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TELECOMMUNICATICONS EILECTRICAL AND MECHANICAL

A 200 ENGINEERING REGULALIONS
INTRODUCT ION

1+  Iulti-channel radio telephone links are now common in civil practice,
especially for services to small islands. The equipment for these services is
specifically designed for the task, and a performance almost indistinguishablc from
line is obtained, A small number of vehicle equipmcnts providing 2 6-channcl radio
telephonc scrvice have been used by the British Army. These cquipments (knom as
Wircless set Nos26, sec Tcls. F 320) are reprecscntative of carly civil practicc. A
ficld typc of multi-channel equipment (known as the Wircless sct No.10, scc Tels.

F 160) has also been designed during the war.

2. ""he objcct of this regulation is to present the technical problcms involved in
the application of multi-channcl tclephonc cquipment to radio links in gencral.

The adaptation of cxisting JArmy multi-channel equipment to radio links is also
considercd.

3 “'hc provision of a multi-channcl relay system which uses linc where convenicnt,
and rodio where line is not so convenient, has great advantages. Somc suggestions
for the development of such a system arc given towards the end of this rcgulation.

BRIEF DESCRIFTION OF THE LRMY MULTI-CHANNEL LINE EQUIFLENTS

Le "he British Army carricr tclcphonc cquipments consist primarily of:-
a) Apparatus, carricr telephone (1 + 1). (4.C.T. (1 + 1))(sce Tcls. U 150).
b) spparatus, carrier telephonc (1 + 4). (4.C.T. (1 + &4))(scc.Tels. U 100).

It is only necessary herc to give an outlinc of their principles, before
considering the problem of application to radio links.

5. In the A.C.T. (1 + 1), one audio circuit and onc carricr circuit arc provided.
The audio chemnel is a 2-wire circuit and cxtonds roughly from O to 3kc/s. For the
carricr circuit, a carricr frequency of 6kec/s is modulated by the specch
frequencies; the lower sideband (6 to 3kc/s) is sclected for transmission in one
dircction and thc upper sidcband (6 to 9kc/s) is use@ in the opposite direcction.

6.  similarly with the 4.C.7. (1 + &), the spccch from the four carricr teclephones
is asscmbled in the range 3 to 16ke/s (for L=wirc working)and 3 - 35ke/s (for

2-wirc working). ETach channcl occupics a froquency band of roughly 3kc/s. The-
filtcrs uscd for the scparation of the various channcls requirc a few hundred cyclos
to devclop thc necessary cut-off attcnuations so that each channcl has an cffective
spcech bend of approxinately 300 to 2,600c/s; this provides rcasonable quality
circuits quitc suitable for multiple tanden conncétion as in cxchange scrvice. The
frecquency allocations for some typical carricr tclephone systems arc shown in Fig.1.
4 block schematic of a (1 + 4) carricer tclephone systen is shown in Fige 2.

/« “This method of providing rulti-channel fecilities is known as frequency
division, as opposcd to the time division method (as used in the ¥.S8,10). Frequency
division rulti-channel is widesprcad in linc practice because it uscs thce narroviest
possible frequency barnd for the transmission of intelligencc. It is not possiblc

to compress spccch into a band of less than about 2.5kc/s without subtracting
somcthing from the quality or individuality of the spccche  Systeis are known which
enploy a narrower frequency band at the expense of individuality, but not
nccessarily with very smwuch less-intelligibility. Thus the type of multi-channel
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equipment used in line practice has something to commend its application to radio
links, *in that it occupics a narrow frequency bard in the ethere.
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Fig.2 - Block diagran of A.C.T. (1 +.4)

a. The system of modulation used in these line equipients is essentially amplitude
nodulation with carrier. suppression followed by single sideband sclection. 'hos,

with all channcls of an A.C.T. (1 + L) conveying speech in one difection, there are
five independent carricr-frequency voltages of complex waveforn applied to the

carricr line. Periodically, it must happen that the five voltages at these frequencies
all add up, producing an instantaneous peal voltage approxinately five times the
average peak voltage output of one channel.

9. rith thesc general principles in mind, it is possible to pass to a considecration
of the characteristics of the radio links to which these cquipments can be applied.

GONERAL GONSIIFR:CION OF GHARACTERISTIOS OF RADIO LINKS

10. Consider a unidirectional radio 1link as a L-teriminal, active, clectrical
networl; the audio-input terminals of the transmitter correspond to the inpmet
terminals. of the network, and the audio-output terminals of the rcceiver corfespond
to the output terminals ~f thce network. The networl: is active, sincc it contains
scveral sourccs of E.M,F., esge; the various H,T. supplics, noisc voltagcs, cite.
"'he network may have some or all of the following elcctrical charactcristics:-
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(a) A certoin transfer-voltage-ratio versus frequency. charactcristic, i.c.,

a curve of rcceiver output voltage against frequency, for, say, 1V input
at the transmittcr. .

b) A,correspording phase/frcqucncy charactecristic.

E g 4 certain input-voltage versus output-voltage charactcristic for cach

frequency tronsmitted by the netvrork.e If this is not lincear over a

rangc up to the overload voltage, then the netwvork will producc hermonics

in the output which arc not precsent in the input; it will also causc

intcrmodulation or combination frequencies when tivo or morc independent
frequeoncics arc applied to the input.

(@) voltages at the output which arc independent of the input, ce.g., noisc

' voltages picked up from the cther or from the c¢quipment.

(¢) Thc output frcquency mey be displaccd from the input frcgquency by & fixed
small amount, cege, @ singlc sidcband radio linl <sith slight "out of
synchronism". '

(f) Thc input and output frequencics mey differ slightly »nd in o randona
MANNCYy, GCeZe, wWhen di 2rsc-path transmission cifcets cxist in the rodino
lin'. '

(g) Practically 21l th: cbove characteristics can be variablc with timc.

REQUIRELENTS OF . RADIO LINK ¥OR LINE HULTI-CHAITEL OPERATION

General

11+  Linc multi-channcl cquipment is designed for o transimission systeir consisting
of a linc (possibly with intcrmediate cmplifiers), vhich has o uch norce
predictable performence then a radi~ link. Such lines arc fairly stoble and
automrtic goin-control featurcs in vhe linc equipment arc only nccessary on lings
of about 500 :iilcs or morce Neither A.C.T. (1 + 1) nor (1 + 4) includc autartic
gain~-control fecaturcs. In the casc of @ linc, the characteristics (2) to (z) in
para. 10 arc usually os follows:-

(a) & rising attcnuntion/frcquency charecteristic, thet is, o f2lling curve
of transfcr~voltoege-retio versus frequency. If the linc is of thc opcn-
vire typc, the curve nay be "bumpy" above about 10kc/s, duc to r¢flictions
at irrcgularitics in the linc. The curve will vory morc or less with
weather conditions in the casc of open-wirc lincs, and will vary with
tcipcraturc in the casc of cables and open—wirc lincs.

(b) The phasc/frequency characteristic riscs with frequency end is foirly
stablc.

(¢) The input and output voltages of the linc 2lonc arc lincerly related at
01l frequencics. “Then amplificrs arc in circuit, this is -truc only up to
the overlooad point of the amplificrs. “'hen loading coils and transformers
arc in circuit, non-lincaritics erc introduccd.

(@) sSlight noisc voltagc, crosstalk or radic intcrfcrcnce is possible on
lincs. Corcfully balenced and transposed 2-wirc lincs koecp this to o
minirui.

(¢) The linc systen itsclf cannot: causc differing input oné output
frcquencics. If, however, the cerricr tclephene cquipnunt ternincls are
not synchronizcd, the input and output audio frcquencics can diffcer.

(f) 1In a linc systen therc is no amology to radio multi-path cffects,
providcd the line is frce fron irrcgularitics. ,

(g) Linc characteristics can be voriablc, but to o mwech less Zc-rce than with
oost radio links.
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Amplitude and phase characteristics

12, If a radio link is to give a performance equivalent to that of a line, it must
have characteristics no worse than those above. Considering first the transfcer-
voltage-ratio to frequency characteristic of the radio link; this must be flat or
slightly falling over the range 3C0c/s to 9kc/s for the A.C,T. (1 + 1), and over the
range 300c/s to 16ke/s for the A.C.T. (1 + 4). Transmission below 300c/s is not
neccssary if separate voice-frequency signelling is used in the audio channcl. 'he
A.C.T. (1 + 1) includes cqualization facilitics which can corrcct For up to a 6db.
fall of output voltage from 3ke/s to 9ke/s. The 4.C.T. (1 + L) includes cqualization
facilities which can correct for up to an 8db. fall from 300c/s to 16kc/s. The
over-all attenuation at the highest frequency to be transmittcd should not bc nore
then ebout 20db. Alfthough the line cquipment has a gain of about 45db., it is
prcferable not to use all of this gain if good,signal-to-noisc ratios arc required.

13. The A.C.T. (1 + 1) and (1 4+ L) are not sonsitive to phasc/frcquency character-
istics and therefore these will not be considered further.

Linearity requircments

14 The lincarity requirement (characteristic (c) in poras. 11) is porhaps the most
difficult to meet with radio links not designed for multi-channcl tclephony.

Average radio equipment is prone to non-lincarity due to transmittor medulators,
recelver detectors, receiver amplifiers, otc. Tinc amplificrs arc¢ always designed
with a large mecasurc of ncgative feedback to reducc non-linear distortion. Non-
lincarity in the transmission system causes inter-channel crosstalk. Tor instance,
if we consider a frequency of 1.5kc/s in the audio channel of the A.C.7. (1 + 1),
then non-lincarity will cause frequencics of 3, L5, 6kc/s, ctc., to appear in the
outpute In this instance, the L.5ke/s is dircct interference at 1.5kc/s (6ke/s
ninus 4.5kc/s) in the carrier channel. Similarly, crosstalk duc to harmonics con
occur with the A.C,T. (1 + L4). In addition, intermoduletion between the frequencics
in two separate channcls can causc products that fall in othor channcls. Thus, two
frequencics £1 and 2 can cause second-order products (f1 + £2), third-order
products (2f4 + fo and £4 + 2fp) and highor products. liore detailed inforimbion on
this subject is given by Brockban: and Wnss. (see Bibliographyssub-para, 78(d)).

15. Onec mcthod of reducing crosstalk intcrfcrence duc to non-lincarity is to usec
nulti-channel modulating equipment which translates the specch chonnels into an
octave band. For cxample, if six speech channcls are asscmbled in the band 60 to
8Lke/s, any harmonics of, say, 61kc/s would fall outside the band and thus not
causc interferencc or crosstalk. This is, in fact, the nethod cmployed in the
No.26 set. Such a method can be used with the 4.C.7. (1 + L) simce it contoins a
group-nodulation facility which trenslates the four carricr channels into- the range
19 *to 32kc/s, which is an octave groups Thus, in o radio link that would handle

19 ¥ 32ke/s, interference from this causc would not be such a scrious problcit
This does not mcan that non-linea¥ity is unimportant, becausc fwo or norc channel
frequencies can still cause intermodulation products which will interfere. However,
the octave-group method does place a somewhat less stringent requircient on the
lincarity of the link. It should bc noted that it requircs a grecater band-width in
the radio equipment. :

Noise consideration and modulation per channel

16. Passing next to a consideration of noise, civil line practice requircs signal-
¥o-noise ratios in each specch chamnel of 60 to 70db. for onc link, whilst in Ariy
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lines of communication practice, figures of about 50db. have becn considered to be
‘the satisfactory minimume PFor one channcl over a radio linl, a figure of 45db.
might be taken as a reasonable mininum if numbers of such links are not to be
connccted in tandeme As radio technique improves, figures of 7Cdb. shovld,
hovever, be aired at,

17 Corc must be taken in correlating these figurcs to the signal-to-noisc ratio
of the radio link itself, sincc the percecntage of modulatiom rust be taken into
accounte. The average percentage modulation per channcl of the radio carricr,
whether 4,11, or F,ii., must be considerably less than 1004 becausc the
_instantoneous voltages from cach channel of the carricr cquipnent arc additive. If
the total instantancous voltage cxceeds that corresponding to 100% nodulation,
overloading occurs and this is bound to produce intcrmodulation and intcr-channel
crosstalk to a grcater or lesscr cextent, depending on the overload characteristic
of thc system. The actual percentage modulation to be ollotted to cach channcl is
dependent upon scveral factors of which the following arc the most important:-

(2) Tclephone scnsitivit:

(b) The distribution of talker volumes and local linc losscs.
g The ratic of peak voltage to average R,1i.S. voltagoe in cach channcl.

The active or cngagcd time per channcl.

(¢) The permitted probobility of overmodulating.
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18. This problem is similar to the design of a multi-channel amplificr or other
similaxr common equipment having an overload point. For a fuller treatment of the
problem, reference should be made to Holbrook and Dixon, and Brocibank and Wass,
(see Bibliography, sub-paras. 78(c) and (d)), Onc of the curves given in the
former paper is reproduced in this regulation as Fig.3 since it is of wide and
uscful application. '

19. If the average R,1I, S, voltage in cach channel is regulated to a fixed level
(iece, factors (a) and (b) of para. 17 arc ignored), then the probability of the
pcaks of specch voltage exceceding various levels depends only on the nature of the
spceche If gramophonc records of convbrsational matter are analyscd and mcasured,
it is possible %o prepare graphs of probability against overload voltage.
Furthermore, if scveral records rcpresenting several channels are corbined and
rc-rccorded, an analysis of this record gives the probability of various peak
voltages being cxceeded for several chammels. actually, this should be carried
out with cach channcl transposed into its correct carricr-froquency location, but
little error results from an audio-frequency combinaticn. The latter has actually
been carried out by the Bell Telephone Iaboratories, and Fige3 is a reprcduction
of the results as given in the paper by Holbrock and Dixen. It shows the peak
overload voltage, exprcessed in db. above the average R,M, S, chamnel level, for
various numbers of active channels for probabilitics of overloading of 0.1, 0.01,
0.001 and negligible. Reference to the curve for a probability of overloading of
0.01 shows that for five chammels the peak overload level is 418db. above the
average chamnel R,M.S., voltage, while for 50 chamncls it is another 8 db. higher.

20 Thcse curves still do not
represent the practical casc,
since all channcls of a system -
045 are rarcly engaged simultaneously,
that is, factor (&) of para. 17
must be taken inte account.
, ~\ Supposc that cach specch channel
o | T e carries 0.7 traffic units (i.c.,
nok the circuit is engaged for 0.7
2 I N of the busy hour - a fairly
Jo2] / \ representative figure) and that
g X//”\\\ ?ho probgblllty of spccch pussing
H /R in the dircction considered is
A ‘ —y 0.5, then 0.35 is the probability
/// ' 3 that any onc chonncl is active.

13-CHANNEL
\ N
'\ \I The probabilitics for various
/// AN \\T\\ nuinbers of channels being active
' - can then be deduccd approximately,
RN Inﬁ%:=ﬁ"ﬁ using the Erlang or Poisson
formulac. Thesc probabilitics,
forab-chamncl system and a
12-channel system carrying 0,35
Figel - Probability of various numbers of traffic units in coch dircection
channels being active in 5-and pcr channel, are shovn by way of
12-channel systems example in Fig.) which is based
upon the Erlang formula.

0,0 | : r
142200 No. OF CHANNELS ACTIVE IN ONE DIRECTION

21. To calculate the probability of the peak voltage excceding o given
overload point, it is now nccessary to assune various numbers of chamnels engaged,
and deducc the probability of overloading in cach case from Fig.3. The sum of the
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products of this probability and the probability of that number of circults engaged,
gives the average probability of overloading for the system. For example, consider
a 12-channel system with an overload peak voltage of 20db. above the channel
average R,M.S. voltage. Then when six channels are engaged (probability of

Oa 115), the probability of overloadlng is, by interpolation from Flg.j, about

0.005. The probability of six chamnels overlcading is, therefore, given by the
product 0,115 x 0,005 = 0.00057. This is:x@eated for all other numbcrs of channcls
cnﬂagod and the provabilities are added to give the over-all average probability of

verloading.

22, '"his is a somewhat tedious process, and for systems of five or more chanuels
an aporoximate answer to the problem may be obtained by entering Fig.3, using the
averaze or most probable number of active chammelss. The latter is simply the total
number of chamnels multiplied by the probability of any one channel being active,
lecs, 0.35n for the above traffic on an "n"-channel. systemn. For systems of

- fower than five channels, an approximate answer may be obtained by assuming all
channzls always active.

23, Tor a channel active probability of 0.35, the average number of active channels
in a 5-chamnel systcem is 1.75 and in a 50-channcl system 17.5. From Fige3, for an
ovarloading probability of 0.01, the peak overload levels arc approximately 15 and
22db. respectively above the channel R,1,S. level. That is, an incrcasc in load
capacity of 7db. permits an additional 45 channels to bc operated. This is a

useful feature of multi-channel radio circuits of this type.

24hs An overload prcbability of 0.001 is more usual for line equipment, but a
rclaxation of this figure to 0.01 is considered permissible where load capacity is
a prine considcration. The latter figure will be assumed in the follawing
consideration of noisc. /A channcl active probability of 0435 vzll also bc assurcd.

25. Trom Pig.3, recmemboring that the peak overload voltage is 3dbs. above the R,¥,S.
load capacity, we may deducc that, for a 5-channel system, cach channcl should
operate on an average at a level of 12db. below the level which Just causcs
overloading. If the latter is taken to be 100% modulation, then this represents an
~average nodulation of 25% per channel. Hence, to meet the suggested noisc
requirerents, the radio link must provide a signal-to-noise ratio of at lcast L5ab,
when neasured at 25¢% modulation and on a 3kc/s band~widthe Altcrnatively, the
signal-to-noise ratio on the full bandwidth of 16ke/s for 100% modulation should be
no worse than 50db., and similarly for 50 channels the signal-to-total-noisc ratio
#ith 100% modulation should be 47db., i.e., a few decibels better than the channel
signal-to-noise ratio. The channel_limitcrs (sce para. L0) scrve to provent the
nodulation per channel from reaching excessive values. With F,il. systoens, where
the noisc per ke/s of band-width depends upon the modulating froquency, other
considcrations apply, and it may be necessary to allow hlghcr deviations per channcl
for the upper channcls.

Frequoncy difference effects

26. Characteristic (e) of para. 10 is found only in singlc sidcband radio links.

For spcech, an overall tolerance of + 25¢/s is permissible, whilst for V.F, tclegrap’s
+ bo/s is proferable but + 120/s is pormissible, It rust be remerbered that some of
this tolerance is rcquired for the rulti-channel -equipnment itsclf, so that thc
restriotion on the radio equipment may be very scvere.
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27. Cheracteristic (f) of para. 10, namely, differing input and output frequencies
due to multi-path transmission effects, is associated only rith loag circuits of,
say, 5CO miles and over. TIts effects appear as distortion in audio-frequcncy links
an¢ distortion and intermodulation in multi-channel links. These coffects arc very
difficult to mitigatc. The use of diversitv—reCLiving acrials and steerable aerial

ystens has been the most successful mcans of minimizing these effects. Single
51€eognd radio also offers advantages for such links, since the phasc of the carrier
~is unimportant.

Stabllity

23, Characteristic (g) of para. 10, namely, variability of per formance of the
radio link (i.e., general and sclective fading), is the next most serious problems.

29. The radio equipment must have the most cfficicnt possiblc 4.G.C. system to
cope vith® general fading.  Sclective fading is o more difficult problem where
multi=-channel operation is concerned. If the carrier telcephonc chonnels are to be
lincd up for switchboard use with, say, a 3db. over-~all equivalcent, then the radio
link must be very stable. For suppose a selective fade occurs which affects the
radio oarricr but not the sidebands (which may be 16kc/s or morc away), the 4.G.C.
inorcascs the I,F, amplifier gain and, if this rises more than about 3db. above thc
gain during Lining-up, then the telephone circuits will sing and be momentarily
unuseble. Similarly, & fade of thc sidebands would be outside the scopc of the
4.G.C. and a rise of carrier—~channel attcenustion would result. Such occurrcnces
would bc objectionable to the tallker and may causc non-operation of the V,F.,
ringers. "¢ scc herc a special advantage of a frequency-modulated (F.H.) radio
carricr. In thc case of an F,M., link, the output voltage from the recciver for a
given fixed input voltage to the transmitter is a function of the deviation, and is
independent of the rcecived carricr amplitude (provided it is abowve the threshold
valuo) That is, the modulator which causcs the doviation, and the discrininator
which deteccts it, arc the factors which control the over-all transfer voltage.
frcquency characteristics. Both the modulator and the discriminator may be made
steblc so thet the whole link is wvery stahlc. For rcliablc operation, the radio
link stability mcasured at L.F. should be no worsc than + 1db. over any 24 hour
pcrioc, v

30. In viar of all the above difficultics, present practicc for multi-channel radio
(oxccpting U.H.F. radio) is thereforc the octave group principle in combination with
P.i%. radio links. Howcver, it is possiblc that developmcnts in radio technique will
bc such that octave group working is not cssential, and corrcespondingly larger
groups of circuits may be appllud to one radio link.

COUSIDERATIONS GOVERNING CHOICE OF RADIO-FREQUENCY BAND

31. The considerations governing choice of frequency band are numcrous. Firstly,
the range must be considercd. TFor rangesabove 100 milecs, frequencics below 20Mc/s
must be cmploycd. 3Bclow 20He/s the use of F.li may not be a practicablc proposition
for multi-channcl telcephony on account of band-width problems. Even with A.M., the
band-width (32ke/s for the A.C.T. (1 + L)) may be too great for gencral adoption,
The usc of singlc sideband radio is thercforc indicated for long-distance multi-
channcl telcphony using frequencies'bolow'ZOMq/s.

32+ For rangcs lcss than 100 miles, thore is consicderaile scope for systems us1ng

frequencics above 20Mc/s. Here F,IZL, may be cmployed and good stable circuits
obtaincd. In the U.H.F. band therc is also amplc scopc for rulti-channcl systcms
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with large groups of cirouits using pulse or frequency modulation. Such systems

should prefera®ly accept the full band of oarrier frequencies from a linc, and should
not necessitate bringing all channels dovn to audio frequency. :

OTHER REQUIREMENTS FOR THE RADIO AND LINE EQUIFPMENT

Duplex operation

33. The radio link must be duplex, i.c., & transmitter and receiver must work
continuously at cach torminal site. Difforcent radio frequencios must be uscd for
cach dircction of transmission, and the recoiver must not be blocked by the
transmitter, The sending and receiving serials should be dircetional and erccted
to give the maximum possible ettonuation between serials. Preferably, the
transmitter and receiver site should be widely scparated and the Ag=wirc circuits
complcted by a carricr-frequency tolephonc cable, The line equipment must bc uscd
~in the 4-wirc condition, i.0., soparate go and return paths.

Continuous opcration

34s Thc radio cquipment must be capable of continuous opcration. “7irclecss scts
dcsigned for sond-roceivo switoh worlking are rarely suitable for the function
oonsidered in this roports Tho linc oquipment is normally designed for continuous
operation and will not givo trouble on this score. :

Ilndio interferonoes

35, 'The line oquipmont embodies itoms such as vibrators, relays, etc., which
gonerato radio interference. fhe equipment could be installed at a remote point and
conneoted to tho radio equilpmont by e ocarrier~froquonoy qued oablc, but this mey be
a sorious rostriotion and it is thoroforc nocossary to suppross tho offonding items.
The rolays and ringing vibrator can be supprossod by simple resistance-capacitance
notrrorks. 'The power vibretor, if used, is a more sorious problem, cspeoiolly if
radio frequencles of 20-5CMo/s aro used, laine oporation of the line oquipments is
thorefore to be proferrod.

I.T, ond-width

36, If the redio systom is A,M., thon tho rcooiver I.F. must bo wide cnough to pass
the desirud band, l.c., cheracteristic (a) of para, 10 must be roesonobles For the
4,00, (1 + 1), tho I,F, should be about 25ko/s wido for 6ab, down, and for the A.C.U.
(1 + 4), it should be 4Oko/ss These figures arc somowhat liboral in oomperison with
tho highost modulation froquencles %o be transmitted (9ko/s for the A.C.T. (1 + 1)

and 16ke/s for the A.C,U. ?’l * L;.)%. This is done purposely, however. If tho I,F.
attenuation ourve is sterting to bord upwards at, soy, + 16ke/s, thon small oscillator
drifts or slight mistuning will scrlously affoot the attonuation of tho top channol
of tho A.C.", (1 + 4) using frequeholcs of 13 = 16ko/s,

37, If tho system ie P.M., thon the i.F. band-width will be dotermined by the
dcvietion nocossary to moct tho signel=to-noise requirements.

Ixchenge sgrvice
38, 'Thon tho tolophohe ohannele doscribed in this rogulation aro torminatod on

gwitohboards, carc must bo taken to onsure that the redio oquipmont roccives a lovel
af spocch sufficlont to onsure an adequate peroontage of modulation. This nmcans that
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connections should not be set up involving other circuits of transmission equivalent
grecater than about 10db. at each ¢nd of thc radio trunk circuit. This condition is
no differcnt from the usual problem of a large switched network, cxcept that the
radio link usually contributes the most noisc, and may be blamcd for a bad circuit,
which is neverthcless duc to the linc loss.

39, This is largely a question of trensuission network plamming, and provided the
radio link is ncarly as good as the zcro db. level lines and the network is
carcefully planncd, no special instructions at the switchboard arc ncccssary.

Signalling

1.0. The carrier telephone equipment will be provided with some type of V.F.
signelling in cach channcl. No difficulty will be ecxpericnced in the operation of
these ringers over the radio equipment, provided thc chamcls conform to the
standard. sugscsted in the foregoing sections. In the casec of V,F, signalling
systems which involve the continuous transmission of toncs in cach channel, duc
allowance must be madc when calculating modulation per channcl.

Channel limiting

L1, Tt is usual to provide chammel limiters on multi-channel cquipment %o provent
the carricr-froquency level per channel from excceding a known figure. It is also
desirable that this 11n1t1ng effeet should be used when the multi-channel cquipment
opcrates over a radio link, so that the percentage modulation per channel does not
cxcced a knovm figurc. In the A.C.T. (1 + 4), the lining-up level at the channcl
audio~input terminals is Cdbm. and the overload level approxlmatcly +5dbme Similar
figures apply to the A.C.T. (1 + 1). , :

BRIEF TESCRIPTION OF EXTISTING ARMY MULETI-CHANNEL SETS

The Wircless set No.26

L2, This set provides a f-channcl radio telephone link. Onc terminal station
consists of two vchicles with power trailors. Onc vchicle houses the transmittor
and the other the receiver and multi-channel cquipment. ’

43« The specch from the six telephone channels is esscmbled in the frequency

range 60 %o 84kec/s, using a 4ko/s spacing. This is carricd out by modulating
parricr froqucncics of 6k, 68 to 84ko/s with the six spocch bands, and sclcoting
the lowcr sidebands by mecans of crystal filters. The corbined output of these
filtcrs is within an octave group, and is supplicd to the transnitter modulator for
tronsmission over the radio link.

4he On the recciving side, the 60 to 84ke/s output of thc radio rcoeiver is fed
to a similar set of filters which scparates the six chennels. Thc filter outputs
arc demodulated by the samc oscillators and fed via a hybrid transformer to the
2-wirc telcphone lines. V,F, ringers arc provided.

45, The radio transmitter employs amplitude modulation. and transmits a mean
power of 65 to 100W in the frequency range 85 to 10(Mc/s. At a speocch lovel of
0dbr. , the depth of modulation of the transmitter is approximatcly 20% per channcl.
Thus the transmitter radiates a carrier and two sets of sidebands, onc set betweoen
60 and 84ko/s bolow the carrier and a similar set above thc carrier. The radio
rccciver has an I.T., at 3Mc/s of 320ke/s width and requires an R.F. input of about
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1mvV. to givé good quality audio circuits. The equipment has Koomans aerial arrays
and the range is essentially visual.

The Wireless set No.10, Mk.1

4L6. This set provides an 8-channel radio link, using pulsc-modulated contimetric
radio. Thc cight channels are derived by the usc of the timc-division multiplex
principle. It is not the purpose of this rcgulation to discuss the system in
detail, but a bricf description of the genecral principles is given for the salc of
comploteness.

47. ©Pulscs of centimetric radio arc transmittcd from the sending sitc to the
receiving sitec. Every ninth pulse is arranged to synchronize thc scnding and
receiving cquipments. The eight pulses between synchronizing pulscs are allotted
in turn to the eight chamncls. The audio-frequency intclligencc in csch channcl
suitably modulates thce appropriatec pulse. The pulscs may bc modulated in

amplitudc, width, phasc or by other means. "he rceceived pulscs arc dcmodulatcd, and
by virtuc of the synchronism, the auvdio-frequoncy encrgy is delivered to the
appropriate channels.

48. Up to the present time, it has not been found practlcablc to apply this type of
multi-channel working to lines. Firstly, the band-width rcquirced is several timcs
that of conventional single sideband systems. Secondly, thec incvitablc clecctrical
irregularities that occur in practical lines causc rcflection of pulscs and
consequent crosstalk. Thirdly, distortion of pulscs, due to the fact that
differcnt freoquencics are propagated with diffcrcont velocitics, causcs intcr-channel
crosstalk. Although with idecal lines it is possiblc to develop a pulsc-mocdulated
linc systcm, it is dodbtful whether it would ever provide circuits of such high
quality as cxisting linc systems.

49. Hence, it is only possible to comncct cight audiofrequency lincs to thc o.10
sct. If thesc cight channels arc delivercd to the radio set by a carricr-fregucncy
line, it is ncoessary to instal carricr cquipment to derive the cight audio circuits.
This is a disadvantagc, since it involves much additional cquipment and causcs a
slight rcduction of signal-to-noise ratio.

50. It is possiblec to concelve a pulsce-modulated radio lin!: which will acccpt
carricr frcquencics dircct from a line. Thus, a- single-channcl, pulsc—mcdulated
link capable of fransmitting frequencics of 300c/s %o 35ke/s and having good
linearity and noise charactoristics, would bc capablec of acccpting the cerricr
froquencies from two A.C.'". (1 + L) systems. Such a radio link would be suitable
for bridging gaps in a line, at water barricrs, for examplc, without thc nccessity
of dropping to audio frequency at cach radio site. This systcm is to bc uscd in
the 7S, 10, Mk.2. »

51. However, multi-channcl practicc is tending towards larger and 1ar~cr groups of
circuitse. In civil practice, coaxial lines hav1nr groups of 660 circuits arc becing
ciployed. It seems desirable, thercfore, to conccntratO'upon radio 1inks capablc
of acccpiing still larger blocks of circuits. Thc conventional A3, type of link
described in the previous scction can be evolved to employ the minimum band-width
in the ether. The pulse modulation system requires a much grcater band-width,
-although the porer transmitted may be very small. The pulsc system has other
advantages espocially for military usc.

52. It is difficult at the present stage of development to sce which system will
offer the best foatures for military use. It scems almost ccrtain that U, H, P,

Issuc 2, 16 May 1947 Pagc 13



TELECOR: UITICAT IONS ELRCTRICAL AND MECHANICAL
A 200 ENGINEERING REGULATIONS

radio, with pulse or frequency modulation, will be a serious competitor of line
systems in the future. The problem of providing many chamnels between radio site
and switchboard can, no doubt, be solved by kceping the distancce small and Using
coaxial cable, with the pulse cgquipment adjacent to the switchboard.

53. TPor civil use, it is probable that development will concentrate upon F.Ii,
linls capablc of accepting modulating frequencies up to 500kc/s. Such iinks can be
fed directly by the carrier frcequencies from multi-channel lines. '

BRIZF_DESORIFIION OF BXPURLMEN'S VIMH LINE EQUIFMENT APELITD 70 RADIO LUTS

Experiments with the usc of the 4, C.Qmwﬁlwa&lwgp,F.M.“gﬁdio link§

5l. As statcd in the introduction, tests have been carried out during the war on
the application of the A.C.Tse (1 + 1) and (1 + 4) %o radio links. ‘he detailcd
rcsults are given in S,R.D.E. Rcport 938.

55, The radio scts chosen worc Amcrican Signal Corps radio scts Fos. 508 and 6C8.
These scts wore chosen for rcasons of availability rather than cxact suitability.
They are frequency-modulated sets, covering ths band 20 to LOHc/s, and were dcsigned
for avdio~frequency simplex working between fighting vchicles. Thc nominal power is
257, end the experiments <included the use of R.F. amplifiers %o incrcasc the output
to 2507. 'The scts hed firstly to bc adapted for continuous duplex opcration. This
involved changing thc powcr supplics as the sets were not continuously rated,

56. 'Thc sendcr was crystal-controlled, but the recciver was not, ‘and no automotic
frequency-control was prov1dea. The sender and recelver were mountcd in the same
vehicle and inverted V-acrials werc used, spaced at about 8Cyde It was found that
the choice of sending and receiving frcquencics was strictly 11n1tca, duc to
blocking of the receiver by thce transmitter and by radiation from thc transmitter
crystal-multiplying circuits.

57. The L.F. rcsponsc from transmitter input to receciver output had then to be
improved to be rcasonably flat up to 16ke/s to accept the A.C.T. (1 + 4) in the
L—7yirc condition. This was cffected by thc usc of o specially designed sdaptor
containing .a noew modulator amplificr and a new demodulator amplificr,

58. When the link had becn fully conditioned for. carricr working, the A.C.7T. (1 + 4)
was applicé and o ficld trial carried out.  The channcl noisc was of the random shot
cffect type ané its level was approximotely — 30dbm. urmvcighted, which is not
suitablc for s itchboard usc or tandoem comnection. The stability of the circuits -
vthen once lincd up was found to be excecdingly gocd. “he tronsmission equivalent of
the circuits did not drift morc than + 0.5db. durlng 2L hours. This Wﬂs onc of thc
most strilking rcsults of the trial and is attributablec to thc usc of P . as

pointed out in para. 28,

59. The tosts showed thet the radio cquipment spccificd was not suitable for
multi~chenncl tclephony. Indced, they proved that the only type of link likely  to
be sulteble for the task is one specially designed for the purposc. The tests did,
hovever, draw attention to some of tho advantages and disedvantages of F.1M, working.

Opcration of spccch plus duplex telogrophy equipment over radio 11n“7_

60. An item of linc cqulpncnt knovm as Apparatus, V,F., telcgraph, spccch plus
duplox (scc Telse U 260) is in vory wide usc in the Army for providing onc spcech

Page 1l Issuc 2, 16 May 1947



EIECYRICAL AND MECHANICAL TELECOMMUNIC..T TONS
ENGINEERING REGULATIONS A 200

and one duplex teleprinter channel over a 2-wirc audio-frequency linc. It provides
the tvo chamnels by dividing the audio-frequency band into O to 1 5COo/s for specch
and 1,500 to 2, OOOo/s for V.F, telegraphy. If the transmission systen transmits
frequencics above 2,000¢/s, this band is availablc for any of the spcech harronics -
that exist. This separation into bands is carried out by inductancc-capacitance
filtcrs. 'The equipment contains a voice-frequency ringer for signalling on the
telcphone circuit.

61.. Since this ecquipment necds an audio-frequency band only, it might be thought
that it could be successfully applicd to any ocxisting radio link in order to obtain
two channcls. Expcricncc up to datc, however, has been the roverse, cspecially
with amplitudc-modulated radio. Iiost of the considerations given in paras. 11 and
32 =40 nced o be taken into account. In particular, characteristic 11(c) should
bc good. Supposc this characteristic is not good, i.¢., the link -has non-linear
distortion, then a spcech component of, say, 560c/s will, in course of ftransmission
through the radio equipment, bc . delivered to the linc cquipment with harmonics of
1,120 and 1,680c/s. The latter is onec of the telcgraph frequencics, and it will
prwbably olsturb the teleprintors, causing printing crrors. Similarly, the
stability of the link must be good, to.allow it %o be worked duplex with hybrid
tronsformer se :

62, One radio link which has bcen found parthlly successful is that consisting of
a Radio transmittcr BC610E and a Reception sct R208 using A M, at froquencics of

26 to 35Mc/s. The tclephonc and tclcgraph circuits thus obtained arc not in
general sufficicntly stable for exchange service.

Opcration of V.F, tclcgraph cquipment‘over radio links

63. Army V.F. tclogreph cquipment, intended primarily for usc over lines, criploys

a differcnt single audio frogquency for cach channel, Six duplex channcls may be
provided over a 2-wire audio circuit or twelvec duplex channels over a L-wire audio
circuits The tonc in a channel is intcrrupted to send teloprlnter or other telegraph
signals. The idle condition of a channel is the transmission of tone to line. When
all channcls arc idle, the tone voltages may add instantancously to producc large
voltagess. This is a similar problem to that discussed in paras. 1L and 15.
Ovcrloading in thc audio channcl would be- lieble to produce intcrfercnce between
channcls.

6l.. Thc tonc frequencics arce chosen to minirdze such intcrference, odd harmonics of
60c/s comwncing at L20c/s being used. The spacing between channcls is therefore
1200/s. Bven harmonics of lower channels thus fall midway betwoen higher channcls
and rcducc the possibility of interferencc. 044 harmonics of somc of “the channcls
do in fact interfere with some of the highor channcls. . When the lower channcls arc
modulatced by tclcgraph signaels, harmonics of the sidcbands can also interferc with
highcr channcls.

65. The problem of employing this cquipment over radio channels is-very similar to
that of thc spcech plus duplex equiprcnt. The factors of non-lincarity, noisc and
stability have again to be considcred. Tho non=lincarity requircient is not quite
so severc with this cquipment. A link giving harmonic products not worsc than 25db.
below the fundamental (at channel level) will, in gencral, be qu1to satisfactory
from this point of view.

66, 'The noise requircmcnts arc roughly a signal-to-noisc ratio of not worse than
20db,. at the output of the telegraph rcceiving filtcrs. Thdse filters arc
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approximately 100c/s wide. Taking the audio channel as 2,400c/s wide, this requires
a signal-to-noisc ratio measured on the audio band-width of (20 = 10 log gi99> 6db.,
160)
This is, hovever, mcasured at the telegfaph tone level. For six chamnels this is
about 12db. below 1007% modulation, and for twrelve channels it is about 17dk. below
100% modulation. Thus the signal-to-noise ratio of thc audio channel at 1005
modulation must be at least 18db. for six channels and 23db. for twelve channcls.
These considerations are somewhat approximate and only apply to random noisc.
Better figures would be necessary with impulsive noises It ‘should he noted that the
V.F. telegraph filters are relatively narrow (100c/s). If the radio link of -the
carricr cquipment applied to the radio link is of the singlc sidcband type without
closc frequency control, then frequoncy-diffcrerce troubles will arisc. The maximum
frequency differcnce which the V.P, equipment can tolcrate is + 12¢/s, although a
better design figure is + 6o/s.

67. 4 radio link for V.F., telegraph cquipment of thce present Arwy typc would nced
to be stablc and not subject to quick fading. fThe cquipment hos automatic
goin-control in cach tonc channcl, but since it is primarily for line use, the
bimc-constan® is very long (of the order of 20 to 30scc.).

68+ Six-channcl V.F. telcgraphs have bcen applicd to onc chamncl of the No.1C sct
with considerablc success. There is no rcason why the whole twelve chamncls should
not be derived. Thus the complote radio link would provide in this casc scven
spccech and twelve duplex telegraph circuits.

69. In gencral, a radio link that provides onc or more audio channcls which arc of
sufficicnt quality for switchboard usc and arc free from frequency-difference
effccts, is quite suitable for V,P, telegraphy. Actually, thc usc of two toncs. pur
tclegraph channel permits of satisfactory working in channcls with worse
characteristics than thosc suggested in this scction. Equipment of the 2-tonc tyrpc
with quick A,G.C. characteristics is in use in most Arry signals organizations. "he
general problem of teleprinter working over radio is considercd in Tels. A 172. If
has many features in common with the multi~chamnel telerhony casce.

PRIVACY AND SECRECY

70. It is ﬁoproprlﬂto at this stage to mention the privacy and sccrcey of the
systers discussced in this reporte. By privacy is mcant the ability of the systen to
pass intclligence in such a way that persons without spccial cquipment arc unable to
intcreept the nessages. By seccorccy is mcant the obilify of the systen %o pass
intclligoncc in such a way that unauthorized pcrsons, cven with spccial equipment
(1uclud1nr cquipnent similar to that uscd in the systen), arc umablc to intercept
the rossages. Both torms arc rclative, thet is, systcms may heve varying degrces of
privacy or sccrccy. The privacy of o systcil can be alrost completc, 1.L.,th€ eaves~
droppcr with no spccial knowledge or cquipucnt is unable to cxtract any intclligoncc.
"he scercey of a systen can also be so high that it is, for all practical purposcs,
coriplete, cspeeially if random cedes arc uscd.

71. It is evidcnt that nonc of the systems described in this rogulation has sccrccy.
thoy have, however, varying decgrccs of privecy. The No.10 sct, for instancc, has
almost conplctc privacy.

72, The radio link of thc No.25 sct would not have a very high degrce of privacy.
Assuming the cavesdropper (without spcecial cquiprent) had a radio rcociver appropriate
%o the frequency band with a beat oscillator, and that hc was suitably locatcd with
rogard to the tronsmitter, then he could probably oxtract a largc proportion of the
;nuclllf nee from the channcels. This radio sct docs, however, Tend itsolf to
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chamnel-switching privacy, i.c., interchanging of channcls cvery two scconds, say.
‘This method providecs a good standard of privacy.

73+ The radio link provided by the 4.C.T. (1 + 1) or (1 + 4) operating over a P,ii
radic link would, likewise, not have a very high dcgrce of privacy. The
cavesdropper, with an appropriate Type of receiver and a becat oscillator, could
undoubtedly extract the intclligence.

74+ Thus radio equipment, using pulsc modulation at centimetric or dceimctric
wavelengths, has very definitc advantages over other systcoms on the scorc of
privacys

75. All V,H.F. and U.H.F. systems havce the advantage that with dircctional acrials
the coverage is.reclatively small. Long~distance rulti-~channel systoms must, of
nccessity, usc the H.F. band and they are therefore pronc to interception. -

CABCLUSIONS

76. The facility of being ablc to sct up long multi-channel telephone circuits on
a relay basis, i.e., using line where convenient and radio where line is
inconvenicnt or impracticable, is a very attractive onc. It has becen developed by
the Unitcd States armed forces (Radio equipment AN/TRC5) amd to some extent by the
late Germon Army (DUG3G, which provides ninc specch channcls or 27 teleprinter
channcls). It has not yet been fully exploited and considerablc attention is
1liely to be given to such systems and mothods of integrating the line and radio
systcons cvolved.

{7. This rcculation is intcnded to draw attention to some of the problems involwved
in such developrents. It camnot be considered as comprchensive on account of the
divcrse radio and line problems involved. However, it is hoped that the information
will be of somc valuce
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