonics for amplific-
ation vy separate amplilfiers. urther stages of frequency multiplication and mixing
supply the Sub-group, Pilot and Group carrier frequencies (EiZiR Tels R 172 refers).

AISLIFIERS

26. The frequency response of amulifiers is deliberately limited to essential band-
width to reduce noise and stability problems., Amnlifiers used after the final stage

of demodulation (Demod amwlifier) are simply audio amplifiers carrying one speech
channel. It is usual to use a moderate amount of negalive feedback in the interests of
stability and freedom from noise, and gain adjustuent is usually made casily accessible
80 that individual channel levcls may be set to local requirements. A maximum gain of
20-40dB is usually adequate,

Carrier amplifiers

27. The requirements for these are more sitringent. A transmii amplifier vhich
amplifies all carrier frequencies sent to line, is almost invariably provided; a
meceive amplifier, performing a like function for all received carrier frequencies is
-ess common. The rcason for +this may be deduced from para 60 on repcaters, “here
however group modulation is used, it is usual te provide an amplificr after group and
sub~group demodulation and the design of these is similar to the transmit amplifier.
The most important requiremcnt for a carricr amplifier is freedom from intcrmodulation
distortion; this will infer also freedom from harmonic distortion. The reason is that,
since a considcrable rumber of discrete channcl sideband frequencies are being passed
through the same amplifier, any inter-modulation or harmonic distortion would cause
serious crosstalk (para 535 between channels. This means that the amplitude distoriion
of the amplifier must be ncgligivle, iz there must he constant gain for all levels of
input over the vorking range, In addition, gain mist be level over the full working
range of frequencies, though this will not gererelly involve any considerable number of
octaves as cxplained in para 33. If an audio channel is provided, this will by-pass
the carrier amplifiers, !aximum gain is in the order of 40-65dB, Tith modern
components there is no difficulty in providing amplc gain with very low levels of
distortion of all kinds by using ample negative feedback in a two or three stage
amplifier, Combinations of voltazc end currcn® feedback are often used to give input
and output impecdances of the rccuired value. The ncgative fecdback confers additional
bencfits such as inhcrent noise reduction and gain stability.
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SIGHAILING

28, In addition to the trensmission of speech it is obviously essential to pass
signals over the system tc oell ithe distant exchange, indicate when answered and

shoiv when a call has finished, Since it is not possible to pass either low frequenc
ringing current or d.c. {*he usual form in whick signals are given from a switchboard
directly over the carrier system, these signels must be converted either to voice
frequency and thence transmitied over the aprropriate channel in the same way as the

- speech, or else direct to a carrier frequency outside the channel sideband frequencies;
she second method is called cut-of-band signalling.

Voioce frequency sisnelling

29. The essentials of this system a2re showvm in Fig 7. On receipt of ringing current
from the siritchboard, relay D\ operases t¢ chenge over the chamnel hybrid to the voice
frequency (500Hz) which is “remsmitted in lieu of speech. On receive, the VF tone
(from the distant terminal) passes through he channel hyhrid and is amplified in V
producing a positive bias acrcss thez resistor V which baci:s off the negative vias on
V2; anode current then operates Ko arnd chenges over the siitohboard line to ringing
supply. 'G! is a guard-circuit vhich prevents false operation on speech and is tuned
to a frequency such as 250Hz or 66CHz which is a major frequency component of most
human voices. Thus speech prcduces a volitage across resistor G also which opposes
that of V. This type of signalling is generally satisfactory but, despite the guard
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circuit, false operation is possible and results in interruptions to speeccn. I35 is
also not possible for exchanszes to signal during conversations so that a positive
supervisory condition cannot be provided,

Out—of=band signalling

30, In this case the signalling frequency is just outside the transmit band of the
associated channel; for example, channel sideband frequencies 16.6-19.7kHz, signal-
ling frequency 16.175kHz., On receiving 17Hz ringing current from the switchboard, a
relay, operating in a similar manner to relay A (Fig 7) connects the out-of-band
signalling supply through an isolating hybrid to the output of the appropriate carrier
channel transmit. The received out-of-band signal is similarly diverted through a
suitable filter and overates a relay whose contacts perform a similar function to
relay B, An example of an equipment using out-of-band signalling will be found in
FHER Tels R 172. A somewhat different technigue is described in EMER Tels R 1923

a 3.5kHz signal is modulated and demodulated in the sneech channel Modem, separation -
by filtering taking place after demodulation. This signal is sent continuously
during idle periods, modulated with 17Hz on ‘'call' and cut off on 'answer'.

GROUF 1MODULATION

34, This is a system vhich arranges identical sets of chamnels (eg four channels at
LIHz spacing) one avbove the other by further stages of modulation applied success-
ively, thus forming, for example & twelve-channel system. Super groups may be
formed to extend the system further. An example of group modulation as applied to
the ACT 12 channel (radio) (EMER Tels R 172) is given in Table 1.

Table 1 = Group modulation, 12=-channel equipment

i !
Mod. Channal No. ! Channel No, Channel No.
stage (1) (2) {3) (4) (1) (2) (3) () (1) (2) (3) {4)
Channel carrier kHz Channel carrier kHz. Channel carrier KkHz.
ist 20 16 12 8 20 16 12 8 20 16 12 8
1st Sub=group carrier kHz. 2nd Sub=group carrier kHz. 3rd Sub=group carriar kHz.
2nd 88 72 -
Sub=group channel kHz. Sub=group channel kHz. Sub=-group channel kHz,
108 104 100 9% 92 88 84 80 % 72 68 64
3rd - Group carrier frequency = 120kHz H
Final group channel frequencies (kHz) ;
12 16 20 2k 28 32 36 ko bb 48 52 56 1
‘ N

32. The frequencies shown in Table 1 are caririer and virtual carrier frequencies
only, the final group channels being the upper sidebands of the frequencies shown,
The first stage of modulation is that of the L4=~chamnel equipment of which there are
three identical sets. Each channel is then translated to a different frequency at
LkHz intervals by sub-group modulation with three different sub-group carriers.
These are then all combined in a final stage of group modulation.

33, The advantages are those of manufacture and maintenance which accrue from
building up a system largely from standard 'bricks' with a reduction in the number
of separate carrier frequencies vhich must be generated and the number of octaves
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which filters, amplifiers, etc, must cover, Since no very high frequencies are
involved this is (except for a very large number of channels) more important than
limiting the top frequency. Thus 12 channels at 4kliz spacing require 48kHz bandwidth.
Trom C.3 to 48.3kHz this would cover umore than seven octaves, but from 12 to 60kHz it
covers only about two and a half octaves and from 60-18CkHz less than one octave., The
system also permits carrier systems to be 'stacked' above each other on the same path;
a special case of this is the use of group modulation to translate all carrier frequen-
cies in one direction to a higher band on a 2-wire system. With a very large number
of channels, however, the top frequency limit must be restricted; eg a 600 channel
system sends 60-2540kHz to line and requires a coaxial cable,

INERT ZERMINAL

3. It is possible to operate a single-carrier channcl without power supplies at one
end of a 2-wire line, and this may be an advantege in remote locations. The system
ises the so-callcd 'inert torminal'! and it is necessary that the normal 'active!
carrier terminael transmit the carrier as well as one sideband, The inert terminal
may also be bridged across a line between tvo active terminals, giving party line
facilities.

35. As shown in Fig 8, the received carrier channcl is separated from the audio
channel by filters HP and LP; HP passes both sidebands and the carrier. The
carrier channel is demodulated in modem  and the derived audio channel passes
through IP2 to the switchboard line o 1.

36, D3pecch from switchboard line No 1 passes through LP2 and moduletes the carrier
received from the distant terminal; both sidebands are transmitted through filter
IiP to linc so that both A and B active terminals can receive the transmission.

WP
LINE : Lp2
> ll
© : >V SWITCHBOARD
Y, " LINE |
—l ©
&
PHANTOM > J
N

1

SWITCHBOARD
LINE 2

3047/5

fig O = Inert carrier terminal
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37. The normal audio channel passes through LP!1 to switchboard line MNo 2.

38, Ringing is by 17Hz current through I for switchboard line No 2 and through
LP3, phantom and earth for switchboard line No 1.

39. Examples of inert terminal equipments will be found in LilRs Tels R 122 and
R 132, '

TRANSMIT PATH I i

—— —
2 WIRE 2 WIRE
e - -

Q RECEIVE PATH Q

3047/6

Iig 9 - Two to four-wire terminations

TELEPHONE TRANSMISSION PRINCIPLES

INTRODUGTION

40, Carrier circuitry and tecaniques involve the use of many principles common to
the transmission of speech over long distances whether this be done by carrier tele-
phony or otherwise, For example there is the problem of path attcnuation which
often varies considerably with frequency. Attenuation can be countered by amplifi-
cation and egqualizers can be used to compensate for the uneven frequency response of
lines vhose characteristics can be modified, within limits by loading coils.

41, Amplification increases the problems of crosstalk between circuits. Horeover,

an amplifier is inherently a vnidirectional device whereas telephone exchange lines
are almost invariably bi-directional.
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TW0 T0 FOUR-¥%IRE TERMINATION

L2, This problem can be overcome by a hybrid transformer which transforms a 2-wire
(vi-directional) transmission path into a 4-wire (one transmit and one receive) path
or vice-versa; the amplifiers are inserted in one or both of the unidirectional paths,

43, Consider the general case shown in Fig 9; 4if at any frequency the total gain
of the amplifiers Ay to J; eguals or exceeds the total attenuation of transmit and
receive paths plus the attenuation of the hybrids Hy and H2 between these paths,
oscillation will build up and the circuit will 'sing round! at the frequency of zero
overall phase shift, The introdustion of freguency-changing, as in carrier
telephony, or of radio L-trire paths into the circuit does not affect the fundamental
loop gain condition ¢f stability. The hybrids must therefore introduce maximum
attenuation between *he Transmit and receive paths but minimum attenuation between
these and the 2-wire lines.

Hybrid transformer

L, The hybrid is esseniially a three-winding transformer and Fig 10(a) shows a
perfect (loss-free) transformer with three identical windings. The impedances S, T,
B and R are also identical., If a current is generated in series with R, then, since
impedance S equals impedance & points X and Y are at equal potential and no voltage is
developed across T. The pcwer in the upper netvork will divide equally between S

and B.

L5. %When the generator s in scries with S as in Fig 10(b) the cyclic currents showm
are generated, Since thisg is & perfect transformer the flux due to and Ip will be
equal and opposite to that dus to 13 and since all windings have the same number of
~furns:

i

I

I3

From Kirchoff''s second lawr the algebraic sum of the p.d.'s and e.m.f.'s in the
r.h. network is zero.

I1 + 12

e/Rthus,e:R(Zd’-:-Iz).........,..,..........(1)

1]

IQB + e + 12T - I1T = G

e = (11 - Iz) T = IZB L 4 L ] L] [ ] L] L] L] L L] L4 * L L] * . . L ) L] L ] ® ° * L] L L] [ ] L] L (2)
Equating (1) and (2):
s = - " T R
R (I, + 12) (IJl 12.) T~ IpB
I, (R+T+B)=I1 (T - R)
Since T = R the r.h, side is zero and so the l.h. side must also be zero. But

(R+T+ B) cannot be zero; therefore I> must be zero. Thus no current flows through
B and the output from the generator at 8 divides equally between T and R.
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46, The practical hybrid transformer is an elaboration of this, the windings being
divided to give balsunced inputs as shown at Ifig 11(a) yhich should be compared with
Fig 10, Half the power (BdB) is lost from switchboard to transmit side and also
from receive side to switchboard, the other half in the latter case being lost in
balance networlzs An alternative version using two transformers with one reversed
winding (sometimes called a two transformer terminal unit) is shown at Fig 11(b).

L7. #rom para Lk and a comparison of Fig 10(a) and Fig 11(a) it is clear that the
effective attenuation between receive (R) and transmit (7) depends on the degree of
equality between the imwedance of the balance network (b) andé that of any line
connected at the switchboard (3). In practice the characteristics of these lines
vill ditfer so the balance impedance can only be a compromise, Referring to para
1.3, the hybrid transmit-to-receive path atienuation will therefore vary as different
lines ars connected at the switchboard. This liwrits usable amplification to that
vhich gives less than unity loop zain iwhen the match between balance (B) and switch-
board line (8) is worst. In practice, an overall loss (2 vire-to-2 wire, ie
including both hybrid 2/4-vire losses) of 3 to 4dB is usually accepted.

48. Eybrids may be used in any application where it is reguired to couple two
circuits to a common circuit without cross coupling between the two circuits. Vhen
unequal windings and impedances are used the device is sometimes called a 'skew
hybridt.

TRANSHISSION LEVELS

49, 3ince the minimum satisfactory lcevel of received signel will depend on the

ratio of this to tetal noise level (including path noise and noise generated in the
receiving terminal) it would scem desirable to send at a hish level. 'Yoise' in this
context means any clectrical currents in the output not forming part of the vanted
information. Such curreants are caused, inter alia, Ly random clectron motion in
viircs and components and in radio paths by electrical storms and men-made static.

50. Vhere radio is used as the transmission path the ssnding level is effectively
the radiated pover of the radio transmitter and the usual conditions applicable to
radio transmissions will apply. Assuming the carrier and radio eguipment arc sited
fairly close together the output level of the carrier station itself may then be low.

51. +“here, hovever, the carrier signal is to be sent over a long open-uire line, or
a cable, a higher level will clearly be desirable. There ere, hovever, limitations
on the sending level which can be used (it rarcly ciceeds 50 milliwatts in practice)
end this limits the distance betireen carrier terminals or alternatively necessitates
the introduction of repcater stations (vhich receive, amplify and re-transmit the
signels) at intervals slong the transmission path, These limitations should not bs
confused with the overall loop gain discussed in para 43; overall loop gain could
be kept down by intreducing attenuation at the receiving terminal but this siould net
affect the signal-to-noise ratio.

52. The mein practical limitation to improving the signal-to-noise ratio by raising
the sending level iz ncar end crosstalk,

Crosstalk

53. The unwanted transfer of signal energy betwcen chaniels on the same route is
called crosstalk. This is gencrally caused by stray inductive or capecitive. coup-
ling or inefficient filtering vhich results in overhearing cf convcrsations (intel-
ligible crosstalk); therc is olso a typc of crosstalk ceused by intermodulation in
non-linear circuits comion te several chonnels (eg amplifiers) vwhich is often unintel-
ligiblc but nevertiicless objectioneble,
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Fig 10 - Derivation of hybrid transformer
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Tig 11 - Hybrid transformers
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Iicar end and far end crosstalk

54, Near end crosstalk is crosstalk in thich the disturbing channel is transmitting
in the opposite direction to the disturbed chamnel. Par end crosstalk occurs then
both channels are transmitting in the same direction. The terms ‘'near!' and 'far!
indicate the position of the crosstalk source with reference to the nearer,

55. Fig 12(a) shoi's three adjacent signal paths 4, B, C. Consider the two naths
L, B, The crosstalk in B due to A is the near end crosstalk, issuming a cross-
telk path of 80dB attenuation, this crosstalk is 60dB belov the signal level,
Consider now paths B, C. The crosstalk in B due to C is the far end crosstalk and
is 30dB below the signal level, Iicar end crosstalk is the worse by an amount equal
to the attenuation of the signal path.

56. Tig 12(b) shows the ineffectual result of attempting to make up for an additional

10dB path loss by increasing the sending level by 10dB. The far end crosstalk margin
is unaffected but the nsar end crosstalk is worse by the increase in path attenuation.
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57« Crosstalk occurs on any type of path including radio paths; in this latter ocase,
increased radio frequency separation between 'go'! and 'return' transmitters, improved
circuit selectivity, linearity in common amplifiers, suppression of spurious emissions,
and the avoidance of image frequencies all improve orosstalk, Near end crosstalk can
also be reduced by using separate receive and transmit antemmae, each having high
directivity and maximum physical separation.

58, Yhere overhead lines or cable pairs are used an additional cause of increased

near end crosstalk is evident from Fig 12(c). The capacitive currents flowing
through the out-of-balance capacitance, X, divide in either direction; the current

due to induotive coupling between the lines is induoced in a direction opposite to that
of the inducing current. lHence near end crosstalk is ip + ic and far end crosstalk is
ic = im. Almost complete isolation of the go and return paths cen be achieved by using
separate screened cables for each, in which case only the far end crosstalk need be
considered.

9. Consider again Fig 12(a) Paths B and C: the far end crosstalk in the terminal load
(1.h. end) of the disturbed chamel B has travelled the same distance as the speech in
the terminal load of the disturbing chamnel C and is therefore in phase with it. By
injecting into channel B load in reversed phase a small portion of the speech in the
terminal load of channel C it is possible largely to cancel out the far end crosstalk
in channel B,

Repeaters

60. The longer the path, whether radio or line, the greater will be the attenuation
of the signal and the greater the amount of noise introduced. The ratio of signal-
to-noise will thus progressiveliy deteriorate and eventually reach unacceptable pro-
portions. Once this has happered, amplification is of little use since this will
raise the levels of both noise and signal and their ratio will be unchanged.
Amplification must therefore be Znitroduced at intermediate points along the trans-
mission path where the signal-to-noise ratio is still satisfactory.

61. If the path is two=wire, hybrids are required at each repeater resulting in the
losses mentioned in para 46, but ir the four—wire (and radio) path these are required

1y at the terminals. Radio repeaters usually translate the radio signal to
intermediate frequency befcre amplification in either direction. If fading is deep
it may be impracticable to work near zero loss as the automatic gain control range is
limited and loop gain may be cxoessive at signal peaks.

PASSIVE NETWORKS

62, Passive networks are widely used in telephone transmission equipment to control
signal levels or the direction and selectior of signals. Levels may be reduced
equally at all frequencies by means cf attenuators or differentially with reference
to frequency by means of equalizers. It is usual for amplifier to be given a flat
characteristic (this simplifies negative feedback problems) and to use external
passive networks to vary frequenoy response. Where different frequency bands are
concerned selection and direction of signals is achieved with filters.

Attenuators
63. These arec essentially 'lossing! devices for reducing equally at all frequencies

the power transferred between oirouits. The simplest form is the well known poten-
+*meter or potential divider but this presents a different impedance in either
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direction; see Fig 13(a). As shown in Fig 13(b) and (c) the impedance can be made
the same or any desired value in either direction by the introduction of a third
resistor thus producing a T or g attenuator from the potentiometer, which is, in
fact, an L attenuator. Alternatively, one can consider the T and v as two L
sections back-to-back.

54, In 21l three cases the attenuation will change if the load impedance is changed
tut not if the source impedance is changed; however, the input to the attenuator (and
“herefore the output) will change in the latter case. The connection of the load
impedance will also afflect the input impedance; it will have least affect on this
waere the attenuation is high because then the series arm(s) will be high and the
sount arm(s) low impedances, Thus an attenuator can be used to mask load impedance
variations.

55. The attenuation of T or mattenuators is usually controlled by the tandem conn-
sction of more (or fewer) fixed attenuators (known as 'pads') or sometimes by the
oridged T device of Fig 13(d).

56, Attenuators may also be used to 'matoh' impedances, ie to ensure that the cirouit
'sees' the desired impedance looking either way. This involves a loss, of course,
and the loss is always greater than the simple mismatoh loss; one would not there-
fore use this as a device for transferring the maximum amount of power but it could
be used, for example, to secure correct filter or equalizer load conditions and hence
correct operation. The L attenuator gives minimum loss when used for matching,

67. An example is given in Tig 3(e): +the L matching pad gives a matching loss of
approximately 11.1/2dB when matching 60001 to 1500, The simple mismatch loss would
be 4dB.

Equalizers

68. By using reactances or a combination of reactance and resistance for the attenu-
ator elements, attenuation can be made to vary with frequency, and thus, by suitable
design, to correct for the unequal response of transmission eircuits, partioularly
open lines and cables. The loss/frequency characteristic should clearly be the
inverse of the line characteristic. Such a network is termed an equalizer,

69. In amplified transmission circuits a uniform response is particularly important,
as will be seen from para 43, Even small peaks may result in the loop gain exceed-
ing unity at that frequency and hence it will then be necessary to tolerate
increased overall loss to achieve freedom from 'singing round'.

Loading coils

70+ The losses in transmission cables normally increase with frequenoy but this may
be modified by increasing their inductance. TWith telephone cables this is achieved
by inserting inductance coils at regular intervals. This 'lumped' inductance
reduces losses at the middle and lower frequencies but increases them rapidly above
these because it forms with the line capacity a low-pass filter (Fig 14). Hence
the technique is of use in carrier circuits only where relatively few channels are
required. The cut-off frequency can be raised either by reducing spacing between
coils (which is expensive, increases total resistance and may thus increase overall
loss) or by reducing the inductance of the coils (which reduces the improvement below
out-off frequency) or preferably by a combination of both, Typical loading for
carrier quad cable is 4.6mH every 44O yards as compared with 88mH every 2000 yd for
audio cable.
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Jig 13 - Attowvietors
Tilsers

71. liks the ezualizer, the attenuation of a filter varies with frequency, but

whereas he “ormer's frequency attenuation curve is a more or less continuous slope,
the ideal filser vesses all wanted frequencies without attenuation and, at some pre-
determined frequensy (the !cut-off! frequenocy) changes abruptly from zero to

“nfinite attemuasfon; its curve consists, in fact, of horizontal and vertical lines
only. No pracsical filter ever operates like that and the problems of filter design
are largely concermed with getting as close as possible to that ideal within the bounds
of practical economy, bulk anC weight. Some of the practical problems and their solu-
tion are briefly ciscussed in vara 72 to 80; although a lou~pass filter is congidered,
the gencral conclusions arply to all types.

Types of filter

72, The four main types ¢ filter, lcw-pass, high-pass, band-pass and band-stop are
easily recognized and thelr nemss exv.ain their functions, Four examples, all T
configuration, single-seciior., are ilZustrated in Fig 14, To obtain high attenuation
it is usual to connect severa’. sections in casocade.

Characteristic impedance

73. Since it is a reactive asvcnuatir, & filter's attenuation at any frequency depends
on the value of the load impeiance (vara 6L)., Further it will generally be necessary
that its insertion in a circui® shal_ not a_ter the impedance at that point. Thus it
~i11 be designed so that its lcad impedance is that of the circuit and also its own
_caracteristic impedancc eg 6(i%  The characteristic impedance is the interative
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impedance of a symmetrical nctwork, ie that value of impedance which vhen connected
across one end of the network causes the same value of impedance to be presentéd at
the other end, thus fulfilling the insertion requirement above,

Simple filter section

7h. Consider the T section filter in Fig 15(a). If Zo is to cause the impedance
locking in at the other end to be %y also, its value can easily be calculated since
ZiN is equal to the series/parallel network, Setting this equal to Zo we can
evaluate Zo in terms of Zq and Zp:

N 2
¥ —— 17 7 Z
z 1 4% “"ZT“
Applying this to the low pass~filter of Fig 15(a) wherc Z1 = jul and Z2 = ;i
' wC
e
, oL I
by =5 "
\\té
75. Consider how Zo w7ill vary with frequency in this filter:
a. “heneg= o(f = 0o =d.c.) thon Z, = % This is the characteristic
impedance of a 'distortionless'! line and is a pure resistance.
22
be Then 22— =L 7 45 sero ana 2 = L The cquation of inductive and
4 ¢ o 4 S -

s . I
capacitive = reasctance denotes the resonance of the filter; & represents the

L

two % coils effectively in parallel since input and output impedances are zero.
This value of v gives fc, the cut-off frequency.
c. As f increases above this value, and as % is constant, Zo becomes a

continuously increasing inductive reactance,
Zo is therefore required to vary from a pure resistance to zero and then to an

cver-increasing inductive reactance; clearly, a correct termination cannot be
found for all frequencies and in practice it will usually be a recsistance
numerically cqual %o

O jt

|
i
J
The expression Z1Z2 is constant (denoted by X) in filters such as these;

hence they are called Constant X filters,
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Attenuation
76. As a result of ‘terminating the filter in R = % and the fact that the induc-

tances have resistance, the calculated attenuation curve for the practical filter will
be of reduced slope as C in Fig 15(b) and there will also be some attenuation in the
nass band. In carrier circuits, where channels are spaced as closely as possible we
shall often need to attenuate heavily frequencies close to fe. Hore attenustion at
higher frequencies, such as would be given by additional constant X sections would be
neither an economic nor an effective substitute and would also increase attenuation
in the pass band,

H-derived section

77. To overcome this problem e can introduce either a series tuned (accepter)
cirecuit in place of C or parallel tuned (rejector) circuits in the series arms as
%ig 16. The values of T and C required for this will be m times those for the
constant K section and, as showm, additional reactances, also a function of m, will
be required to resonate the accentor or the rejectors. Since resonance is required
at a frequency above f,, m always has a value less than one and on this value depends
the frequency of maximum rejection, fp; see curve d in Fig 15(b). By putting m-
derived half sections at either end of the constant K section(s) and choosing a
suitable value of m, we can also present a more constant input and output impedance

quite close toj o within the vass band.

o——7—1—

o T o

BAND STOP
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_]:I et
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nem

F

ig 14 -~ Types of filtvers
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Parallel connection of filters

78. In carrier circuits as we have seen a number of filters are often connected in
parallel and the reactances of their end sections must obviously mutually affect
each, Vhere a high pass and a low pass filter are paralleled it is generally
sufficient to modify the value of the final inductor/capacitor in each filter so that
it forms, with the carallel reactance of the other filter, an m-derived half section.
A similar technique can be used for a group of channel band pass filters in respect
of each filter for which there is at least one other filterebove and below in cut-
off frequency., For the end filters, ie a. lowest, and b, highest frequencies, the
necessary compensating network must be provided in the form of a series-resonant
circuit tuned for a. just below, and for b, just above the respective cut off
frequencies of the two filters.

79. One result of this is that filters which have been designed to work in parallel
will not give their specified performance if used separately.

30. In modern practice increasing use is being made of RC filters with integrated
amplifiers. 'These have near-linear phase characteristics and fit in better with
modern electronic circuitry., Future carrier equipments may include such devices.

POVER [EASUREMENT

81. In telephone engineering practice we are usually concerned to measure relative
rather than absolute levels of power. This is because the absolute levels are
generally continually varying with the speech input level., We also require to be
able to assess the net effect of a number of amplifiers, attenuators etc in cascade
and this tasi is wade casier if we can use addition and subtraction instead of multi-
plication and division. Also the response of the humen ear to sound intensity is
epproximately logarithmic; <that is, it judges increasing levels of sound intensity
on a scale in which each equal interval indicates x times the last interval, rather
than x added to the last interval. It is clear therefore that a logarithmic scale
would best suit pover measurement in audio practice,

Decibels

82. The decibel, as its name suggests, is one tenth of a bel. A bel is the
logarithm (to the base 10) of the ratio of two quantities (generally two power
levels) so that a ratio of 100:1 (102) is 2 bels and thus 20 decibels; similarly
10:1 is 10 decibels. Bince division is indicated by a negative logarithm, one
tenth is =10 decibels (d@B). The expression '10dB' therefore conveys notining beyond
*ten times' and naturally raises the query 'ten times vhat?! In fact, it is the
millivatt which is the usual reference level, and to specify a power level quantita-
tively requires an expression such as '6dBm', (6dB reference one milliwatt) which
(since 10-° = 4 approx) is four times one milliwatt, ie Lufi:.

83. Vhere, however, it is required to take account only of gains or losscs in an
equirment, relative levels at different points may be shown as 'dBr' {decibels
relative) or dBO, decibels relative to a point at zero dB; this point, in the case
of carrier equipment, is usually the 2-wire audio input, ie the speech input; for
test purposes a level of zero dBm at this point will make all other indicated levels
dBm also,
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A 1Y ENGINEERING  REGUTATIONS

8. As the response of the ear to different levels of sound tends to be logarithmic,
and at normal levels, 1dB is about the smallest change it is possible to detect by
immediate comparision; about 3dB is the smallest where memory is involved,  This
means that a loss of half the power would produce an only just perceptible drop in
signal level, and in view also of the high gains achieved by modern amplifiers,
explains why major power losses in hybrids, matching pads etc are readily accepted
in telephone engincering to s ecure some other advantage such as circuit stability.

Hepers
L )

85. This is also a logarithmic ratio but normally a current (or voltage) ratio and
uses the natural or Hepoerian logarithm vhich is to the basc e = 2.71828. Undor
conditions vhich uake vowver proportional to IZ2 or E2, 1 Heper = 3.7dB, approximately.

Te
Likc the bel, it is rather too large a unit for gencral usec. -

et

DB meter and TS

86. The usual decibel meter is simply an a.c. voltmeter whose scale has been calibra-
ted so that there is (for example) a 10dB interval between points V10 volts apart;
other points follow a similar logarithmic relationship.. When used across the
design impedance, the readings will represent an absolutc level of power, Thus
across 600 ohms 0,775 volts gives 1 milliwatt (0dBm) and -20dBm at 0,0775 volts.,

If used across any other impedance cach rcading will indicate correct levels relative
to each other rcading, but not relative to one milliwatt,

87. A transmission measuring set in a carrvier equipment, usually consists of a d3
meter capable of rcading corrcctly at audio and the carvier frequencies involved,
pads, toerminating resistor(s) and a stable audio. oscillator to supply a signal to
he 2-ivire audio channel inputs.

EMES/3047/Tels

END
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