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New laboratories of Creed and Company, Limited, at Croydon, England.



Creed Telegraph Laboratories

HE DEVELOPMENT DIVISION of

Creed and Company, Limited, Croy-

don, England, has recently been trans-
ferred to a modern building located about two
miles from the company’s main offices. The new
premises comprise engineering and executives’
offices, general laboratory, drawing office, and
model shop.

The examination and testing of prototypes of
telegraph instruments and mechanisms demand
the simulation of much more adverse conditions
than are experienced in normal use and require a
wide range of facilities, which the new labora-
tories have been laid out and equipped to
provide.

Among the subsidiary laboratories, is a large
screened room fully equipped to measure radio

SN el
muams

interference produced by telegraph apparatus.
It is used primarily in the development of sup-
pression devices.

In another room, special provisions have been
made for the life testing of apparatus. The equip-
ment incorporates counters that automatically
record the actual operating time of the apparatus
under test.

Also included, are two rooms with subdued
lighting, furnished with specially designed equip-
ment for stroboscopic observation of high-speed
mechanisms in actual operation.

The model shop is light and spacious with
direct access to the laboratory and the drawing
office. It is fully equipped to support the develop-
ment work in every way.

Model Shop

Main Laboratory




London-Birmingham Television Cable

w®

By H. STANESBY
British Post Office, London, England
and
W. K. WESTON
Standard Telephones and Cables, Limited, London, England

CABLE is being laid between London
A and Birmingham incorporating two

0-975-inch and four 0-375-inch coaxial
tubes. The cable is designed to transmit very-
high-definition or colour television, 405-line
television, and broad-band telephony simultane-
ously. The large tubes may ultimately transmit
frequencies up to 30 megacycles per second or
more with repeaters at 3-mile intervals. Details
are given of the performance requirements, the
cable design, and the results obtained on re-
peater sections,

Sound broadcasting depends largely on items
that are relayed from one part of the country to
another over landlines, and there is little doubt
that television broadcasting will evolve in the
same way. Moreover, the cost of providing a full
and satisfying television programme is so high
that as television extends to other parts of the
country it will be necessary to transmit major
items to as many centres as possible.

All development of the transmission of tele-
vision signals over long distances stopped in
Great Britain between 1939 and 1945 because
of the war, and most of the equipment and
cables that had previously been used for develop-
ment work were absorbed in providing addi-
tional trunk telephone circuits. Meanwhile,
however, ideas were maturing and work was
proceeding in the United States, and in 1943,
His Majesty’s Government appointed a com-
mittee under the Chairmanship of Lord Hankey,
“To prepare plans for the reinstatement and
development of the television service after the
war, . .”" In its report,! published in 1945, this

* Reprinted from Post Office Electrical Engineers' Journal,
v. 41, pp. 183-188; January, 1949; and v, 42, pp. 33-38;
April, 1949,

! Report of the Television Committee 1943; His Maj-
esty’s Stationery_Office, 1945,

committee recommended that after the war, the
405-line system be reinstated in London and
extended first to Birmingham and then to other
provincial centres, and that the new stations
relay the studio programme from London. It also,
recommended, among other things, that de-
velopments be planned on the assumption that:
a higher-definition system, perhaps incorporat-
ing colour, would for some time be operated side:
by side with the present system. These recom--
mendations form the framework within which:
the Post Office has planned the transmission by
cable of television signals to Birmingham.7}

The link between the existing British Broad-
casting Corporation television transmitter and
studios at Alexandra Palace, London, and the
new transmitter being installed near Sutton
Coldfield, Birmingham, will consist of three
parts: the main cable between London and
Birmingham and a short tail cable at each end.
Because it would be uneconomic to provide long-
distance wide-band cables exclusively for tele-
vision, the main cable will form part of the Post
Office trunk network and terminate at Museum
exchange, London, and Telephone House, Bir-
mingham. Referring to Figure 1, the end con-
nections to the transmitters will be provided by
tail cables between Museum exchange and
Alexandra Palace and between Telephone House
and Sutton Coldfield.

At present all studio items originate at Alex-
andra Palace; but the British Broadcasting
Corporation include in their programmes a con-
siderable number of outside broadcasts, i.e.

1 The Postmaster-General has more recently proposed
that the present number of lines, 405, should not be altered
for a number of years; and has indicated that the develop-
ment of a substantially improved system, which might
include colour, would take several years, and would be
prejudiced if the very slight improvement that would result

from increasing the number of lines by 100 or 200 were
introduced.

186
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“0.B.s,” which are transmitted to British Broad-
casting Corporation premises by the Post Office
over its television outside-broadcast network or
over specially equalised telephone pairs, or by
the British Broadcasting Corporation over their
outside-broadcast radio link. The British Broad-
casting Corporation therefore propose to set up
a position at Broadcasting House, London, a few
hundred yards from Museum exchange, where
they can control the routing of programme ma-
terial, and a similar switching position is being
provided at Broad Street, Birmingham, near
Telephone House. The Post Office terminals will
therefore be connected to the British Broadcast-
ing Corporation switching positions by short
cables which can be regarded as providing ex-
tensions of the main and tail cables; in other
words, there will be three cable links in tandem
between the London and Birmingham trans-
mitters: Alexandra Palace—Museum; Museum
—Telephone House; Telephone House—Sutton
Coldfield; and for engineering purposes the Post
Office will control them from Museum and
Telephone House while the British Broadcasting
Corporation will have access to them at their
near-by switching positions and, of course, at
the television transmitters. Museum and Tele-
phone House will also be the terminals of a radio
circuit that is being provided as an alternative,
405-line television, link between London and
Birmingham;? and the tail cables, including the

2 “London-Birmingham Television Radio Relay Sys-

tem,” Post Office Electrical Engineers’ Journal, v. 41, pp.
111-112; July, 1948.
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short extensions to Broadcasting House and
Broad Street, will be used with the radio link
or the main cable as required.

Initially, the cable system will transmit vision
signals of 405-line definition only and the video
bandwidth will be approximately 3 megacycles
per second, nearly 50 per cent greater than is
necessary for equal horizontal and vertical
definition on the picture,f but in accordance
with the 1943 Television Committee’s recom-
mendation the whole system is being planned
so that it can ultimately be equipped to handle
very-high-definition monochrome or colour tele-
vision at the same time as 405-line signals.

It seems likely that for some time most
programme material will pass from Alexandra
Palace or the London outside-broadcast cable
network to Birmingham; but items will no doubt
be transmitted in the other direction to an in-
creasing extent as television becomes more firmly
established in other parts of the country; the
cables from Telephone House to Museum and
Alexandra Palace will therefore provide for
two-way transmission.

1. General System Requirements
1.1 NumMBER oF TELEVISION TUBES

The cable system must ultimately be capable

.of transmitting 405-line and high-definition

t On the assumption that the image on a television screen
of a very narrow nearly horizontal line, has an average
width of 1-4 times the line spacing (see H. A, Wheeler,
“Fine Structure of Television Images,” Proceedings of the
LR.E., v. 26, pp. 540-575; May, 1938).

ALEXANDRA
PALACE
i 6.7 MILES
i
]
] /
l /
/ -
£~ __\ ouTsiDE-
MUSEUM BROADCAST
————— NETWORK
0.45 MILES
////
o—xr
BROADCASTING >~
HOUSE ~
LLONDON

Figure 1—General arrangement of London-Birmingham television cable and tail cables.
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signals simultaneously. There is fairly general
agreement that a video-frequency band-width of
the order of 3 megacycles is adequate for 405-line
50-frame per second television; but for very-
high-definition television, or colour television,
bandwidths of 10 megacycles or more will be
necessary. Up to the present, limitations in valves
have made it very difficult to design repeaters
for such wide bands, free from harmonic and
intermodulation distortion, and sufficiently im-
mune to the effects of supply variations, valve
ageing, etc.; and the difficulty would be increased
if attempts were made to transmit low- and high-
definition signals alongside each other over the
same conductors. Separate pairs are, therefore,
being provided for the two sets of signals. Coaxial
tubes, i.e. coaxial pairs, are used for the same
reason that led to their adoption for wide-band
carrier telephony: because the frequency at which
the loss rises to a given value per unit length is
roughly twice as high on a coaxial tube as it is on
a balanced pair of the same cross-section, and
because the design of the line equipment is much
simpler if unbalanced circuits are used, with
terminal equipment of a type that makes it
unnecessary to transmit very low frequencies
along the cable,

Except for the tail cable to the Birmingham
transmitter the system will provide for simul-
taneous transmission in both directions. There
are objections to using the same tube for both
directions, either (A) simultaneously, by using
half the frequency band for each direction, or
(B) on a reversible basis by switching line and
terminal equipment. Alternative (A) would
involve the use of filters to separate the “go”
and ‘“‘return’’ channels, which would introduce
prohibitive delay distortion, and (B) would be
complicated, and would lack operating flexibility.
Two tubes are therefore being provided for 405-
line television and two for high definition.

1.2 Size or TELEvVISION TUBES

The most economical method of transmitting
television signals over coaxial cable is by the
asymmetric- or vestigial-sideband system, which
needs a bandwidth rather wider than the video-
frequency band. For a reasonable compromise
between the various factors involved it is per-
haps 15 per cent larger. This means that the
channels used for transmitting 405-line television

will be called upon to handle a band of approxi-
mately 3-5 megacycles. This can just be accom-
modated comfortably on coaxial tubes in which
the outer conductor has an inside diameter of
0-375 inch, with repeaters at 6-mile intervals,
transmitting frequencies up to 4 megacycles;
indeed, the Comité Consultatif International
Téléphonique have recently recommended that a
European broad-band system be planned on such
a basis. The 405-line television tubes will there-
fore be of this size.

It has not been so easy to determine the best
diameter and the other requirements for the high-
definition tubes because, of course, the precise
form of the signals that will ultimately be trans-
mitted is not yet known. However, there is no
doubt that wide bands will have to be handled,
and frequencies up to perhaps 30 or even 40
megacycles may be employed, which makes it
desirable to use as large a tube as possible to
reduce attenuation. Bearing in mind the size
limitation imposed by Post Office ducts* and
the need to accommodate two high-definition
tubes and two 405-line television tubes in the
cable, it appeared that the former should have
an overall diameter of about 1 inch,

To confirm that such a tube diameter would
be satisfactory, certain assumptions have been
made about the signals that will be transmitted
and the results that could be obtained on very-
wide-band repeaters with present-day wvalves.
It has been assumed that:

A. A video-frequency band of 12 megacycles is desirable,
which, with a vestigial-sideband system, leads to a cable
bandwidth of about 14 megacycles.

B. It is difficult to avoid appreciable second-order modula-
tion in repeaters covering very wide bands, which makes
it desirable to avoid bands much exceeding a 2:1 frequency
ratio, i.e. say, 12-26 megacycles for a 14-megacycle band-
width.

C. With present-day technique it would be very incon-
venient to employ repeater sections with a loss at 26 mega-
cycles much above 30 decibels; this is because the sending
level would be limited by the overload point of the repeaters
and the receiving level should not fall to the point at which
noise becomes troublesome.

D. The repeater spacing should be equal to, or a sub-
multiple of, that used for the 0-375-inch tubes, ie. 6/N
miles where N is an integer.

* The internal diameter of Post Office multiple-way
ducts used on main trunk routes is 3% inches, and it is
desirable to limit the overall diameter of trunk cables to
24 inches.
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The attenuation 4 of a coaxial tube of the
type used for long-distance transmission is given
approximately by:

A =1-52/f1/D decibels per mile, (1

where f is the frequency in megacycles and D is
the inner diameter of the outer conductor in
inches. If D is just less than 1 inch, say, 0-975
inch, which is in fact the value that has been
adopted, the loss at 26 megacycles will be 8
decibels per mile, i.e. 48 decibels for the 6-mile
repeater sections planned for the 0-375-inch
tubes. Requirements C and D, above, there-
fore indicate that a nominal 3-mile spacing would
be needed for the high-definition tubes, cor-
responding to a loss of approximately 24 decibels
at 26 megacycles. As it is desirable to leave
margins for (A) some longer sections where there
is difficulty in finding repeater station sites, (B)
the basic loss of equalisers, 24 decibels is a con-
venient figure; it is moreover one that is con-
venient from the point of view of repeater design.
The large tubes therefore have an outer con-
ductor with an inner diameter of 0-975 inch, and
provision is being made for repeaters at 3-mile
intervals.

1.3 CaBLE Lavy-Up

In considering the cable lay-up it became ap-
parent that two more 0-375-inch tubes could be
incorporated without affecting the diameter of
the complete cable or the large tubes appreciably.
As the extra cost is comparatively small they
have been included and will be used for a multi-
channel telephone system. Referring to Figure
2, in which the lay-up is shown, the eight 40-
pound quads between the two large tubes will
be associated with these tubes for control and
supervisory purposes; the two sets of four 40-
pound screened pairs will provide ordinary
sound broadcast channels as well as those for the
television channels; and the other pairs, which
are laid up with the 0-375-inch tubes in the same
way as they are for standard four-tube coaxial
cables, will be used for controlling and super-
vising the systems operating over the 0-375-
inch tubes.

The tail cable between Birmingham and the
Sutton Coldfield transmitter needs only provide

for one-way transmission of television and there-
fore contains only two coaxial tubes. To make a
practicable lay-up, both are 0-975-inch tubes.
The cable also contains eight 40-pound screened
pairs, and a number of unscreened 40-pound
quads for miscellaneous purposes including
control and supervision.

40-POUND SUPERVISORY
PAIRS FOR LARGE TUBES

O |&

5
9

SCREENED PAIRS
NORMAL FOUR-TUBE
CABLE LAY-UP

O

LARGE
TELEVISION
TUBES

Figure 2—Lay-up of television cable.

2. Electrical Requirements

In considering the other requirements that
affect the design and manufacture of the cable,
attention will be confined almost entirely to the
0-975-inch coaxial tubes because the smaller
tubes and the balanced pairs conform sub-
stantially with established practice.

2.1 CHARACTERISTIC IMPEDANCE

For coaxial tubes in which both conductors are
of the same material and D the inside diameter
of the outer conductor is fixed, the attenuation
is a minimum when d the outside diameter of
the inner conductor is D/3:59. When the per-
mittivity of the space between the conductors is
unity, i.e. the dielectric is wholly gaseous, this
vields a characteristic impedance of 77 ohms.
For a permittivity of 1-2, which is on the high
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side for tubes of the type used in trunk cables,
the impedance would be 70 ohms, and to raise
it to 75 ohms d would have to be reduced to
D/3-94, which would increase the attenuation
by less than 0-5 per cent. Such a minute increase
is trivial compared with the advantage of main-
taining a standard impedance value. The Post
Office has always adhered to 75 ohms as the
nominal characteristic impedance for coaxial
tubes and has retained that value for the present
cable. The specification calls for the character-
istic impedance of the large tubes averaged over
a small interval centred on 20 megacycles to be
between 74 and 76 ohms.

It is inevitable that the characteristic im-
pedance of a coaxial tube or any other form of
transmission line will vary slightly from point
to point. These variations can occur within
drum lengths, from drum length to drum length,
or may be introduced by the joints themselves;
but unless they are very gradual and only be-
come appreciable over very long lengths of
cable they give rise to significant internal re-
flections. Reflections also arise at the ends of
repeater sections unless the terminations match
the characteristic impedance accurately. If
reflections occur at two or more points in a
repeater section, part of the signal energy re-
flected backwards from a point nearer the re-
ceiving end will be reflected forward again at a
point nearer the sending end and give rise to an
echo that arrives after the main signal. In tele-
vision this may result in a picture in which the
main outlines are followed by faint and dis-
torted ghosts. So many factors are involved in
considering these echoes and their effects on a
television picture that it must suffice here to
indicate the way in which the impedance ir-
regularities are assessed and the limits that have
been adopted.

Reflections at the ends of repeater sections,
although very difficult to eliminate, are deter-
mined by the repeater equipment, but irregulari-
ties within the cable must as far as possible be
avoided during the manufacture, laying, and
jointing of the cable. As viewed from the end of
a section, with the other end terminated in its
characteristic impedance, each irregularity gives
rise to a roughly sinusoidal variation of the input
impedance with frequency. The amplitude of

this variation is proportional to the irregularity
modified by the attenuation of the intervening
length of cable, and the net effect of a consider-
able number of irregularities randomly dis-
tributed is to cause the input impedance to vary
more or less at random about the mean char-
acteristic impedance. Although perhaps not the
best from a theoretical point of view, this vari-
ation of input impedance is a convenient index
of the variation of characteristic impedance along
the cable, and the criterion adopted is that for
the large tubes the sum of the six largest vari-
ations of the resistive component of the input
impedance between 3 and 26 megacycles at each
end of a 3-mile repeater length shall not exceed
26-5 ohms.™ It has been shown from an analysis
of the results on a number of lengths of cable
that this limit corresponds to a root-mean-
square variation of impedance about the mean
value of one per cent.

2.2 ATTENUATION

The attenuation in nepers 4, per unit length
of any transmission line in which the conductor
resistance R and dielectric conductance G per
unit length are small compared with wl the
series reactance and wC the shunt susceptance
is given by:

a=B(5)+5(%) @)

At high frequencies, where skin effect is fully
developed, R is closely proportional to f*, and G
for any good-quality non-dispersive insulating
material is proportional to f; and it can be shown
that small variations in the distribution of the
inductance and capacitance have negligible effect
on the attenuation provided the values averaged
over the whole of the length in question are con-
stant. Equation (2) can therefore be rewritten as:

A =K f}+ Ksf decibels per mile, (3)

where K; and K. are constants determined by
the resistance and conductance loss components

* In determining this quantity the highest and lowest
turning points in the impedance characteristic are com-
bined in pairs such that the six largest differences are
obtained, using each turning point once only. This index
is used rather than the root-mean-square deviation be-
cause it is more easily determined.
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respectively. To ensure that neither. component
contributes unduly to the loss and that the loss-
versus-frequency characteristic approximates rea-
sonably closely to a given law, on the large
tubes, between 1 and 40 megacycles, the attenu-
ation per mile corresponding to 15 degrees centi-
grade, measured on complete 3-mile repeater
sections, is required to be within 4=4 per cent of

the values given by the following expression
A =1.56 f140-01 f decibels per mile.  (4)

In general the measurements made at

are
temperatures differing from 15 degrees centi-
grade, which can be determined from direct-
current resistance measurements, and they are
corrected to 15 degrees centigrade, using tem-
perature coefficients of loss determined on drum
lengths before laying. To ensure that the cable
will not be subject to secular change, the attenu-
ation after one year is required to remain within
1 per cent of the values determined during ac-
ceptance tests, due allowance -being made for
differences in temperature.

2.3 CROSSTALK

The crosstalk attenuation between coaxial
tubes may be expected to increase rapidly with
frequency if, as is usual, there is complete longi-
tudinal continuity of the outer conductors. Thus,
aithough the tubes of the present cabie, particu-
larly the 0-975-inch tubes, may ultimately be

nges, crosstalk

Y e F A 121 anItan oy o
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od ide fr
used over very wide frequer
at frequencies above about 1000 kilocycles is
unlikely to cause any difficulty and need not be
considered here.

It is not possible at this stage to decide exactly
how all the 0-375-inch and 0-975-inch tubes will
finally be used below 1000 kilocycles; it is never-
theless important that crosstalk shall not be a
limiting factor. It is therefore assumed that
broad-band telephony, on frequencies of 60 kilo-
cycles and above, will be transmitted over some,

nt lana 3
at least, of the 0-375-inch tubes, with a repeater

spacing of 6 miles, and may even be transmitted
over the 0-975-inch tubes with a 12-mile repeater
spacing. It is also assumed that 405-line tele-
vision might be transmitted over either type of
tube, with the above repeater spacings, using an
asymmetric-sideband system involving fre-

x

carrier frequency not lower than 500 kilocycles.

Where television and telephone channels pass
over tubes in the same cable, crosstalk from the
former to the latter is likely to be more serious
than in the reverse direction, because of the

high energy concentrations at, and relatively
T+ ic thaorafara enffi_
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cient to consider the requirements in terms of the
signal-to-crosstalk ratio in the telephone chan-
nels. The Comité Consultatif International
Téléphonique have recommended? that this ratio
should be at least 58 decibels.

In testing the cable, it is convenient to make all

o~ +411 'S la cpntt
crosstaik measurements on 6-mue sections, the

0-975-inch tubes being connected through at the
3-mile points. It is thus necessary to find a rela-
tion between the values so measured and the
overall signal-to-crosstalk ratio for a complete
route, for specified combinations of tubes and
repeater spacings. It is assumed that the route
might ultimately be 600 miles long, but that
there would be frequency-translating equipment,
e.g. to bring the telephone channels down to the
range 60-108 kilocycles, every 150 miles. Over
the whole route the near-end crosstalk contri-
butions from successive repeater sections will
tend to add on a power basis, because the total
lengths of cable that they traverse differ in a
non-systematic way on account of the slight

r‘hFFprpn ces in len th

QLICICICSs 141 g

quencies from 300 kilocycles upwards, with the

near, the television carrier.

nf the rpnpnfpr sections

For far-end crosstalk the components from suc-
cessive repeater sections add on a voltage basis*
between the 150-mile terminal points. The con-
tributions of the four 150-mile lengths will,
however, add, or can be made to add, on a power
basis because approximately random phase-

changes can be introduced in the frequency-

translating equipment.

Making these assumptions the expressions
given in Table 1 have been derived for the mini-
mum crosstalk attenuation that must be realised
on individual 6-mile lengths, to obtain an overail
signal-to-crosstalk ratio of 58 decibels for a
ENN a2l iy
LUUU=ILLLIIC TOULC,

8 Programme Général d’Interconnexion Téléphonique
en Europe (1947-1952), Comité Consultatif International
Telephomque Montreux, 1946.

* This is strictly true only if both tubes have the same
velocity of propagation; where the velocities differ, as they
will for the 0-375-inch and 0-975-inch tubes, the compon-

ents will not all add in phase, and the conditions will be less
stringent. This advantage is neglected here,
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The above expressions contain a term p to take
account of any difference in repeater output level
between the two tubes in any 4-kilocycle band.
At 60 kilocycles, where telephony only is of inter-
est, it is assumed that there will be no systematic
differences in level and p is fixed at zero.

TABLE 1

MintMuM CROSSTALK ATTENUATION REQUIRED
oN 6-MiLe LeExcTHS oF CABLE

Attenuation in Decibels

Conditions
Near-End Far-End
Between 0-375-inch tubes
with 6-mile repeater spac-
ing N1=78+p+0-72fif | F1=92+p+0-72fi*
Between 0-975-inch tubes
with 12-mile repeater

spacing N2=T6+p+0-60fi} | F2=924p-+0-30f}
From 0-975-inch tubes
with repeaters at 12-mile
spacing to 0-375-inch
tubes with repeaters at
6-mile spacing

Ns=77+p+072fid | Fa=01-+p+0.7273

Symbols used

fe=Frequency in kilocycles.
N1, N3, N3=Near-end crosstalk attenuation measured
on a 6-mile section.
F,, F, Fy=TFar-end crosstalk attenuation measured on
a 6-mile section.
p=Ratio in decibels of output in any 4-kilo-
cycle band from repeater on an inter-
fering tube to output from repeater on
disturbed tube.

Note—In some cases it has been necessary to make certain
approximations to obtain a simple formula covering the
whole frequency band. All the formulae are strictly correct
at 60 kilocycles but some give crosstalk requirements
erring slightly on the side of stringency at higher fre-
quencies.

For the transmission of television, carrier
levels as much as 35 decibels higher than the
levels used in testing the telephone channels
might conceivably be employed, which would
involve an increase of 35 decibels in the crosstalk
attenuation required at all possible television
carrier frequencies. In the neighbourhood of 500
kilocycles this would be a stringent requirement.
It should, however, be practicable to make the
television carrier frequency correspond to a gap
between supergroups in the telephone spectrum,
so that the margin need only cover the levels
corresponding to concentrations of energy in the
television sidebands. This margin will be taken
as 20 decibels, and the requirements at 500 kilo-
cycles and above are, therefore, given by the

expressions in the table with p equal to 20. To
allow for television signal components on the
cable down to 300 kilocycles, the factor p is
specified as increasing uniformly with frequency
from zero at 300 kilocycles to 20 decibels at 500
kilocycles.

As it is very unlikely that all the adverse con-
ditions assumed will be encountered together no
allowance has been made for crosstalk contribu-
tions from several tubes simultaneously.

2.4 POWER FOR REPEATERS

It is inconvenient and expensive to provide a
separate connection to the mains at each repeater
station on a coaxial cable to supply power for the
repeater equipment; moreover, such an arrange-
ment would introduce a large number of points
at which the supply might fail, with a greater
likelihood of interruption when power is derived
from a rural network, and would involve the
extensive provision of emergency supplies. It is
therefore normal practice to supply power to a
coaxial cable at selected points only, and trans-
mit it over the cable itself to intermediate
stations.

When the present cable was first planned it
seemed likely that power for as many as five
intermediate stations, at 3-mile intervals, might
have to be fed over the large tubes in some sec-
tions of the cable.t Assuming that the equipment
for each tube at each station might require 400
watts of power and that the conductor resistance
would be approximately 7 ohms per mile, it
appeared that the large tubes at a power feeding
point might have to operate at about 640 root-
mean-square volts. To be sure of a substantial
factor of safety the large tubes are required to
withstand a two-minute application of 2000 root-
mean-square volts at 50 cycles.

3. Early Experimental Work

As soon as the principal requirements of the
large television tubes were established considera-
tion was given to the mechanical features in-
volved in a practical cable design. To meet the
impedance uniformity limits a high degree of
precision is required in the dimensions of both

t Later it turned out that only four stations need be
catered for, )
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the inner and outer copper conductors and also
in regulating the quantity of solid dielectric per
unit length of tube. In factory lengths it is de-
sirable to hold the external diameter of the
inner conductor to within less than 0-001 inch
and the effective internal diameter of the outer
conductor to within 0-0025 inch of the average
values. At the top frequency for which the cable
has been designed, skin effect limits the useful
thickness of the inner and outer conductors to a
few mils.; it is therefore desirable to economise
material by making the conductors in the form
of thin cylindrical tubes. The quantity of solid
dielectric must also be reduced to a minimum on
account of cost and to reduce dielectric loss.

Operating against the electrical requirements,
however, is the fact that the tubes must be able
to withstand factory handling involving reeling
on to drums of a size suitable for the subsequent
operations of cabling, lead covering, and pro-
tection. The completed cable must also be
capable of withstanding the handling encount-
ered during installation.

3.1 InNER CONDUCTOR

Experience with the standard 0-375 inch
coaxial cable employing the interlocking-tooth
type of outer conductor indicated that for the
large tubes a centre conductor constructed along
similar lines could be expected to provide a high
degree of uniformity of diameter and to be
flexible enough to meet the manufacturing and
installation conditions. To keep the seam closed
some external binding or clamping is necessary,
but it is undesirable to provide a continuous
binding of insulation over the inner tube since
this would introduce an undesirable amount of
dielectric in the most intense portion of the
electric field. This problem has been solved by
using clamping discs which form part of the
insulating spacers in the tube.

To provide a smooth inner conductor, the
interlocking teeth project inside the tube, which
has, therefore, a smooth cylindrical external
surface with a single longitudinal seam at the
abutting edges.

3.2 DIELECTRIC

Of the many known dielectrics only two are
generally available having low permittivity and

loss at the frequencies involved. These are
polystyrene and polythene. Polystyrene, unless
used in thin films or threads, tends to be less
flexible than polythene and for this reason poly-
thene is preferred. Its permittivity is 2:3 and its
power factor 0-0004.

In the early experiments consideration was
given to the extrusion of a continuous tube of
polythene to provide support for the outer con-
ductor. However, the difficulty of controlling
concentricity and external diameter to tolerable
limits ruled out this method. The final solution
adopted is to use the injection moulding tech-
nique to produce short thin-walled cylinders of
polythene having a disc with central hole to
support the centre conductor and a spigot at one
end, the spigot making joint with the next
cylindrical spool in the cable. These spools are
slit'radially to enable them to be placed in posi-
tion on the inner conductor. They can be made
with a high dimensional accuracy and the method
of insulation has the advantage of allowing the
conductor spacing to be controlled to very close
tolerances during manufacture. The spools used
have a centre-to-centre spacing of the discs of
1-56 inches, a wall thickness of 0-080 inch and an
external diameter of 0-940 inch.

3.3 Outer CONDUCTOR

Electrically the outer conductor also should
be a smooth thin-walled cylinder. The internal
diameter necessary to meet the attenuation re-
quirements is 0-975 inch and a thin-walled tube
of this diameter will buckle and crack when sub-
jected to frequent bends such as occur during sub-
sequent manufacturing operations. The con-
ventional methods of making a flexible hollow
tube are to produce a tube from spirally wound
tapes or to form transverse corrugations in the
wall of the tube. The use of spiral tapes intro-
duces a spiral component into the current passing
along the cable and it is considered preferable to
corrugate a tape and form it into a tube with a
single longitudinal seam, although this involves
some additional attenuation introduced by the
corrugations. However, by controlling the degree
of corrugation the increase in attenuation is
limited and can be allowed for in the design.

In the first experimental cables the corrugated .
outer conductor tape was supported on the spool
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insulators, but impedance variations along the
completed tubes showed that changes in the
effective diameter of the outer conductor were
excessive. It was therefore decided to make the
outer tube self-supporting. This has been

Figure 3—Views of 0-975-inch tubes.

achieved by off-setting the corrugation at both
edges of the tape so that when formed into a
tube the two opposing edges of the tape are
prevented from over-riding. In’ this way the
diameter of the outer conductor tube is depend-
ent only on the width of the tape from which it is
formed, and can be controlled to very close
limits.

3.4 BINDING

After the outer conductor tube is formed it is
necessary to hold the abutting edges together by
binding the tube; the binding must also provide
mechanical strength and add to the crosstalk
attenuation between
the tube and other
tubes and pairs in the
cable. The require-
ments are met by pro-
viding a binding of
four steel tapes each
5 mils thick, the first
pair of tapes being

applied with right-hand lay and the second pair
with left-hand lay. In this way, in addition to
meeting the above requirements, torsional
rigidity is imparted to the tube, which enables
it to withstand subsequent handling.

To retain the steel
tape binding under
the appropriate ten-
sion when the tubes
are cut for testing
and jointing purposes
and to insulate the
outer conductor for
testing, a binding of
adhesive insulating
tape is applied di-
rectly over the steel
tapes and a final lap-
ping of numbered
paper is provided for
identification.

4. Final Cable De-

sign

The above descrip-
tion outlines the main
channel of development that led to the final
cable design, although many subsidiary lines were
explored before various alternatives were dis-
carded. The final design of the large tubes is
therefore as follows:— '

Centre Conductor: Hollow tube constructed of 0-010-inch
thick copper tape with internally interlocking teeth.
External diameter of tube: 0-250 inch.

Dielectric: Polythene spools having an effective length of
1-55 inches and an external diameter of 0-940 inch.

Outer Conductor: Transversely corrugated tube formed
from 0-010-inch-thick copper tape with offset corrugation
on the edges.

Effective internal diameter: 0-975 inch.

Figure 4—Lay-up of composite cable.



LONDON-BIRMINGHAM TELEVISION CABLE

195

Binding: Two 0-005-inch steel tapes breaking joint with
right-hand lay. Two 0-003-inch steel tapes breaking joint
with left-hand lay.

One adhesive insulating tape.
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External diameter: 1-080 inches.

Figure 3 shows two views of the large tubes.
In the upper view the abutting edges of the
outer conductor are visible and in the lower one
the tube is turned round to show the radial slit
in the polythene spool.

The 0-375-inch tubes and balanced pairs in
the cable conform to existing practice and call
for no comment. The lay-up of the complete
cable has already been described in Section 1.3,

following a: discussion of the factors determining
the diameter of the large tubes. Figure 4 shows
specimens of the cable as laid. (In the specimens
the protective covering of bitumen and hessian
with which the cable is served overall has been
removed.)

4.1 JoINTs

In arriving at a design of joint for connecting
together factory lengths of cable during installa-
tion on the cable route, the following principal
requirements have to be met:—

A. The joint must not cause appreciable reflections of the
energy transmitted through it in the frequency spectrum
1 to 26 megacycles.

Figure 5—Construction of joints in 0-975-inch tubes.
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B. A water barrier must be provided in accordance with
Post Office practice for all air-spaced telephone cables.

C. The joint must be so constructed that during assembly,
and when, if the occasion should arise, the joint is opened,
there should be no risk of damaging the dielectric structure
of the cores or of the joint itself, by melting of the poly-
thene insulators as a result of the soldering operations on
the conductors.

For the first requirement it was found that a
symmetrical disposition of the components on
either side of a solid polythene disc, forming with
two rubber rings the required water barrier,
could be so proportioned that although elemental
portions differed in characteristic impedance

from the cores and therefore caused reflections

of the transmitted wave, the vector resultant of
all the reflections occurring in the joint was
sensibly zero over the whole frequency spectrum
up to 26 megacycles or more. Two views of the
joint finally adopted are shown in Figure 5; the
joint is described below:—

A simple procedure has been evolved for
cutting the ends of the two cores to be jointed
so that the distances to the first polythene discs
on either side of the joint are the same, and are
between 0-5 and 1-0 times one polythene spacer
length. The centre tubes of the core are con-
nected together by means of a copper rod in-
serted into the open ends and soldered. Over this
rod the split polythene spacer with central disc,
previously mentioned, is tied firmly into position
over a small rubber ring. During the soldering
operations required to fix a steel collar and
copper ring to each outer conductor the poly-
thene spacers are temporarily removed from the
core end for a sufficient distance to avoid any
distortion of spacers due to excessive heating.
After replacing these spacers the joint between
the two outer conductors is made by means of a
cylindrically formed thin copper plate which is
seam-soldered at either end and along the
longitudinal seam. Since this soldering operation
does not involve heating large masses of metal
there is no melting of the polythene spacers
inside the sleeve. To improve the engagement
between the inner surface of the outer copper
sleeve and the rubber ring encircling the outside
of the split polythene joint spacer, a tight bind-

ing of copper wire extending for approximately
1 inch is applied to the centre of the sleeve and
soldered into position. To complete the screening
of the joint and to render its mechanical strength
independent of the outer copper sleeve, a steel
sleeve with locking rings is screwed to steel
collars previously soldered to the steel tapes and
outer conductors of the cores. The joint, which
is finally wrapped in empire cloth, is approxi-
mately 7 inches long and 1% inches in diameter.
In the complete cable joint there are two of
these joints for the 0-975-inch tubes, four smaller
joints for the 0-375-inch tubes, and the usual
joints in the unscreened and screened pairs, the
overall dimensions being 30 inches long by 4
inches in diameter. To prevent passage of water
along the interstices between the various coaxial
tubes and the pairs in the main joint a pair of
multi-outlet plastic sleeves is fitted tightly over
all the components where they leave the lead
sheath of the cable inside the outer lead sleeve
of the joint.

4.2 EXPERIMENTAL CABLE

When the preliminary development work had
resulted in the production of a number of drum
lengths, it was decided to manufacture and joint
together in the factory a substantial length of
cable to allow the repeater-section characteristics
of the large tubes to be determined; in particular
to check the effect of the joints on impedance
uniformity. This would also enable measurements
of attenuation, impedance uniformity, and cross-
talk to be made, which could not be measured
accurately on individual lengths. Upon the com-
pletion of this work the measurements, which
were made on 2-3 miles of cable, comprising 33
drum lengths, showed that the attenuation and
crosstalk were satisfactory, but that the variation
of impedance of the large tubes was rather more
than had been expected. A detailed examination
of the test results on individual drum lengths and
a comparison with the tests on the 33 lengths in
tandem showed that the dimensional accuracy
of the outer tube was insufficient to meet the
high degree of uniformity required. The con-
struction of the large tubes was then altered
somewhat, as indicated previously, the principal
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conductor, the shortening of the spacing spools,
and improvements in the outer binding.

A mile of cable of the modified design was
manufactured, jointed in the factory, and tested,
and the results obtained showed that the req-
uisite uniformity of characteristic impedance
had been achieved. Manufacture of a full re-
peater section of cable was therefore put in hand.
Meanwhile the mile of cable was installed on the
London-Birmingham route and retested. The
results after installation showed virtually
change from the factory results, thus indicating

o
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shown in the line diagram

4.4 CABLE TERMINATIONS

The method adopted for terminating the
cable, as arranged at an intermediate station, is
shown in Figure 7. The cable uprising against
the wall is separated into short lengths of indi-
vidual lead-sheathed coaxial tubes and groups of
balanced pairs at the plug joint. The coaxial
tubes are carried over racking to the point where
they finish in sealing ends designed to provide an
airtight termination to which flexible cable can be

0-375-inch tubes and as-
sociated balanced pairs
are omitted, because

one-w ounly

only,
need be catered for on
this part of the route.
The places at which the

three-mile repeaters will
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introducing an impedance irregularity. Each

sealing end provides an earth for the outer con-
ductor which can be removed for testing purposes.

It will be seen that in this particular station all
the coaxial tubes terminate in sealing ends in
this way, and that the balanced pairs also are
terminated in test tablets, shown on the right-
hand side of the picture. But sealing ends for
the 0-375-inch tubes and test tablets for the
balanced pairs are provided only at the 6- and

Figure 7—Cable terminations.

24-mile repeater stations, and at intermediate
points permanent through connections are pro-
vided inside plumbed joints.

5. Test Results

Although the cable has not yet been com-
pletely installed it is possible to give some results
that are typical of the sections already tested :—

Characteristic Impedance: Figure 8 shows the
way in which the resistive component of the
input impedance of a
0-975-inch tube varies
with frequency at
one end of a three-
mile repeater section,
when the other end
is terminated in 75
ohms. The sum of the
six largest differences
of impedance corre-
sponding to this curve
is 22-1 ohms, com-
pared with the specifi-
cation figure of 26-5
ohms.

In Figure 9 a copy
is shown of the com-
plex echo pattern ob-
served on a cathode-
ray oscilloscope at the
sending end of a three-
mile section, when a
0-1 micro-second
direct-current pulse is
applied. This type of
test is very useful for
locating irregularities
and diagnosing them.
The break-through of
the sent pulse, and an
echo from the far-end
terminating imped-
ance, appear at the
beginning and end of
the time scale respec-
tively and it will be
seen that the biggest
echo returned from
within the section is

60 decibels below the
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Figure 8—Variation of resistive component of input
impedance with frequency for 3-mile length of 0-975-
inch tube.

sent pulse and arises 740 yards from the sending
end. The pair of echoes of opposite sign, arising
1900 and 2050 yards from the sending end,
suggests that on one drum length the character-
istic impedance of the tube tested is slightly
lower than that of adjacent lengths. Since an
echo near the sending end 60 decibels below the
level of the sent pulse, corresponds to a change
of impedance of the order of 0-15 ohm it will be
seen that the response shown in Figure 9 indi-
cates a very high degree of impedance uni-
formity. :

On all repeater-section ends so far tested the
mean characteristic impedance around 20 mega-
cycles lies between 74-8 and 75-2 ohms, which
should be compared with the specification limits
of 74 and 76 ohms.

Attenuation: There is considerable difficulty,
having made accurate measurements of cable
attenuation, in correcting them to a reference
temperature, because of the difficulty of deter-
mining the temperature of the cable, which can
vary along its length. However, it appears from
precise measurements on a section of the cable
that at 15 degrees centigrade the attenuation of
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Figure 9—Pulse test on 2:73-mile section of 0-975-inch

tube. Approximate rectangular direct-current pulse of 0-1

microsecond width. Figures appended to principal reflections give their magnitude expressed in decibels below incident

pulse level.
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seen that on far-end crosstalk between 0-375-
inch tubes there is a margin of at least 10 decibels
and that in all other cases the requirements are
satisfied with much greater margins.
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Highly Balanced Radio-Frequency Transmission Lines

By K. H. ZIMMERMANN
Federal Telephone and Radio Corporation, Clifton, New Jersey

HEN it is desired to transmit power
from a balanced, push-pull, or sym-
metrical source, neither side of which

the hal d twi ine i
, the balanced twinax line is prefer-

able to a coaxial line.

In appearance, the twinax line shown in
Figure 1 resembles the familiar coaxial line,
except that there are two inner conductors in-
stead of a single centrally disposed conductor.
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Figure 1-—Construction of twinax balanced
shielded transmission line.

The position of the two inner conductors with
relation to each other and to the surrounding
shield is extremely important in determining
the electrical characteristics of the line.

One of the most important properties of a
high-frequency line is its characteristic im-
pedance. Design formulas for twinax lines are
more complicated than those for coaxial lines.
In addition, the formulas are not as accurate,
and it is usually necessary to modify the first
design to obtain the desired results. The char-
acteristic impedance of a two-conductor shielded
line is obtained from the following relation:

_ 276 1-¢°
20~ g oo (215)
1+4-42°

_120<W>(1 —40%, (1

where Z,=characteristic impedance,

d =diameter of inner conductors.

E =dielectric constant of insulating ma-
terial.

h=spacing between inner conductors,
center to center.

D =diameter of dielectric.

Q=h/D.

v="h/d.

The importance of conductor spacing is shown
in the curves of Figures 2 and 3. These curves
were prepared for two different lines. Figure 3
also shows the effect of variation in the diameter
of the dielectric. Although there is considerable
difference in physical size, both lines have a
characteristic impedance of 95 ohms.

The first balanced lines consisted of two par-
allel conductors, equally spaced from the center
of the dielectric. A braided copper shield is ap-
plied over the dielectric, and a thermoplastic
jacket extruded over the braid serves as a
protective covering.

These lines are still in demand and serve
effectively in many applications. However, the
parallel-conductor line is flexible only in the
direction at right angles to the plane through the
two conductors. This difficulty has been elimin-
ated by separately insulating each inner con-
ductor to a diameter equal to the desired center-
to-center conductor spacing. The insulated
conductors are then twisted together and another
extrusion of dielectric is applied to obtain the
final circular cross section. This not only increases

the flexibility of the line but also improves the
100 /_\
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/ \
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Figure 2—Calculated values of characteristic impedance
plotted against conductor spacing for K-56-type twinax
cable. Diameter of the dielectric is 0.475 inch and dielec-
tric constant is 2.34. Each conductor consists of 7/0.0283-
inch copper wire.
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electrical balance by providing a closer tolerance
on the conductor spacing. Due to the twisting,
the conductors change their positions relative
to the shield and there is less tendency toward

unbalance than in the parallel arrangement,

where it is possible for one conductor to be
closer to the shield for the entire length of the
line.

Balance ratio of a transmission line is defined
as the vector sum over the vector difference of
the voltages across the two inner conductors at
the receiving end of the line when voltage at the
transmitting end is applied between the two
inner conductors tied together and the shield.
Theoretically, for an ideal line, the balance
ratio is infinite.

To obtain a highly balanced line, it is nec-
essary to exercise meticulous care during each
manufacturing process. First, each inner con-
ductor is insulated to a dielectric diameter that
is held to 4-0.002 inch. It is important that each
insulated conductor be identical in all electrical
and physical characteristics. Both conductors
are obtained from the same manufacturing run
to insure identical characteristics.

Twisting the inner
conductors is another

homogeneous dielectric, excluding all foreign ma-
terials, is required. Therefore, another layer of the
same dielectric material is extruded over the inner
conductors. Success in this difficult operation de-
pends on the design of the extrusion tools and the
skill of the operators. Any variations in centering
or failure to meet dimensional tolerances will
result in lines that are not suitable in appearance,
characteristic impedance, or balance ratio.

The braided shield and thermoplastic jacket
are applied exactly as in the manufacture of the
familiar coaxial line.

When the line is complete, physical dimen-
sions, dielectric strength, velocity of propaga-
tion, capacitance, capacitance unbalance, char-
acteristic impedance, attenuation, and balance
ratio are measured.

1. Velocity of Propagation

The velocity of propagation is obtained from
the resonant frequency of a known length of
line. A cable length of 1.5 meters, which is three-
quarters of a wavelength at approximately 100
megacycles per second, is used. The resonant
frequency of the 1.5-meter length is found by

critical operation. If "o

the conductors are

//§
sl

not maintained at
equal tensions during
twisting, one con-

105

/ —
%éa/

ductor will twist 100

about the other and

]
Fa

will become the longer
of the two in the com-
pleted assembly. Con-

95

y

sequently, all tensions
at the twister take-off

reels must be carefully
maintained.
Usually, when con-

CHARACTERISTIC IMPEDANGE IN OHMS v

5 Y
Ry 4

//
Ry .4
4

ductors are twisted,
a filler material is

inserted in the inter- 75
stices or valleys to
obtain a round cross
section. This is not
possible in twinax con-
struction because a

70 75 80 ’

8s 20 95
CONDUCTOR SPACING IN THOUSANDTHS OF AN INCH

100 106 Ho us 120

Figure 3—Calculated values of characteristic impedance plotted against conductor
spacing for K-51-type twinax cable. The dielectric constant is 2.33 and the dielectric
diameters differ for each of the three curves, as follows: Curve 1—0.295; Curve
2—0.285, and Curve 3—0.275 inch. The conductors are 7/0.0152-inch copper wire.
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loosely coupling the line to an oscillator that
is varied in frequency until resonance is indi-
cated by a dip in a grid meter. For a 1.5-meter
length of line, the velocity of propagation in
percent of the velocity in free space is given by
the relation:

V=2/3f, (2)

where f is the resonant frequency in megacycles.

The velocity of propagation of a polyethylene-
insulated cable is approximately 66.3 percent of
the speed of light.

2. Capacitance

Three measurements are required to find the
capacitance of a twinax line.

First, the capacitance C4 between one con-
ductor and the shield is measured with the
other conductor tied to the shield; second, the
capacitance Cp between the second conductor
and shield is measured with the first conductor
tied to the shield; third, the capacitance C¢ is
measured between the two conductors tied to-
gether and the shield. The capacitance of the
line is given by

Czw‘“_cf{ (3)

3. Characteristic Impedance

If C is the capacitance of the 1.5-meter length
of line, the characteristic impedance of the line
is obtained from this value and the velocity of

propagation as shown:

600,000

Zo= V(percent) X C~

(4)

4. Balance Ratio

Two operations are required to determine the
balance ratio. The line is connected between a
suitable generator and a receiver having an input
impedance that matches the impedance of the
line. A voltage V; is applied between the two
conductors at the generator end and the output
at the receiver is noted. A voltage is then applied
between the two conductors tied together at the
generator end and the shield. This voltage is
increased to a value V. at which the receiver
voltage is again the same. The ratio of Vy/V; is
the balance ratio.

Three twinax balanced lines are available
commercially; one has a characteristic impedance
of 72 ohms and the other two are of 95 ohms.
The 72-ohm line, designated K7-107, was de-
signed for use with a dipole antenna. This line
matches the 72-ohm antenna and, of course, is
shielded.

The two 95-ohm lines, K7-51 and KT-56, were
developed for radar applications. The larger
line K7-56 is used where the power-handling
ability of the smaller line is inadequate. The
properties of these lines are given in Table 1.

Balanced transmission lines are used with
dipole antennas, balanced loops, or wherever
it is desirable to connect to a balanced load.
Measuring circuits often require a balanced line.

TABLE 1
PropERTIES OF TwiNnax LiNes
Character- | Capacitance | Attenuation Power, Dimensions of Diameters in Inches Weight in
istic Im- in Micro- | in Decibels | Rating in Pounds

Type pedance in | microfarads Felziraltofoo 1‘())‘{)8.&}[1;;— Per 1000
Ohms Per Foot Megacycles cycles Conductors Dielectric Shield ‘ Jacket Feet
KT-51 95 16 10.5 — 0.046 0.285 0.355 0.430 132
KT-56 95 16 8.8 1250 0.086 0.472 0.540 0.640 233
KT-107 72 21 10.0 — 0.036 0.146 0.191 0.250 41

KT-51 highly balanced radio-frequency transmission line.



Transmission-Measuring Set for Low-Frequency
Carrier Systems

By J. BRUNDAGE and J. ZYDA
Federal Telephone and Radio Corporation, Clifton, New Jersey

N THE 902-A transmission-measuring set, a
stabilized resistance-capacitance oscillator
covers the range from 300 to 40,000 cycles

per second. A 4-position rotary switch provides
for sending, receiving, measuring, and calibra-
tion. Transmission power may be varied from
—40 to +20 decibels referred to 1 milliwatt over
the frequency range with adequate sensitivity in
the receiver to utilize
these powers. Self-cali-
bration is provided.
The unit may be
readily converted for
either portable use or
rack mounting.

Many industries
find it necessary to
maintain private tele-
phone systems as an
adjunct to their main
activities. Fast de-
pendable telephone
communication is par-
ticularly important to
railroads, pipe-line
operators, and power
companies and in
some cases wire lines
already in wuse for
other services can be
adapted to low-fre-
quency carrier tele-
phone operation.
Usually, such carrier
equipment is owned
and maintained by
the company using it.

The successful
operation and main-

tenance of carrier telephone equipment is based
on the proper adjustment of the terminal equip-
ments to make most effective use of the charac-
teristics of the lines, which characteristics may
vary substantially with weather. As a conse-
quence, transmission-measuring sets are used to
obtain the basic information on which the ad-
justments are made.

Figure 1—Transmission-measuring set arranged for portable use with cover removed.
The brackets to convert to rack mounting are fastened into the cover.
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Figure 2—Rack mounting of set.

1. Physical Characteristics

As it is desirable to use the fewest number of
different types of equipment throughout a sys-
tem, the 902-A transmission-measuring set was
designed for either portable use or rack mounting.
In Figure 1, the set is arranged for field service.
The metallic case in which it is mounted has been
equipped with handles. The complete unit with
cover in place is 16 inches wide, 103 inches high,
and 12% inches deep. It weighs approximately 40
pounds. The same unit may be mounted on a
standard 19-inch relay rack, as shown in Figure
2, by replacing the handles with brackets.
Either the handles or the brackets may be
fastened in the cover when not in use.

To fulfill the field requirements of a portable
instrument, the unit is entirely self-contained
and includes a power supply that operates from
alternating-current mains. All magnetic com-
ponents and capacitors are hermetically sealed

The handles used for portable operation may be
fastened into the cover, which is not used in this arrangement.

and the metallic
carrying case pro-
vides further protec-
tion against weather,

2. Electrical Char-
acteristics

A measuring set for
carrier systems oper-
ating below 40 kilo-
cycles should permit
measurements at fre-
quencies from 300 to
40,000 cycles. For
field use, it should in-
clude sending, receiv-
ing and measuring
circuits, a means for
calibration, and the
necessary power sup-
ply.

The sending circuit
should provide means
for transmitting any
desired level from
—40 to +20 decibels
(reference level of 1
milliwatt) over the
entire frequency
range. It should have
a 600-ohm output impedance, a frequency setting
calibrated to an accuracy within 2 percent, and
the wave form of the output signal should have
a harmonic content of less than 3 percent.

The receiving circuit should have a sensitivity
to cover the above range of levels and frequencies.
The accuracy of the equipment should be within
1 decibel over the entire frequency range.
Facilities must be provided to enable 600-ohm
termination as well as bridging-type measure-
ments to be made with the receiving circuit.
The accuracy must not be affected by normal
power-line voltage fluctuations.

Figure 3 is a block schematic showing the
method used in the 902-A set to meet the above
requirements,

2.1 SeENDING CIRCUIT

To obtain good stability as well as to provide a
convenient means for obtaining the frequency
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range, a stabilized circuit using a resistance-
capacitance oscillator was chosen. The sending
circuit shown in Figure 4 consists of a three-tube
amplifier, employing a resistance-capacitance
feedback network to establish and control the
frequency of the oscillations. The oscillator fre-
quency is determined by the values of resistance
and capacitance in the feedback network, under
control of the range-selector switch and the main
tuning dial. The frequency ranges are as follows:
300 to 1200 cycles; 1000 to 4000 cycles; 3000 to
12,000 cycles; and 10,000 1o 40,000 cycles. It can
be shown that oscillations tend to take place at a
frequency f=%1rRC(, where R and C are the values
of resistance and capacitance used.

In Figure 4, a portion of the amplifier output
is fed back through the phase-shifting network,
R1, R2, C1, C2, to the 6G6G cathode-follower.
The function of the cathode-follower is to match
the necessarily high impedance of the resistance-

nqpamfanr‘p network to the rp]ahvplv low im-

pedance of the impedance bridge, and to mini-
mizé the tube capacitance across the shunt arm
of the phase-shifting network.

The bridge consists of two fixed resistors as
ratio arms, a variable resistor R3, and a tungsten-
filament lamp. The variable resistor is adjusted
at the factory to give the proper output level at
the sEND terminals. This occurs approximately
at balance. If the signal at the grid of the second
tube tends to increase, more current is drawn
through the lamp increasing its resistance. An
increase in lamp resistance tends to balance the
bridge, which will reduce the signal applied to

the second tube and, therefore, the amount of
voltage fed back through the phase-shifting
network. A tendency for the signal at the grid of
the second tube to decrease will decrease the

cnirrant ]’\v‘nlln]‘l the lamn
current through the sAliips,

and further unba]ance the bridge, thus applying
a larger signal to the grid of the second tube.
The over-all effect of these actions is to keep the
output voltage of the resistance-coupled ampli-
fier constant.

The output of the two 6577 voltage-amplifier
stages is applied through a gain control to a
single-stage buffer amplifier. This is a conven-
tional transformer-coupled power-output pen-
tode stage using both current and voltage feed-
back to stabilize gain and output impedance and
to reduce harmonic distortion.

A pad is connected to the output of the buffer
amplifier and helps to keep the impedance con-
stant over the frequency range. The SEND LEVEL
attenuator is used in rnnnn’lr‘ﬁnn \mﬂ'] the o‘mn

reduce its recistance
reauee 1Us resistance

control to set the output Ievel, the gain control
being used to adjust the buffer-amplifier output
level to a standard value and the attenuator to
control the output level to the device under test
in 10-decibel steps from —+20 to —40 decibels.
The signal is applied to the SEND terminals and
jacks through a shielded repeating coil thus en-
abling the set to be used on either grounded or
ungrounded lines or equipment. The connections
between the jacks and terminals are so arranged
that plugging into the jacks disconnects the
terminals, thus eliminating the possibility of
errors due to leaving circuits connected to the

GALIBRATION —o%°0
VOLYAGE ——°
DIVIDER e 0
SEND LEVEL] | | °—J ——— ° | Jrecewe

JSCILLATOR | purrER| |3 | BITENATORT Sy seun f‘j‘:ggg RECEIVE 167 eveL [ °1 2-sace a
X o i JacKs __| | Jacks 18 | aTTEN- aMPLIFIER | | DECIBEL
CYCLES Fer f paol o 1o e TEST g~/ 1\ _uaron —t METER
8 | E = ] '

Figure 3—Circuit arrangement used I

e e

N

in the 902-A transmission-measuring

ot

ANl cridnlenc mon o rnrd sl baowen
SCTL. A3 DSWILLLLICS dlt Zallgold allll Have
four positions: calibrate, normal (posi-
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The suriteh sectinneg that tarminata tha
The switch sections that terminate the

send and receive jacks in 600-ohm re-

0-TYPI
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terminals while using the jacks. The output
impedance looking back into the sgxD jacks or
terminals is 600 ohms.

2.2 RecriviING CIRCUIT

The receiving circuit is designed for either
bridging or terminating measurements and con-

gain. The feedback control is adjusted and locked
at the factory to standardize the amplifier gain.

2.3 MEASURING -CIRCUIT

The rectifier-type meter in the feedback cir-
cuit of the amplifier is calibrated in terms of the
net power input level in decibels above 1 milli-

§

(- -""""7

§ RI
R4 (_ —
; ' TO BUFFER
AMPLIFIER
! '
+ +
Figure 4—Resistance-capacitance oscillator for generating frequencies between 300 and 40,000 cycles. The 6G6G

is operated as a cathode-follower and a bridge circuit using a tungsten-filament lamp as one arm stabilizes the alter-
nating voltage applied to the grid of the first 6577 amplifier tube.

sists of an input circuit, amplifier, and meter cir-
cuit. The input circuit is connected to the RE-
CEIVE terminals and jacks, which are intercon-
nected in a manner similar to the SEND terminals
and jacks. Incoming signals are applied to the
amplifier through a shielded repeating coil, en-
abling the set to be used on grounded or un-
grounded circuits; and through the RECEIVE
LEVEL attenuator, which permits the signal on
the grid of the first amplifier tube to be set at
the proper value. The nominal input impedance
of the circuit is 5000 ohms and this is shunted to
600 ohms on the NORMAL and REVERSE positions
of the CIRCUIT SELECTOR SWITCH.

The amplifier is a conventional two-stage re-
sistance-coupled amplifier with adjustable nega-
tive current feedback over both stages to stabilize

watt in the 600-ohm load. It is marked with two
linear scales in 2Z-decibel intervals. One scale
with red numerals is calibrated from 0 to 15 with
zero at the left, and is used in conjunction with
red 0 and red 410 range positions of the RE-
CEIVE LEVEL control to measure levels from 0 to
+25 decibels. A scale with black numerals from
0 to 15, with zero at the right, is used in con-
junction with black 0, —10, and —20 range
positions of the RECEIVE LEVEL control to meas-
ure levels from 0 to — 35 decibels. The levels that
can be measured are from —35 to +25 decibels.

Switching operations are performed by a
twelve-circuit four-position rotary-type switch
mounted on the front panel. In the calibration
position, the sending circuit is connected directly
to the receiving circuit through an accurate 20-



208

ELECTRICAL COMMUNICATION

decibel pad. Other sections of the switch remove
the SEND LEVEL attenuator from the circuit,
apply 600-ohm resistors to terminate the SEND
and RECEIVE jacks, and connect the receiving
circuit to the 0-decibel tap on the RECEIVE LEVEL
attenuator. Adjustment of the calibration volt-
age divider R4 to bring the meter indication to
0 decibels standardizes the level fed into the
SEND LEVEL attenuator at 420 decibels.

In the normal position of the circuit selector
switch, the oscillator output is connected to the
SEND jacks through the SEND LEVEL attenuator.
The RECEIVE jacks are connected to the input of
the receiving circuit. The unit is then ready for
measurements on a 600-ohm basis.

In the reverse position of the circuit selector
switch, the functions of the SEND and RECEIVE
jacks are interchanged, i.e., the oscillator output
is applied to the RECEIVE jacks and the receiving
circuit to the SsEND jacks. This enables measure-
ments to be made around a loop in a reverse
direction by merely operating the switch.

In the bridging position, the oscillator circuit
is connected to the SEND jacks in the same way as
in the normal position. The receiving circuit is
connected to the RECEIVE jacks but with the

terminating resistor removed. This makes it
possible to bridge on a 600-ohm line and measure
levels directly. The input impedance on the
bridging position is approximately 5000 ohms.

2.4 POwWER SUPPLY

The power supply built into the unit operates
from either a 115-volt 410 percent or 230-volt
410 percent 50/60-cycle 75-watt alternating-
current source (depending on the strapping of
the power transformer) to provide all voltages
necessary for the operation of the equipment.
The alternating voltages for the tube heaters are
supplied by a center-tapped winding on the
power transformer. The plate and screen direct
voltages are derived from a conventional full-
wave rectifier circuit and associated filter net-
works. Part of the rectifier output passes through
a resistance-capacitance filter to the receiving
circuit, while the other part goes through a pi-
section inductance-capacitance filter to a volt-
age-regulating circuit and thence to the sending
circuit. Employment of separate filters for the
sending and receiving circuits effectively de-
couples these two circuits from each other and
prevents interference between them.

Recent Telecommunication Development

Organization of Telecommunications of Greece

THE GOVERNMENT of the Kingdom of Greece
has entered into a technical advisory con-
tract with the International Telephone and Tele-
graph Corporation for the reorganization of the
telecommunications system of that country. The
program is being sponsored by the Economic
Cooperation Administration in Greece.

A staffi of communication experts will be
provided by the International Telephone and
Telegraph Corporation to advise and assist the
Greek government in reorganizing, reconstruct-
ing, and improving present facilities. All existing
public telecommunication systems will be oper-
ated by a single autonomous company to be
known as The Organization of Telecommunica-
tions of Greece. It will be subject to govern-

mental regulation only as to charges for services
and methods of financing.

Several systems will be merged in the new
company, and they include the Ministry of Posts,
Telegraphs, and Telephones, now maintaining
long-distance telephone and telegraph networks;
Hellenic Telephone Company, now operating
about 54,000 automatic telephone lines in urban
centers having exchanges of 100 lines or more;
and the telephone system of the Island of
Rhodes.

The Hellenic Telephone Company was for-
merly controlled by German interests and the
Rhodes system by Italians. Both systems were
acquired by the Greek government following the
second world war.



Group-Start Method of Subscriber’s Line Identification

By F. H. BRAY, D. H. ORMROD, and M. T. WILSON
Standard Telephones and Cables, Limited, London, England

line is an essential feature of automatic

ticketing and is of primary importance for
other applications such as number checking on
trunk and toll calls and for the tracing of ma-
licious calls, This article describes the group-
start method of line identification applied to
step-by-step equipments working into sleeve-
control trunk boards. Other methods of line
identification have been developed and some are
in use, but it is thought that this scheme pos-
sesses such advantages as speed of operation,
economy in equipment, small modification to
existing exchange equipment, adaptability to
various automatic systems, simplicity of main-

IDENTIFICATION of a calling subscriber’s

LOCAL AUTOMATIC EXCHANGE

SUBSCRIBER D !

;
?

tenance, no interference to speech during iden-
tification, and freedom from interference by the
subscriber.

1. General Plan

Figure 1 is a block schematic of the system as
developed for automatic number checking on
calls to trunk operators. The method of identifi-
cation is based on the segregation of the sub-
scribers’ lines into groups of 100, each group
being provided with a group-start relay and a
uniselector. Operation of the group-start relay
causes the uniselector to hunt for the line to be
identified in the group, and also indicates the
thousands and hundreds digits of the group. The

TRUNK EXCHANGE
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Figure 1—Line-identification trunking diagram for non-register areas.
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final position of the uniselector indicates the

tens and units digits.

The subscriber at the local exchange dials,
say, O and is connected via an outgoing relay set

to an incoming relay
set at the trunk ex-
change. The operator
answers and obtains
details of the call. To
verify the calling sub-
scriber’s number, she
throws the identifica-
tion key associated
with the position cir-
cuit and a free receiv-
ing circuit is associated
with the position cir-
cuit. An identification
start signal is trans-
mitted over the junc-
tion causing the out-
going relay set to be
connected to a free
storage and sending
circuit. If the control
circuit is free, an iden-
tification marking sig-
nal is applied by the
storage and sending cir-
cuit to the private or
third wire of the sub-
scriber’s line circuit.
This marking potential
operates the relevant
group-start relay, and
the uniselector, under
the control of the con-
trol circuit, hunts for
the marked line. In-
formation relative to
the subscriber’s num-
ber is then passed to
the storage and send-
ing circuit where it is
stored. The start and
finder circuit and the
control circuit are then
released and are availa-
ble for other calls re-
quiring identification.

The stored information is transmitted in the form

of 50-cycle alternating-current impulses, sim-

(A) GORD CIRCUIT
ANSWERING .

plexed over the junction to the receiving circuit
where they are converted into direct-current im-
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pulses to operate the number indicator, on the
operator’s position, which displays the calling
subscriber’s number. The storage and sending
circuit and receiving circuit are released after
the last digit has been transmitted and dis-
played, the number indicator being locked under
control of the position identification key. The
main function of the control circuit is to ensure
that only one line in an exchange can be marked
for identification at any one time. It is possible
to adopt this method, thus eliminating any
possibility of cross connections, since the maxi-
mum holding time of the control circuit is only
1 second. The modifications required to the
standard exchange equipment are very small and
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are obvious from the more-detailed description
that follows.

2. Initiation of Identification
2.1 IDENTIFICATION START SIGNAL

The operator answers an incoming call by
plugging a free cord into the answering jack and
throwing the cord speak key (Figure 2A), which
associates the position circuit, shown in part
in 2B, with the connection. To initiate identifi-
cation of the calling subscriber’s number, the
identification key K7 in the position circuit is
thrown. Relay S operates and applies a start
signal to the common start relay CS in Figure 3.

This operates ST in

all disengaged receiv-

ing circuits and the

position finders PF
A ‘ hunt to find the call-
ing position. FT' of
the successful circuit
operates, breaking the
drive of PF and oper-
ating T'7T. Earth on
the SW lead operates
IA and PT in the
position circuit. 74
releases CS and all
other finders stop
hunting. I4 applies a
negative potential to
the ring lead of the
cord circuit to oper-
ate IC in the incom-
ing relay set (Figure
4) and also releases

PF LG T )
ST : S. During the release

e L T time of S,' a negative

E ¢s ; £ | l 'I'"" ‘ L potential is applied to
T3 T 2 /cc : the tip lead of the
> i ' ' .

{ COMNON | L + cord circuit to oper-

H 1 ¥ .

! START i = ate RR. RR applies a

i RELAY 1

RECEIVING CIRCUIT

Figure 3—Receiving circuit.

pulse of positive po-
larity to the positive
leg of the junction,
operating IS in the
outgoing relay set
(Figure 5). Once IS'is
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operated and locked, subsequent operations are
immune from interference by the calling sub-
scriber, and identification proceeds even should
the subscriber replace his receiver.

2.2 SEIZURE OF STORAGE AND SENDING CIrRCUIT

IS operates the common-start relay .S (Figure 6)
and all free junction finders JF hunt for the out-
going relay set in a manner similar to that de-
scribed in 2.1. Relays FT and T4 operate. TA
 operates relay D in the outgoing relay set
(Figure 5), which re-

leases S and all other
LI L

of the subscriber’s meter operating. This posi-
tive potential is also used to mark the P wire of
the calling line.

In booster-metering systems, it is necessary to
add a miniature rectifier per line and to use a tone
of about 500 cycles per second as the group-
marking signal and a low negative potential on
the P wire as the line-marking signal. A positive
marking signal cannot be used in this case due
to the operating limits of the subscriber’s meters.

The necessary slight modifications to the
identification circuits for these two cases, which

. . L4
junction finders cease

hunting. FROM JUNCTION

e

™

3. Group and Line-
Marking Sig-

nals

3.1 METHOD OF AP- H b4
LS D
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It was stated in
Section 1 that the
lines are segregated in
groups of 100. In de-

{

off

veloping the scheme
for use in step-by-step
systems using posi-
tive-battery meter-
ing, advantage was
taken of the presence -
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Figure 4—Part of incoming relay set.

of a rectifier in the ™
meter lead of the sub-
scriber’s line circuit.
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operates to a low
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such a wvalue that
there is no possibility

I 4
T0 STORAGE AND SENQING GIRCUIT
(FIGURE 6)

QUTGOING RELAY SET
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are those most used by the British Post Office,
are indicated in the subsequent descriptions.
It is apparent that the positiva-battery-

metering scheme can
be easily adapted for
use on 4th-wire meter-
ing or flat-rate systems
and is equally applica-
ble to line-finder or
line-switch equipments.

3.2 SErizure or Con-
TROL CIRCUIT

Figure 7B shows the
alternative connections
for the cases mentioned
under Section 3.1; con-
nections shown with
crosses breaking the
lines are used for posi-
tive-battery-metering
systems and those
shown dotted are for
booster-battery meter-
ing. Similar conven-
tions are used in Figure
6. Only one control
circuit is provided per
exchange for the rea-
son given in Section 1.
A standby circuit is al-
ways provided to cover
any fault liability and
to assist maintenance.
Assuming the control
circuit is not in use
when relay T'A of Fig-
ure 6 operates, KS is
operated via the test
lead and G operates in
the control circuit. G
operates K4 and holds
KS on the CI lead.
KA operates SW.

In a positive-bat-
tery-metering ex-
change, the operation
of K4 applies the start
and marking positive

potential of about 14 volts to the IP lead of

the outgoing relay set. The IP lead is con-

{A) START AND FINDER CIRCUITS

FROM SUBSCRIBER'S LINE CIRCUIT
FIGURES 8A AND 88

TO OTHER LINE CIRCUITS
OF SAME GROUP

—0 F
i
s
’/s ]
) B =
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.1[5 /s
$ ¢ N
Lt Lod LeJ
%6
= Eijoc
-
Ld
-+
N 4
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(B) CONTROL CIRCUIT

Figure 7-—Line-identification start and finder circuit (per 100 lines) at 4 above the
dotted line, and control circuit (per exchange) at B below line. Lines broken with
crosses are for positive-battery metering and those shown dotted are for booster-bat-
tery metering.
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and this positive potential maintains the busy
and holding condition of the connection. In the
case of the booster-metering line circuit, K4
applies the group-marking signal of 500 cycles
per second to the P wire. The line-marking

(A) POSITIVE-BATTERY METERING

signal for this case is about 6 volts negative and
is described later.

The operation of G in the control circuit pre-
vents any other storage and sending circuit from
originating the marking signals since the opera-

ting earth for KS is
removed from the test
lead.

10
SUBSCRIBER'S
LINE

4. Identification of
Calling Sub-

scriber’s Line

4,1 SEIZURE OF START

RENOVE NORMAL oM X
EARTH CONNECTION

)
TJ " INTERMEDIATE
DISTRIBUTING FRANE

10
1DENTIFICATION
! FINDER
PART OF (FIGURE TA)
(DENTIFICATION
START CIRCUIT
(FIGURE TA)

| 10 FiRst

SELECTOR AND FINDER CIR-

cult (POSITIVE-
BatTERY ME-
TERING)

The low positive
potential on the P
wire from the storage
and sending circuit
(Figure 6) appears on
the subscriber’s meter
lead (Figure 8) and
operates SG relay in

10
SUBSCRIBER'S
LINE

the group-start circuit
(Figure 7) in series
with the subscriber’s
meter and relay BG,

T0 FIRST but the meter and BG

>
TOR
SELECTO do not operate. The

BG relay is the “me-
ter-guard” relay and
operates, together

10
(DENTIFICATION
FINDER
(FIGURE TA)
PART OF
1DENTIFICATION

START CIRCUIT
(FIGURE TA)

(B) BOOSTER-BATTERY METERING

Figure 8—Connection of subscriber’s line circuit to identification equipment.

with SG, only when
any line in a group is
being metered. [den-
tification is delayed
whilst BG is operated.

The operation of
SGto the group-mark-
ing signal operates
and locks S in the
identification finder
circuit (Figure 7) so
that once a mark-
ing signal has been
received it is not
affected by any



216

ELECTRICAL COMMUNICATION

subsequent metering signals to other subscribers’
lines in. the group. If the marking signal is re-
ceived while another line in the group is being
metered, the operation of .S is delayed for the me-
tering period, approximately 200 milli-seconds.
When BG releases, SG remains operated to initiate
identification.

4.2 SeEizurRE orF START AND FiNpeEr CIrCUIT
(BOOSTER-BATTERY METERING)

The 500-cycle group-marking signal is applied
in Figure 8B via a miniature rectifier to the com-
mon start lead. The rectified current operates a
polarized relay SG which functions as described
under 4.1. The connection of BG relay to 6 volts
positive and its connection to the ST lead via a
rectifier ensures that it operates only when a
metering signal is present on any line in the
group. BG performs the same functions as de-
scribed under 4.1.

4.3 METHOD OF IDENTIFYING CALLING SUB-
SCRIBER’S NUMBER

When the start relay S (Figure 7) is operated,
the identification finder IF searches for the
calling line whose P wire is connected to the
marking potential. Relay DC is also operated.
The identification leads are connected direct to
the P wires of the subscriber’s line circuits in the
group and arranged in pairs round the banks of a
50-point uniselector so that 100 lines can be ac-
commodated by one switch. There are two
identical test circuits in the control circuit, only
one of which is shown on the M lead as relays
SW and NS. Two lines are tested at once so that
the maximum number of steps that the uni-
selector has to hunt over is 49, and the maximum
searching time is, therefore, less than one second.

When IF reaches the marked line, STV oper-
ates, disconnects the circuit of IF and operates
the switching relay H. Since SW will also operate
when a line in the metering condition is en-
countered, relay NS is provided and connected
to the same potential as the marking signal. N.S
operates to the metering signal and maintains the
drive circuit for IF, so preventing the selector
stopping .on any line other than the one marked
by the line-marking signal. Provision is made
to prevent the second test circuit driving IF past

the marked line if the metering condition exists
on the opposite line.

The final location of IF indicates the tens
and units. digits of the calling subscriber’s num-
ber and by suitable strapping on the banks the
appropriate storage relays in the storage and
sending circuit (Figure 6) are operated. Since
other digits comprising the subscriber’s number
are common for all lines in the group, they can
obviously be indicated by contacts of the S relay
connected direct to the appropriate storage-relay
terminals. If the calling line is one of a private-
branch-exchange group, then it is a simple matter
by strapping the contact on the IF bank to
operate the storage relays to give either the
directory number of this line, or its actual ex-
change number.

In the booster-metering case (Figure 8B), the
method of identification is similar, the only dif-
ference being that the marking potential is a
low negative potential (about 6 volts) instead of
positive. When DC operates, it operates KC in
the storage and sending circuit (Figure 6). KC is
fitted only in booster-metering exchanges. The
operation of KC replaces the 500-cycle group-
marking signal with the low negative line-
marking signal, which operates SW as already
described. ST and NS are connected in the
alternative manner as shown in Figure 7.

44 REeELEASE OF CONTROL AND START AND
FinpeEr CIrCUITS

When the complete number is stored, as in-
dicated, by the operation of the tens and units
storage relays, T'U (Figure 6) operates and re-
leases K.S and KA. KS releases G.in the control
circuit and KA removes the marking potential
from the P wire via IP. The control circuit and
the start and finder circuit are released and are
immediately available for other circuits re-
quiring identification.

5. Transmission of the Calling Subscriber’s
Number

5.1 MEeETHOD OF TRANSMITTING AND COUNTING
DiaIits

The sending portion of the storage and sending
circuit (Figure 6) consists essentially of an im-
pulse generator, an impulse-counting train, and
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a digit-distribution train. The impulses are gen-
erated by a capacitor-controlled relay and re-
peated by relay ‘PR as impulses of 50 cycles per
" second at a speed of 10 impulses per second and
with a make-to-break ratio of approximately 1:1.
The train of impulse-counting relays 4 to L is
controlled by PR and the digit-distribution train
DU to DZ is controlled by an end-of-digit relay
N. Contacts of the storage relays and the digit-
distribution relays are arranged in a co-ordinate
marking field in the well-known manner.

5.2 ExcHANGE CoDE DiIGITs

In a multi-exchange area, each exchange will
have a characteristic code consisting of, say, 2
digits and this code can be indicated by common
equipment. The storage and sending circuit is
arranged to provide this indication by direct
cross connection of the contacts of the first 2
relays of the digit-distribution train, DU and
DV, to the marking field. This characteristic
code is shown in Figure 6 as 90.

5.3 COUNTING THE IMPULSES AND DiGIiTs

Relay A is pre-operated in parallel with KA,
and when TU operates, 4 is held on its other
winding. DU operates and earths the marking
field to mark the first digit of the exchange
characteristic code. On the first operation of PR
relay B is operated in series with 4 and when
PR releases, A releases but relay B is held. B
operated with A released, indicates that one
impulse has been transmitted. On the second
operation of PR, relay C in the counting train
operates in series with B and when PR releases,
C is held but B is released. This operation con-
tinues throughout the train until the first digit,
in this case 9, has been sent when K operates.
On the subsequent release of PR, relay J re-
leases and N operates to earth from DU. N
opens the pulsing-out circuit and DV operates
in series with DU. A subsidiary counting-train
circuit, which is not shown, counts the next two
cycles of PR to give an inter-digital pause of ap-
proximately 200 milli-seconds. This results in the
release of N followed by DU. DV is held and
marks the second digit to be transmitted. This
digit is sent and the impulses counted in exactly
the same manner followed by the numerical

digits comprising the subscriber’s number. The
distribution relays OW, DX, DY, and DZ oper-
ate in sequence to mark the thousands, hundreds,
tens, and units digits respectively. The number
of impulses sent for each digit is determined
by the relevant storage relays that are operated.
FN operates when the last digit has been trans-
mitted. '

5.4 RELEASE OF THE STORAGE AND SENDING
CIRCUIT

The earth applied by FN to the R lead of the
outgoing relay set (Figure 5), short circuits relay
IS, which releases and removes the test potential
from the T lead. FT and TA relays in the storage
and sending circuit (Figure 6) release followed
by the release of all other relays that may be
operated. This circuit is now free to be seized
by any other outgoing relay set that may be
waiting to originate identification.

5.5 SIMPLEXING

To avoid interference to speech whilst im-
pulses are being transmitted to the trunk ex-
change, simplexing coils are inserted at both
ends of the junction. Referring to Figure 3, the
alternating-current impulses applied to the third
winding on the F lead are induced into the line
windings in parallel. Since no voltage is developed
across the line, the alternating-current impulses
cause no interference to either the subscriber or
operator during conversation. At the incoming
end (Figure 4), impulses are induced from the
line windings into the third winding and passed
to the sleeve connection of the jack of the in-
coming relay set.

6. Reception and Display of the Number
6.1 IMpPULSE RECEIVING CIRCUIT

The received alternating-current impulses pass
via the sleeve of the answering plug (Figure 2A),
the S4 lead of the position circuit, the IP lead
of the receiving circuit (Figure 3) to the primary
winding of a step-up transformer, the secondary
being connected to a bridge rectifier. The output
from the simplexing coils is kept at a low im-
pedance to reduce the effect of stray line distur-
bances.
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The received impulses, now converted to
direct-current pulses, are applied to the control
electrode of a cold-cathode tube via a resistor-

number of identical units mounted under a
common cover. Each unit consists of a rotor
bearing numbers 1 to 0 on its periphery and
capable of being set
and held in any posi-

0 1 tion by two electro-
o-————-
1 magnets. These mag-
nets respond in turn to
Fe——fp-——————— | | the alternate battery
o— : 83 852 ssi | T and earth pulses on the
o— * | I PM lead, and on the
L | ! L [ [ [ ! termination of a train
] M ' I of impulses correspond-
: | " ing to the number,
° 3 } TEST GIRGUIT ! both magnets are left
O I Ny R, T | ised .
| energised in series
under control of the
position identification
o—~, » key. A digit-distribu-
o tion train of relays PT
- to SY (Figure 2B) is
TEST  START t :
LINES AND 3} £ p'r(?v1c}ed to route
FINDER STORAGE AND digital impulses to each
CIRCUITS GONTROL GIRCUIT SENDING CIRCUITS

Figure 9—Routine-testing arrangements,

capacitor combination that imposes a time delay
of approximately 20 milli-seconds, This provides
a guard facility against stray line disturbances
triggering the tube and being registered as im-
pulses. When the tube strikes on receipt of an
impulse, the cathode relay 4 operates followed
by B. Due to the removal of the short circuit,
C operates followed by CC and LC. The C relay
holds during impulsing but releases during the
inter-digital pause whereas CC holds during that
period. The operation of B extinguishes the tube
and A4 releases. B follows the impulsing of 4 and
repeats the received impulses as alternate
battery and earth pulses to the PM lead. The
circuit is so arranged that B delivers pulses the
make period of which is kept approximately
constant independent of the speed of received
impulses.

6.2 NUMBER DispLAY

The calling subscriber’s number is displayed on
a number indicator mounted on the operator’s
position key shelf. The indicator consists of a

unit in turn, these re-
lays being operated and
released in sequence by
the release of C (Figure 3) during the inter-digital
pause.

6.3 RELEASE oF IMpPULSE REcCEIVING CIRCUIT

When all digits have been received, relay CC
releases followed by LC. During the release
time of LC, a positive battery pulse on the R
lead operates CO which locks. CO removes the
bold potential on the T lead and the receiving
circuit is released.

6.4 RELEASE OF NUMBER DISPLAY

At this stage, all the identification equipment
both at the manual exchange and the distant
automatic exchange has released, the conversa-
tional equipment is restored to the condition
prior to identification and the number is dis-
played to the operator. Restoration of the posi-
tion identification key allows the number indi-
cator to restore to normal.

An identification check may be repeated at
any time so long as the calling subscriber re-
mains on the line.
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7. Routine Testing

Figure 9 shows the arrangements for testing
the identification equipment. By means of selec-
ting keys SS1, SS2, etc., any storage and sending
circuit can be connected to the routine test
circuit and manually tested. Any storage and
sending circuit can also be connected auto-
matically to each start and finder circuit in turn
via access switches A4.S. Two test lines, which
are not necessarily spare lines, are selected in
each start and finder circuit, one in the first 50
lines of the group, and the other in the second
50 lines. By a suitable selection of test lines, it is
possible to test all the storage and counting re-
lays in each storage and sending circuit. Pro-
vision is also made to routine continuously any
start and finder circuit.

In addition to the main test circuit, a manu-
ally operated tester is provided for testing the
control circuit. This tester is permanently wired
to a spare jack position into which the standby
control circuit is normally fitted.

8. Equipment
8.1 START AND FINDER CIRCUITS

The start and finder circuits are assembled
in units of 200 lines as shown in Figure 10. There
are 2 circuits per unit and 10 such units, sufficient
for 2000 lines, mount on a rack 10 feet 6 inches
by 2 feet 9 inches. This arrangement of unit

mounting becomes very useful for cases of future
extensions to exchanges.

8.2 CoMMON EQUIPMENT

The rest of the identification equipment com-
prising storage and sending circuits, control cir-
cuit, test circuit, and miscellaneous alarm cir-
cuits, etc., is mounted on a rack 10 feet 6 inches
by 4 feet 6 inches and is sufficient for a 10,000-
line exchange. '

8.3 NUMBER INDICATOR

The number indicator, as mentioned in Section
6.2, is mounted on the key shelf of the operator’s
position. It consists of a number of identical units
one for each digit to be displayed, mounted
under a common cover and plugging into posi-
tion. Figures 11 and 12 show two views of the
number indicator. The indicator mounts on the
key shelf with only the upper portion protruding
above the level of the shelf.

Briefly, the operation of a unit is as follows.
Each unit is essentially a type of 2-phase motor
consisting of a rotor with projection teeth bearing
the numerals 1-0 on its periphery. The teeth
are ¢o disposed that they can be attracted by
the fields of 2 pairs of magnets known as the
pulse and hold magnets respectively, fixed to
the frame of the unit inside the rotor. When the
indicator is first connected to the impulsing

Figure 10—An assembly of start and finder circuits for 200 lines.
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circuit, the hold magnet is energised, but has no
effect other than to move the rotor slightly off
normal. On the first operation of the impulse
contacts, the pulse magnet is energised and the

Figure 11—Number indicator. Only the upper section
protrudes above the operator’s key shelf.

hold magnet short circuited. The rotor moves
the equivalent of a half step and when the im-
pulse contacts restore, the hold magnet is ener-
gised, the pulse magne
rotor completes a full step. This sequence of
operations is repeated until the complete digit
has been registered and the unit is left with both
pairs of magnets energised in series. A small
latching device operable by each magnet pre-
vents the release of the rotor during impulsing
and holds the rotor in position when impulsing
has finished. The nominal operating speed of the
indicator is 10 impulses per second and it oper-
ates reliably te minimum pulses of 30 milli-
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It has been widely used to date for
mlscellaneous remote control apphcatlons and
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9. Application to Register-Controlled
Systems

This article has dealt with the group-start
method of line identification applied to straight-

forward step-by-step systems. It can be easily
applied to register systems as is shown by the
following brief description of its application to
the direcior system used by
Office. In this application, advantage is taken of
the fact that the
the director normally used for storing the numeri-
cal digits of the wanted subscriber are not used
on TRU, TOL, etc., calls and can, therefore, be
used to store the numerical digits of the calling
subscriber’s number.

Figure 13 shows a block trunking diagram of
the suggested scheme. When the calling sub-

scriber dials, say, TRU for a trunk call, the BC
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numerical storage circuits of
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the identification-marking signals to the calling

Figure 12—Number indicator with lower case removed and
showing the plug arrangement of the connections.
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subscriber’s line in a manner similar to that
already described. The identification finder in the
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Figure 13—Trunking diagram for line identification as used in register exchanges.

start circuit locates the calling line and the
number of the line is marked in the number-
storage circuit, which then transmits to all 4
number-storage circuits in the director simul-
taneously. The start and finder circuit and the

10. Conclusion

second. The director
transmits the necessary
routing digits to reach
the trunk exchange,
while identification is
taking place. A number-
storage circuit is then
associated with the
trunk incoming relay
set, and a signal is sent
back to the director,
which now transmits
digits indicative of the
calling exchange if re-
quired, followed by the
calling subscriber’s
number. The director
releases in the usual
manner and the calling
signal is given to the
trunk operator when
storage is complete.
When the operator an-
swers, she throws the
position identification
key, all the information
is extracted relating to
the calling number and
displayed on a number
indicator in the man-
ner already described.

Tests so far made indicate that the system
operates reliably, the circuits involved being
simple and robust, and that adequate mainte-
nance-test facilities have been provided.
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HE BROAD SIGNIFICANCE of pulse 1. Origin of Pulse Modulation

modulation is dealt with from its orig- s al Anamicsion of sneec
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More recent developments in pulse-count-modu-  ording to the sound intensity as a continuous
lation systems, and also potential applications cyrve versus time and an inverse operation at the
to switching problems, are described. receiving end. In the last few years, however,
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ring at a suitable rate. These methods are known
under the general name of ‘‘pulse modulation.”

The early publications on pulse modulation
are found mostly in the form of patents.! A
review of these indicates that up to 1935 the
thinking of the authors was very often in terms
of improving the power efficiency of the trans-
mission system, either at the transmitter or in the
link.

Since 1935, however, more and more consider-
ation has been given to pulse modulation as a
method of multiplexing a number of telephone
channels.

The accepted technique in multichannelling
has been to take each individual telephone fre-
quency band and translate it to successive posi-
tions in the spectrum of frequencies by means of
modulators and filters, transmit this information
on a single path, and perform the inverse opera-
tion at the other end of the link. The bandwidth
utilized on the link increases, of course, in direct
proportion to the number of channels. A typical
layout of a multichannel transmission system by
frequency division is shown in Figure 1.

The technical literature on these subjects at
this time is very abundant. These elements have
reached a high degree of perfection and practic-
ability.

Terminal equipments were thus realized that
were capable of reproducing the speech in any
individual channel with high fidelity. The other
parts of the transmission system had to be im-
proved accordingly, and rather severe require-
ments had to be placed on them as to limitation
of nonlinear distortion to avoid cross talk be-
tween channels, stability of characteristics, and
noise level.

! Among such patents can be cited:

United
Name States Filing Date
Number
R. A. Heising 1,655,543 April 18, 1924
R. D. Kell 2,061,734] September 29, 1934
K. Posthumus and C. G. A,

VonLindern 2,161,087| December 17, 1935
A. M. Nilcolson 2,021,743 June 13, 1930 ‘
R. M. Ranger 1,873,786| September 29, 1928
A. S. Riggs 2,048,081| April 29, 1933
R. E. Shelby 2,171,150| September 14, 1936
D. G. C. Luck 2,113,214 October 29, 1936
‘G. Bozzi (Italian Patent) 348,656| February 8, 1937

While fully acknowledging the remarkable
success of the frequency-division transmission
system, Reeves and others? took an interest in
1936 and the following years in the possible
merits of multichannel systems based on the con-

Figure 2—Sampling of speech.

cept of time distribution, translating into the
telephone art some of the well-established prac-
tices of multichannel telegraphy. The attractive
feature of the idea was that such methods might
prove especially useful where it is difficult or
expensive to attain the quality of characteristics
required for reliable multichannel transmission
on a frequency-division basis.

2. Application of Pulse Modulation to Time
Multiplexing

The basis of pulse-modulation time multiplex-
ing is the fact that it is not necessary to transmit
the complex wave form of a speech wave in its
entirety. It is sufficient to take successive
“samples” of the amplitude in the channel at
separate time intervals and transmit this infor-
mation as a series of pulses carrying the informa-
tion, as indicated in Figure 2. If the number of
samples per second exceeds twice the highest fre-
quency to be transmitted in the voice band, the

2E. M. Deloraine and A. H. Reeves, United States
Patent 2,262,838, filed, November 8, 1938.
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telephone channel can be correctly reproduced
at the distant end.

The bandwidth required in the transmission
medium through which the pulses are propagated
depends on the shape of these sampling pulses,
and the method adopted for carrying the informa-
tion on pulses. )

A number of incoming telephone channels can
be sampled at time intervals that are displaced
in the time scale just enough to avoid the super-
position in time of any two pulses. The successive
samples of telephone channel 1 will be followed
by the successive samples of telephone channel
2 and so on until the whole time interval be-
tween two samples of channel 1 is completely
filled, as shown in Figure 3.

It is clear, in consequence, that the number of
channels that can be transmitted over a single
link increases as the individual samples are
made shorter. If the time is used in the most
efficlent manner, the bandwidth required for
the transmission of # channels is close to # times
the bandwidth of an individual channel, as is the
case for multichannel systems utilizing fre-
quency division.

3. Methods of Pulse Modulation
3.1 PULSE-AMPLITUDE MODULATION

The samples of speech amplitude can be trans-
mitted as such. This is pulse-amplitude modula-
tion. This method is efficient in utilization of
bandwidth. The requirements on the link for non-
linear distortion are, however, less stringent than
for the frequency-division method, since, at a
given time, one channel only is present and
cross talk cannot be introduced in this manner,
though it can reappear in a different manner if
the pulses are lengthened by the transmission
link so as to overlap each other to a certain ex-
tent. The requirements as to link stability and
low noise are not changed materially.

It is the consideration of signal-to-noise-ratio
improvement, particularly for radio links, that
drew. attention to other possible methods of
pulse modulation.

3.2 PuLse-Wipte MODULATION

One of the first methods to be considered was
pulse-width modulation, which inherently re-

quires more bandwidth than pulse amplitude
modulation, but provides a means to trade that
increase in bandwidth for an improvement in the
signal-to-noise ratio. Pulse-width modulation is
not, however, economical or efficient in power
insofar as the significant information is, in fact,
the timing of the beginning and the end of indi-
vidual pulses, and this led to the next method.

3.3 PurLse-TIME MODULATION

It was suggested that pulses of constant ampli-
tude, form, and duration should be used, these
pulses being displaced in time from a uniform
spacing to an extent corresponding to the ampli-
tude of the sample. This is more efficient than
transmitting the beginning and end of pulses
modulated in width, since the amplitude is
translated in time displacement of one pulse,
from a reference position which, however, is not
transmitted except as a marker for all channels.
This is usually referred to as pulse-position or
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Figure 3—Pulse-time multiplexing,

AND 2

AMPLITUDE




PULSE MODULATION

225

pulse-time modulation.? As compared to pulse-
amplitude modulation, the number of channels
that can be transmitted over a given bandwidth
is reduced. If we assume, for instance, that the
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Figure 4—Quantization of sampled speech amplitudes. '

individual pulse is time-modulated only to the
extent of its own duration, the number of chan-
nels is divided by two. But a major advantage is
that the link need not have linear amplitude
characteristics. The repeaters operate as triggers,
with the requirement, however, that they must
trigger accurately in time. The possible variations
of level in the link are compensated by the trigger
action, since the output level of the repeaters is
independent of the input level between wide
limits. This method provides a means to trade
bandwidth for a signal-to-noise ratio comparable
with that obtained with frequency modulation.
Noise is introduced in the system to the extent
only that it will change the timing of the pulse,
so that the influence of a given noise amplitude
in the link decreases as the pulses become sharper
and also as the time displacement due to modula-
tion is increased. This method of improving the
signal-to-noise ratio has been found desirable in
"applications to radio links, though it is paid for
by a reduction in the number of channels for a
given transmission bandwidth.

3 A, H. Reeves, French Patent 833,929, filed, June 18,

1937; and addition 49,159, filed, July 5, 1937; and United
States Patent 2,266,401, filed, June 9, 1938.

4. Pulsed Frequency Modulation

Another pulse-modulation method for radio
links in which the pulses remain constant in
time position, as well as in amplitude and dura-
tion can be designated as pulsed frequency modu-
lation.

The information is transmitted by means of a
change in the carrier frequency of each individual
pulse, which is made to vary proportionally to
the amplitude sample at the corresponding time.
The frequency modulation brings in a signal-to-
noise improvement, which involves additional
requirements in bandwidth. The utilization of
the total bandwidth improves, however, as the
number of channels is increased, because the
additional band required for frequency modula-
tion and a given signal-to-noise improvement
becomes a smaller fraction of the bandwidth
required for the correct transmission of the
pulse shape.

5. Pulse-Count (or Code) Modulation

The assimilation of telephone transmission to
telegraph transmission becomes still closer in a
method suggested by Reeves.* Not only is the
speech curve sampled, but the amplitude sam-
ples are submitted to two successive transforma-
tions: quantization, and counting or coding.

By quantization is meant the process by which
the amplitude sample is not sent with its exact
value but is approximated to one of a finite
number of discrete levels, as shown in Figure 4.
It is clear that, when such a series of quantized
pulses is sent into a low-pass filter cutting off
at the maximum speech frequency which it is
thought proper to reproduce, the result will show
some distortion due to the effect of the difference
between the quantized and exact amplitude
samples. This distortion obviously will decrease
when the number of quanta is increased for any
given maximum amplitude.

At the receiving end, a method that dis-
criminates against amplitudes that do not cor-
respond to a quanta is used. This is capable of
eliminating forms of speech impairment intro-
duced in the transmission systems, if they can be
distinguished from the quanta.

4 A. H. Reeves, French Patent 852,1‘83, filed, October 3,

1938; and United States Patent 2,272,070, filed. Novembe
22, 1939,
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While the advantages of speech quantization
do not necessarily apply only to pulse modulation,
it is of interest to combine the two processes.
However, a third step can be taken with advant-
age.

Instead of transmitting the series of quantized
amplitudes directly over the line or through
space, a third transformation is performed, which
is counting or coding. The information that it is
really necessary to communicate is the number of
quanta present in any particular amplitude
sample; this can be achieved by the transmission
of a group of pulses, # for instance, each one hav-
ing s possible characteristics. The total number
of distinguishable levels will be ¢=s", and such

a mechanism will thus allow the counting of ¢

different levels. Thus, a group of five pulses of
the on-or-off type can be used to count 28=32
quantized levels in a manner similar to what is
done in teleprinter signal transmission. In this
instance, where s =2, the system is a binary one.
Other values for s can obviously be utilized, and
ternary systems, for instance, have been con-
sidered particularly for wire transmission.

The fundamental advantage of binary or
ternary systems is that the demodulation proc-
ess consists in merely acknowledging the presence
or absence of a pulse of a definite type at a def-
inite time position. In the case of the binary
code, the number of errors will fall to an insig-
nificant value provided the pulse amplitude re-
mains sufficiently larger than the noise root-
mean-square amplitude. For instance, for a
binary code and pure random noise, a ratio of
18 decibels in root-mean-square signal-to-noise
ratio will be sufficient to provide a signal-to-
noise ratio in the order of 70 decibels after de-
modulation.

Because of the fact that noise in the demodu-
lated signal originates in the random distribution
of noise bursts above its root-mean-square value,
the signal-to-noise improvement follows a very
different law from that which it does in" pulse-
time modulation or frequency modulation.

“In all cases, the relation between demodulated
and input signal-to-noise ratios can be deter-
mined theoretically with a sufficient simplicity
in the case when the signal amplitude is notice-
ably larger than the noise root-mean-square
value. Above that threshold, the two ratios vary

in direct proportion for pulse-time modulation
and frequency modulation. For pulse-count
modulation, however, the proportionality holds
between input signal-to-noise in power ratio and
demodulated signal-to-noise ratio in decibels.?
Thus, lowering the input power ratio by 3
decibels brings the output ratio down to 35
decibels, and increasing it by 3 decibels brings
the output ratio up to 140 decibels.

The effect of noise in the latter case thus be-
comes entirely negligible. This advantage is
paid for by the distortion that quantization
brings in and the additional bandwidth that
the counting process necessitates. If f is the maxi-
mum frequency that it is proposed to transmit
by voice channel, and # is the number of pulses
per group, then the bandwidth per channel
should be somewhat larger than # times f.

6. Time Versus Frequency Translation

Multiplexing

The technique of modern telecommunication
equipments shows a definite trend toward sys-
tems that permit of multiplexing a great number
of telephone channels. These channels in turn
can be used for telegraph or facsimile communica-
tion. Time multiplexing by means of pulse
modulation is a solution that presents some
interesting features.

One common advantage belonging to all pulse
methods is the comparative ease with which any
particular channel can be dropped and reinserted
at any repeating point. This necessitates a com-
plicated and formidable array of modulating
and filtering apparatus when frequency division
is utilized. However, in pulse transmission this
may be accomplished simply by gating out every
nth pulse or group of pulses following the marker
signal. Each channel keeps its individuality
throughout the link, whereas in frequency-divi-
sion technique, the economic considerations lead
to a definite grouping of the channels,

Pulse transmission eases the requirement for
linearity in repeater equipments. This advantage
is less marked on cables where very linear ampli-
fiers are available and where propagation char-

8 A. G. Clavier, P. F. Panter, and W. Dite, “Signal-to-
Noise-Ratio Improvement in a PCM System,” Proceedings
of the I.R.E., v. 37, pp. 355-359; April, 1949. Also,
]lEngcgrical Communication, v. 26, pp 257-262; September,
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acteristics can be kept nearly constant and
large signal-to-noise ratios maintained even for
transmission through a great number of re-
peaters. It is definitely favorable for radio
transmission where such conditions are not en-
countered. In this respect pulse-count modula-
tion would seem o be specially advantageous,
ays can be used in this case,
reshapmg the pulses at any repeating point. A
very small signal increase is sufficient to provide
for the required signal-to-noise ratio at the end
of the chain.

The more general aspect of the integration of
radio-relay links into networks needs also to be
considered. Should microwave radio demonstrate
its ability to carry a large volume of intercity

oo e

CO Lllllulll\,dLlUllb c&,uuuuu\/au_y, Lhc1i LhUbC trans-
mission methods that are best adapted to radio
might be extended to certain other parts of the

network, if justified.

7. Switching

ture of nnl:p transmission in

One interesting feature of pulse transmi ssion
this respect is the pos51b1llty of switching chan-
nels. A number z of incoming telephone channels,
after going through a simultaneous time-sam-
pling operation, can be multiplexed in any desired
time sequence by the insertion of suitable delays
in the individual channels. Time scanning of the
group could connect the individual incoming
channels on outgoing terminals in an order de-

‘f’ﬂ?‘ﬂ"ﬂf}ﬂ(" ]’\‘7 'f'l’lp ‘()'Ql'llﬂ f\{: fhP lﬂA1‘71A11Ql (‘hﬁﬂﬂl)l

delay. By changmg the value of the time delay
introduced in the individual channels, the chan-
nel could be effectively switched between in-
coming and outgoing terminals in any desired

manner. A typical example of switching by time
displacement is shown in Figure 5.

If a multiplex pulse-transmission system is
utilized, the switching operation also can be
performed, but the individual pulse channels
must first be isolated by a gating operation and
passed through individual delay lines, and then

reinserted A+ +ha oo

reinserted in the multinlex svstem At the re-

the multiplex system.
ceiving end, these channels would appear in an
order that is determined by the value of the
delays inserted.

The delays, which determine interconnection
of channels between the ends of the system, may
be actual time delays or the equivalent. It is

"""""""""""""" 12y be intro-
duced by counting units of time after the arrival
of the incoming channel pulses. Such a counting
operation can be performed by gas tubes de-
signed for the purpose, the units of time being
supplied by a common control element.

Many other methods to attain the same results
in this comparatively new field of switching
pulse-modulated channels can be wvisualized,
bl t 11; is very (‘l1Fﬁr‘nl1- at the nrecent timn to
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evaluate their relative merits.

Pulse, being of the nature of telegraph tech-
nique, obviously offers possibilities in the tele-
graph field; and as switching, as described above,
is effected by means that are essentially of a
telegraph nature, it can play its part, too.

If the use of the imagination is allowed, rather
than established technical and economic facts,

1Ze methods nF trans micsi

it is possible to visualize methods smission

138210 Viouail

and switching using pulse modulation, which
may permit a useful combination of these two
fields that have so far been separate, with an
ultimate gain in the complete network.
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Figure 5—A typical example of switching by time displacement.



‘Some Relations Between Speed of Indication, Bandwidth,
and Signal-to-Random-Noise Ratio in Radio Navigation
and Direction Finding”

By H. BUSIGNIES ano M. DISHAL

Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey

ATE of phenomenon change and re-
R quired speeds of indication are quite

slow in many navigational and direc-
tion-finding systems, particularly those for long
ranges. Therefore, the actual total required
electrical bandwidths are also quite narrow,
probably never greater than 100 cycles per
second or so, and in most cases much less than
this. Even with complex wave forms, such small
total bandwidths are possible if there can be
designed a discontinuous-type bandpass filter
having a multiplicity of very narrow pass bands
occurring at the steady-state Fourier compon-
ents of the complex signal; i.e., a ‘‘comb’ filter.
One practical method of producing such a dis-
continuous pass band is described briefly.

In view of the interest in new modulation
schemes that give an output signal-to-noise ratio
that is better than the input carrier-to-noise
ratio, it is pointed out that all such systems have
improvement thresholds, and many naviga-
tional systems provide satisfactory information
at output signal-to-noise ratios lower than these
threshold values. When this is the case, single-
sideband and double-sideband amplitude modu-
lation produce the most sensitive systems.

When postdetection bandwidth is very much
narrower than predetection bandwidth, many
navigational systems will perform satisfactorily
even though the carrier-to-noise ratio at the
input to the final detector is appreciably less than
unity. When this is so, the phenomenon of “ap-
parent demodulation” is encountered. Because
it is of practical importance, an analysis, which
is useful for most engineering purposes, is per-
formed to find the relation between the open-
circuit antenna carrier voltage or available

* Reprinted from Proceedings of the I.R.E., v. 37, pp.
478-488; May, 1949. Presented at Institute of Radio

Engineers National Convention, New York, New York,
March 4, 1947,

power, the output signal-to-noise ratio (S/N),
required for satisfactory indicator operation, the
percentage modulation m of the carrier, the pre-
detection bandwidth Afir, and the postdetection
bandwidth Af, when a linear final detector is
used in a double-sideband amplitude-modulation
system.

The above relation depends markedly on
whether the quantity 4(Afrr/Af)(N/S)*m? is
greater or less than unity, and certain practical
cases are investigated to show the dependence of
the “required carrier for system operation” on
the above quantity.

1. Symbols

C =root-mean-square carrier voltage in series
with the equivalent-generator resistance
R,, which is seen looking back from the
receiver input terminals
P,=available power from equivalent generator
of output resistance R,
N;p=root-mean-square value of thermal-noise
voltage appearing in the predetection
bandwidth Afrr and across the input to
the linear detector
Np=root-mean-square value of thermal-noise
voltage appearing across the load of the
linear detector
N,=root-mean-square value of thermal-noise
voltage appearing in the postdetection
bandwidth Af,
C;r=root-mean-square value of carrier voltage
appearing in the predetection bandwidth
Afrr and across the input to the linear
detector
Sp =root-mean-square value of signal; i.e., the
envelope of the modulated carrier, appear-
ing across the load of the linear detector
Afrr=predetection band-pass bandwidth

228
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Af, =postdetection low-pass bandwidth (4f,
may also be a band-pass bandwidth if
Afs<LAfrr and the midfrequency of Af, is
very much lower than Afry)

Grr=value of predetection voltage gain

Gp=value of detector voltage gain

G, =value of postdetection voltage gain

NF=noise figure of receiver

Ry;=equivalent-generator output resistance,
which is seen looking back from receiver
terminals

KT =DBoltzman’s constant times absolute tem-
perature

m = percentage modulation of the carrier.

Unless otherwise noted, all carrier, noise, and
signal currents, voltages, and ratios throughout
this paper are root-mean-square values.

2. Introduction

That a fundamental relation exists between
“required minimum pass bandwidth” and ‘“‘rate
of transmitted information” is well known in the
communication field. Also well known is the
basic relation between thermal-agitation noise
power and the pass bandwidth and, in a more
qualitative way, the relation between the pass
bandwidth and effect of impulse-type noise on a
received signal.

The implications of these relations will be con-
sidered with reference to the specific field of
radio direction finding and navigation. These
considerations are of particular importance in
the design of long-range direction-finding and
navigational systems. Long range is a relative
term; for low-frequency navigational systems,
distances of 1500 miles may be considered,
whereas for very- and ultra-high-frequency di-
rection finding, line-of-sight distances in the
neighborhood of 150 miles are “long” range.

Briefly, we can say that before final detection
the root-mean-square thermal-noise voltage is
proportional to the square root of bandwidth,
and the peak voltage resulting from impulse-
type noise is directly proportional to bandwidth.
Therefore, the narrowest possible bandwidth
should be used to minimize noise, and it is im-
portant to know what bandwidth actually is
required to pass the transmitted information.

The problem of placing as many channels as
possible in a given frequency band is an addi-

tional practical reason for using narrow-band-
width systems.

This paper is not written to recommend
specific systems but rather to present a point of
view concerning the bandwidth required for the
transmission of information concerning direction
and distance.

3. Required Speed of Indication

With respect to navigational systems, this
fundamental point must be realized; when there
is no change in the direction of arrival of a signal
or in the distance between receiver and trans-
mitter, information involving direction or dis-
tance is being conveyed at zero rate and essen-
tially an infinitely small bandwidth is required to
indicate this. This is equivalent to saying that
whatever wave form is used in a distance- or
direction-indicating system, that wave form is
in a steady-state condition when there is no
change in relative position in the system.

Only when the direction of arrival of a carrier,
or the distance between receiver and transmitter
is changing, is directional or distance information
being received, and the rate at which the direc-
tion or distance is changing determines the total
bandwidth required at the receiver. This assumes
that no communication or other information is
to be received at the same time.

In practice, there are actually two “types’’ of
speeds of indication to be considered; one type
concerns the rate at which the phenomenon
being measured is changing after the phenom-
enon has already reached its quasi-steady-state
condition. This speed of indication is, of course,
fixed entirely by the rate of change in the phe-
nomenon; i.e., no matter how large a bandwidth
is used, the speed of indication would not increase
over its actual occurrence rate.

The other type of speed of indication is in-
volved when the phenomenon is, in effect,
“turned on’’ or “‘turned off"’; e.g., when a di-
rection-finder receiver is suddenly changed in
frequency to take bearings on a ‘“new’ trans-
mitter. For this case, of course, increasing the
bandwidth will increase the speed at which the
indicator gives the bearing.

Considering both types of speed of indication,
we list below the approximate length of time
in which it is desirable that information be
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obtained in some of the various types of radio
direction finders and aids to navigation.

A. Aircraft radio compass—Two or three seconds; must
follow the changes of course of the aircraft.

B. Omnidirectional radio range—Two or three seconds;
could be much slower as it does not have to change rapidly
according to plane course or position, except near the
station.

C. Distance-measuring equipment—Two or three seconds
would be satisfactory. The present system requires much
longer (say, 30 seconds) to provide protection against
noise or interference (strobe technique).

D. Long-range navigational systems—Two minutes is
considered satisfactory for a fix. The classical loran is slow
because of the procedure of operation.

E. Radar—Radar of the rotating-antenna type is defi-

mrttaley 1iemastnd 1+ th m
nitely limited to the time required to effect a complete

turn, 1 to 30 seconds.

4. Required Bandwidth

Before considering the specific bandwidths
required by the speed of indication noted in
Section 3, we would like to review the concept
of a discontinuous pass band.

4.1 Coxnceprt oF DiscoNnTiNUOUS Pass BAND

With respect to required bandwidth, this
fundamental point must be realized: no matter
how complex the modulation is on a carrier, the
steady-state reception of a complex steady-state
signal conveys information at zero rate and re-
quires zero bandwidth; ie., although a multi-
plicity of infinitely small bandwidth pass bands
may be necessary, essentially no resultant band-
width is required to receive this steady-state
complex signal. Only when the envelope of the
modulation on the carrier is changing is informa-
tlon conveyed at any rate and the resultant re-
of the envelope of the modulat1on

As a specific example, consider a s
train of modulatmg pulses; i.e., the time picture
before a carrier is modulated.

For the amplitude-versus-time wave form
shown in Figure 1(a), it is well known that the
envelope of the distribution of amplitude with
respect to frequency is that shown in Figure 1(b),

anr‘] 1
nd the phase relation between the amplitudes

is as shown in Figure 1(c). Mathematically, the
envelope of the frequency distribution shown in

w

the ‘“‘decay time”

Figures 1(b) and 1(c) is the Fourier
the time distribution shown in Figure 1(a).
When essentially steady-state conditions are
reached in the pulse train, the frequency dis-
tribution is not continuous, but the amplitudes
of Figure 1(b) occur at discrete points on the

frequency scale.! (The first zero in the envelope

+eanmafarm of
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Figure 1—Well-known frequency distribution for a
time distribution consisting of pulses.

of Figure 1(b) occurs at a frequency equal to the’
reciprocal of the
occur at harmonlc multlples of th1s frequency)
and the number of discrete frequency lines ap-
pearing in each cycle of the envelope is equal to
one less than the ratio of the repetition width to
the pulse width.)

It is, therefore, possible and in some cases

to 1 Cpl Uuut,c tha aLca.u_y -state

even practical,
pulse train satisfactorily by combining the out-
a multiplicity of pass bands that are
essentially zero cycles wide and positioned in fre-
quency so as to pass these separate frequency
components. The total resultant bandwidth used
can thus be extremely small.

Now, if the wave train shown in Figure 1(a)
should gradually change to a different steady-
ndwidth would be

puts of

state amplitude, a certain band

required in each of the separate pass bands to
permit ‘these multiple pass bands to follow the
change in wave form. The bandwidth required
depends on the rate of change of the envelope of
the modulating wave form in passing from one
quasi-steady state to the next.

A fairly exact indication of the bandwidth
required in each pass band to accommodate a
given rate of change may be obtained by solving
for the response of a band-pass circuit when a
sinusoidal driving voltage is suddenly changed
in amplitude; i.e., by finding the ‘“rise time" or
of the band-pass circuit.

Networks and Wave
New York, New York,

1T, E. Shea, ‘Transmission
Filters,” D. Van Nostrand Co.,
1929; pp. 417-426.
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Making use of the LaPlacian transform or any
of the other well-known methods of solution, it
can be shown?? that the decay (or rise) time in
seconds At of a band-pass circuit of Af is ap-
proximately Af=1/Af. It is then approximately
true that a band-pass circuit will be able to
transmit an envelope if the rate of change of that
envelope is much slower than the decay or rise
time of the circuit.

Each pass band provided for the Fourier series
components must have a width equal to that
indicated above and, therefore, the total band-
width needed is directly proportional to the
number of Fourier components required to re-
produce the wave form satisfactorily.

It is worth repeating that no bandwidth is
required to reproduce a steady-state wave form
no matter how complex: bandwidth is required
only to follow the rate of change of the envelope
of a wave form.

Considering the quite slow rates of change in
the phenomenon to be measured and the speeds
of indication noted in Section 3, most of the
navigational aids require total pass bands that
are between 1 and 100 cycles wide (for a single-
function system measuring only distance or
direction) and in many cases are even narrower
than this.

2E. A. Guillemin, “Communication Networks,” John
Wiley and Sons, New York, New York; 1935, v. II, pp.
474-506.

3 M. J. DiToro, “Phase and Amplitude Distortion in

Linear Networks,” Proceedings of the I.R.E., v. 36, pp.
24-36; January, 1948.
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4.2 “Coms-FiLteER"” CIircUIlT

Figure 2 shows a circuit* that produces the
discontinuous type of pass band described in
Section 4.1. The rotational frequency of the
brushes determines the frequency location of
the pass bands and the time constant R,C
establishes the width of the pass bands (R:>>Ry).

When it is impracticable to utilize such a
comb filter and continuous pass bands must be
used for navigational systems, the slow rate of
phenomenon change' should findicate the use of
simple wave forms having quite long periods.

5. Some Relations Between Bandwidth and
Thermal Signal-to-Noise Ratios

5.1 CoNCERNING THE ‘“Bgst” TypE orF MobuU-
LATION

Discussions have appeared recently of the
concept that the output signal-to-noise ratio of
an information-transmitting system can be in-
creased by increasing the receiver bandwidth
and using the proper kind of modulation.? Con-
sequently, some readers may feel that the con-
cepts of this paper apply only to one type of
modulation; ie., amplitude modulation. This
limitation is not correct as the following brief
discussion should indicate.

+ Developed by G. R. Clark of Federal Telecommunica-
tion Laboratories, Nutley, New Jersey.

5D. G. F.,, “Bandwidth vs. Noise in Communication
Systems,”’ Electronics, v. 21, pp. 72-75; January, 1948.
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Figure 2—(a) Electromechanical circuit that produces a ‘‘comb filter” type of frequency response. (b) type of
frequency response produced. The mechanical rotational frequency f fixes the location of the pass bands and the time
constant RiC(R>Ry) fixes the width of each pass band.
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The fact must be realized that in a great many,
perhaps even in a majority, of cases satisfactory
navigational information can be obtained at
quite low output signal-to-noise ratios (S/N);
i.e., approximately 2:1, say.

Now in all modulation schemes where the out-
put signal-to-noise ratio from the final detector
is better than the input signal-to-noise ratio
there is always a predetection carrier-to-noise
ratio (C/N)rr tmprovement threshold, which must
be passed before the improvement is obtained.
Of course, the wider one makes the predetection
bandwidth to obtain a larger improvement
factor, the greater will be the number of micro-
volts required to reach this improvement thresh-
old.

The input required to reach the improvement
threshold in wide-band systems is always larger
than that needed to produce a 2:1 output
signal-to-noise ratio in a single-sideband ampli-
tude-modulation system, which uses the nar-
rowest possible band.

Thus, when satisfactory results can be obtained
with output signal-to-noise ratios approxi-
mately equal to the predetection carrier-to-noise
ratio improvement threshold for the wvarious
wide-band systems, the most sensitive system
(i.e., the one that will operate satisfactorily
with the smallest transmitted power) will employ
single-sideband amplitude modulation; double-
sideband amplitude modulation will be next best.

5.2 RELATIONS BETWEEN RECEIVED CARRIER,
OuTPUT SIGNAL-TO-NOISE RATIO, AND PRE-
AND POSTDETECTION BANDWIDTHS FOR
DoOUBLE-SIDEBAND AMPLITUDE MobpuLA-
TION WITH A LINEAR FINAL DETECTOR

When a linear detector is used in a given
double-sideband amplitude-modulation system
(and for a number of practical reasons this is
usually the case), the output signal-to-noise
ratio will be found to be directly proportional to
the strength of the applied modulated carrier
only down to a certain carrier level; below this
value, the output signal-to-noise ratio ap-
proaches proportionality to the square of the
applied modulated-carrier voltage.

This unfortunate effect is due to the phenom-
enon of “apparent demodulation,” which occurs
when the carrier-to-noise ratio at the input to a

linear detector is in the neighborhood of unity
or is less than unity. Ragazzini® has considered
this phenomenon both analytically and experi-
mentally for the case where the carrier-to-noise
ratio at the input to the linear detector does not
drop much below unity.

In the previous section, it was noted that
satisfactory navigational information can be
obtained at output signal-to-noise ratios as low
as 2:1. Therefore, when the predetection band-
width is much wider than the postdetection
bandwidth (as is often the case), an output
signal-to-noise ratio of 2:1 means that the pre-
detection carrier-to-noise ratio can be appreci-
ably less than 1:1. Tt thus seemed worth while to
extend Ragazzini’s work by investigating the
phenomenon of apparent demodulation for the
case of predetection carrier-to-noise ratios ma-
terially less than 1:1. Since it is of practical
importance, we will consider the relations be-
tween carrier level C, percentage modulation #,
predetection bandwidth Afrp, postdetection band-
width Af,, and output signal-to-noise ratio
(S/N), in the postdetection bandwidth. This
relation will be derived with satisfactory ac-
curacy for most engineering applications.

Since the complete, exact analysis, for any
predetection carrier-to-noise ratio, of the case
where noise plus a modulated carrier is applied
to a linear detector leads to quite formidable
mathematical manipulations, we will obtain our
desired engineering relations by a combination
of analysis and experiment.

We will first follow the random noise through
the system of Figure 3 to obtain the resulting
noise NV, in the final postdetection bandwidth
Af, (for the sake of brevity, we will refer to this
as the video-frequency bandwidth); the effect
of the signal on the noise will, of course, be con-
sidered. Next, we will follow the signal through
the system to find the resulting signal .S, in the
final video-frequency bandwidth Af,; the effect
of the noise on the signal will, of course, be con-
sidered. And finally, our desired output signal-
to-noise ratio (S/N), will be given by the ratio
of the above signal to the above noise.

It should be noted that to simplify reasoning,
the response of the diode load is made at least

8]. R. Ragazzini, “Effect of Fluctuation Voltéges on the
Linear Detector,” Proceedings of the I.R.E., v. 30, pp.
277-288; June, 1942.
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equal to or greater than the full intermediate-
frequency bandwidth (i.e., not half that band-
width). When video-frequency narrowing is ob-
tained after the diode load, it is isolated from
that load so as not to impair the frequency re-
sponse of the diode load. This is normal good
design practice insofar as negative-peak clipping,
sideband cutting, and similar factors are con-
cerned.

1
ot T § at,
+—3d

Figure 3—The three parts of the receiver in which the
relation between signal and noise is to be considered.

PP » NN P iy A
LDanawiairn

First we must consider the relation between
the noise at the input to the detector and the
resulting noise across the diode load.

ILandon’ has shown that, with
present and neglecting diode efficiency or gain,
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r detector is equal
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a
.655 of the
diode.
Bennett® has shown that, as carrier is added
to the noise, the alternating-current noise volt-
age across the diode load increases by a maxi-
mum of approximately 1.6 times as the carrier-
to-noise ratio becomes very large. Actually, at a
predetection carrier-to-noise ratio of about 3:1,
90 percent of this increase has already occurred.
Stated in another way, when a strong carrier
plus noise is fed to the input of a linear detector,
the alternating-current noise voltage across the
diode load Np equals the input noise voltage
Nir, Le., 1.6X0.655. Modulation on the received

carrier produces an additional small percentage

7V. D. Landon, “Distribution of Amplitude with Time
in Fluctuation Noise,” Proceedings of the I.R.E., v. 29,
pp. 50-55; February, 1941; Discussion, v. 30, pp. 425~
429; September, 1942,

EW. R. Bennett “Response of a Linear Rectifier to
Signal and Noise,” Journal of the Acoustical Society of
America, v. 15, pp. 164-170; January, 1944.

increase in the alternating-current noise across
the diode load.

In view of the above quite-small (for most
purposes) variation in noise across the diode
load (i.e., from 0.655 Nir to 1.0 Nir), we will
make the engineering approximation that

Np=0.7N7rGp. (1)

It is well known that the noise in the inter-
mediate-frequency pass band at the input to the
diode detector can be expressed in terms of
the intermediate-frequency band width and noise
figure N F of the receiver in the following manner.

Nir=Grr(4R,KTAfir NF)172, (2)

where R, is the equivalent-generator output re-
sistance seen looking back from the receiver
input terminals, and Grr is the voltage gain of
the receiver with reference to the open-circuit
voltage of the equivalent generator; i.e., Gir is
the ratio of the root -mean-square Voltage across

+the aonfnnt +o ale of the 1, nta ods:
Lllb UblLlJuL Lblllllllalﬂ UL LJ.IC 1(10[, LllL\,llLlCulaLc'

frequency transformer to the root-mean-square
open-circuit voltage of the equivalent generator.
Equation (2) can now be written as

ND=0.7(4R9KTAf1FNF)”2G[FGD. (3)

We must next consider the relation between
this noise across the diode load and the resulting
noise in the final video-freauencv bandwidth.

Qisc il 2iilal ACO-11CGRClicy Dallwlialil,

This relation is complicated by the fact that at
input carrier-to-noise ratios below unity, the fre-
quency spectrum of the noise across the diode
load is approximately triangular, falling linearly
to zero at a video frequency equal to the
full intermediate-frequency bandwidth; whereas
at input carrier-to-noise ratios above unity, the
frequency spectrum of the noise across the diode

load is anprnvumafnlv rectancular Pllf‘hng an at a

40ql IS appiOaliialcly 1tiialiguial Culiily at a

video frequency equal to one-half the intermedi-
ate-frequency bandwidth.’ By the following ap-
proximations, we will obtain an expression for
the desired relation that is satisfactory for the
great majority of engineering applications.
First: For the case of carrier-to-noise ratios
below unity, we will assume that the frequency

98, O. Rice, “Mathematical Analysis of Random Noise,”’
Bell System Technical Journal, v. 24, p. 148; January, 19435,
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spectrum of the noise across the diode load is
essentially triangular. Figures 4(a) and 4(b) then
give the relation to be considered. The noise
power across the diode load is given by 4; and

)

.

//A' ‘ af

af, ot
FREQUENGY FREQUENGY

@ - (b)

Figure 4—The relation between the noise power across
the detector load and the noise power in the postdetection
bandwidth at very low predetection carrier-to-noise ratios.

the noise power in the video-frequency band-
width is given by 4, The square root of the
ratio of these two values is our desired relation
and from simple geometric considerations can be

written
Nv Afv >1/2< Afv >1/2 7
—={— 2 e
Np <Af1F ¢

Afrr
It should be realized, of course, that the maximum
meaningful value of (Af.,/Afrr) in (4) is unity,
because after the video-frequency bandwidth be-
comes wider than the intermediate-frequency
bandwidth there is no change in the video-fre-
quency noise output. It is evident that the
second factor of (4) varies from a maximum of
1.4 to a minimum of 1.0. For most engineering
purposes, this is not a large variation and, be-
cause in many practical cases the video-fre-
quency bandwidth is much smaller than the
intermediate-frequency bandwidth, we will use
(4a) as an approximation for (4).

No. g 4B >"2
ND_1‘4<Afm G-

(4)

(42)

Second: Now let us consider the case of pre-
detection carrier-to-noise ratios above unity.
Here the frequency spectrum of the noise across
the diode load is essentially rectangular and
Figure 5 gives the relation to be considered.

As in Figure 4, the desired ratio of N,/Np is
given by the square root of the ratio of the areas

-

N

A1 and A, of Figures 5(a) and 5(b). By simple
geometry, the ratio is

. 1.4( AAJ{;”F >1/2Gv. ®)

We see that (5) for the case of predetection car-
rier-to-noise ratios above unity is the same as
our approximation (4a) for ratios below unity.
Thus, for most engineering purposes we can
use (4a) or (5) to give the desired relation be-
tween the noise in the video-frequency pass band
and the noise across the diode load.

Combining (3) and (5), we have our final de-
sired noise equation,

N, = (4R, KTNF)2Af,\2GrpGpG,. (6)
5.2.2 Resulting Sine-Wave Signal in the Post-
detection Bandwidth

As previously mentioned, Ragazzini® has
used an analytical approach to this problem that
is valid (because of the use of a convergent
series) down to predetection carrier-to-noise
ratios of approximately unity. Ragazzini also
considers the additional relatively small effects
of modulation compression and modulation dis-
tortion, which we will neglect.

Figure 6 is an experimentally obtained graph
giving the desired relation between the resulting
sine-wave signal across the diode load and the
input modulated-carrier level as the carrier is
varied above and below the value that gives
unity carrier-to-noise ratio at the input to the
second detector. (The apparatus used to obtain
Figure 6 is described in Section 8.) It will be
noted that the abscissas and ordinates are ex-

.

FREQUENCY FREQUENCY
(@) (b)

Figure 5—The relation between noise power across the
detector load and noise power in the postdetection band-
width at high predetection carrier-to-noise ratios.
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pressed in terms of carrier level Cii, which

makes the carrier equal to the noise.

- Thecircles on the graph are the experimentally
obtained points and the solid-line curve is a plot

of (7)

mC
So=GrrGp—7—57173- (7)

Nie\Z |2
[1+< cm> ]

(Of course, both sides of (7) were divided by
GrrGpmCr:a for plotting Figure 6.) For most pur-
poses, (7) is an excellent representation of the
experimental data, and we will, therefore, con-
sider that (7) adequately describes the phenom-
enon of apparent demodulation. (Equation (7)
was obtained by a guess based on the shape of
the experimental curve of Figure 6 and on (18)
of footnote reference 6.)

Finally, since we are assuming that the video-
frequency pass bandwidth is wide enough to
accommodate the desired signal, we have the
fact that

So=G,Sp (8)

and combining (7) and (8) and making use of
(2), we obtain

mC

[1 LR, KTCAfIFNF Jl/

Su = 2\JIFGDGT,. (9)

5.2.3 Value of Modulated Carrier Required to
Produce a Given Signal-to-Noise Ratio.in the
Postdetection Bandwidth

Dividing (9) by (6), we obtain

§> . mC
N),” @R, KTAf,NF)

1

1/2
\ar,xTarwE| - 10
L

For any given value of modulated carrier and pre-
and postdetection bandwidths, we can calculate
the approximate signal-to-noise ratio in the final
pass band from (10).

Solving (10) for the required carrier value C,

we obtain

C=(4R,KTAf,NF)"? <l> @

L) )

Sp
Gp G mCyyy

or, in terms of available power from the equiva-
lent-signal generator, we have

2
Z%_KTAfNF< ><§7)
/A /]\,7\2 12y
(a3 (5)m [}
Equations (11) and (11a) are the important
equations of this section of the paper; for any
combination of variables in the equation, we

can obtain the required carrier to make the
system operate.

Py=
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C:1/C WITH CONSTANT NOISE
AT INPUT TO DETECTOR
Figure 6—The relation, for a linear detector, between
the resulting signal that appears across the detector load,
and the input carrier-to-noise ratio. GirGpmCin is the
signal actually fed to the input to the detector at a 1:1
carrier-to-noise ratio. At unity on the abscissa scale,
the root-mean-square values of carrier and noise are equal.

There are two conditions worth considering
wherein (11) reduces to quite-simple useful forms.
These conditions are set by the quantity

(37 (5)m
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being either much greater or much less than
unity.

6. Practical Applications

6.1 ReQuiredD CARRIER WHEN 4(Afrr/Afy)

X (N/S)2m*>1

We will first give one example of a parctical
system in which the condition 4(Afrr/Afs)
X (N/S),2m>>1 is satisfied. A long-range naviga-
tional system is to be designed. The indicator
reading time can be as long as 10 seconds; there-
fore, the effective postdetection bandwidth
should be of the order of 0.1 cycle. Because of
transmitter and local-oscillator frequency stabi-
lities, the predetection bandwidth will have to
be of the order of 20 cycles. Therefore, Afrr/Af,
will always be very much larger than unity.
The indicator to be used will give satisfactory
readings at a video-frequency signal-to-noise
ratio of approximately 2:1. The percentage
modulation on the carrier in the final intermedi-
ate-frequency circuit will be as close as possible
to 100 percent. In this system, 4(Afrr/Af,)
X (N/S),2m? is much larger than unity. Probably
the most important single condition is the fact
that because of practical limitations the pre-
detection bandwidth must be very much larger
than the postdetection bandwidth. This particu-
lar condition is true of a number of navigational
systems.

When 4(Afre/Af,)(N/S)2m2>1, (11) reduces
to

S 1/2 1 1/2
c= (4R0KTNF)1/2(AfmAfv)1/4<—> <—> (12)
N/» \m
or in terms of available power
e _ 1/2<§ 1
-~ KTNF(3fert) N>vm.

P, = (12a)

4R,

Because these conditions (for which (12) and
(12a) are true) apply to many practical systems,
these equations are quite useful insofar as design
considerations are concerned. As an example, we
note that the required carrier for system opera-
tion is proportional to the fourth root of the inter-
mediate-frequency bandwidth. In the light of
this result, let us again consider the example
given at the beginning of this section. Suppose
the frequency-stability problem mentioned there
would be materially helped by doubling the

intermediate-frequency bandwidth (from 20 to
40 cycles); we see from (12) that the required
carrier for system operation would be increased by
only 1.19 times. In view of this small loss in sys-
tem sensitivity, it might be well worth while in-
creasing the intermediate-frequency bandwidth.
6.2 REQUIRED CARRIER WHEN 4(Afrr/Afy)
X(N/S)tm2z1

This condition is usually satisfied by those
navigational systems where it is not necessary to
make the predetection bandwidth much wider
than approximately twice the required post-
detection bandwidth (as should be done in
double-sideband amplitude-modulation systems).
In practice, this usually means that the system
requires a rather large postdetection bandwidth.
A fast-reading-time automatic direction finder
using a cathode-ray-tube indicator is an example
of this type of system.

For this case, (11) and (11a) reduce to (13)
and (13a).

C= (4R, KTNF)PAf, 1P <%> % (13)
P.=KTNFAS, <%>2<%>2 (13a)

When the navigational system satisfies the con-
ditions of this subsection, we see that the re-
quired carrier for system operation is propor-
tional to the square root of the video-frequency
bandwidth; and any possible reduction in the
video-frequency bandwidth will increase the
sensitivity of the system in accordance with (13).

6.3 ADAPTING A WiIDE-BAND RECEIVER DESIGN
TO A NARROW-BAND NAVIGATIONAL SYSTEM

The title of this section describes a situation
that does arise in practice. In a specific case,
for example, it was requested that a proposed
ultra-high-frequency receiver having an inter-
mediate-frequency pass band of 100 kilocycles
and a video-frequency pass band of 50 kilocycles
be used in a direction-finding system of a type
that required a postdetection bandwidth of only
1 kilocycle. Four practical questions arise.

First: What will be the maximum range of the
direction finder if this wide-band receiver is used;
i.e., what will be the required value of the open-
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circuit carrier voltage C: supplied by the antenna
system?

Second: By what factor would we improve the
range of the direction-finding system if we re-
designed the posidetection circuits of the receiver
so that instead of a 50-kilocycle bandwidth the
minimum allowable postdetection bandwidth of
1 kilocycle was obtained; i.e., what will be the
required value of open-circuit carrier voltage Cy?

Third: By what factor would we improve the
range of the direction-finding system if we re-
designed the predetection circuits of the receiver
so that instead of a 100-kilocycle bandwidth the
minimum allowable predetection bandwidth of
2 kilocycles was obtained; i.e., what will be the
required value of open-circuit carrier voltage Cs?

Fourth: How much more improvement will be
obtained if the predetection redesign of the third
question is carried out as compared to the post-
detection redesign of the second question; i.e.,
what is the ratio of the required carriers C; and Cs?

The important characteristic of the above
questions is that a large bandwidth reduction
ratio will result in either case.

First: Equation (11) answers the first question,
and since satisfactory bearing information can
be obtained at a 2:1 signal-to-noise ratio in the
video-frequency bandwidth, the approximation
of Section 6.2 and (13) applies so that we can
write for the required carrier value C;

S

Ci=0.7Afrm!? <—> %(4R0KTNF)1/2.

¥ (14)

Second: For the required carrier value in the
second question, (11) applies again, and since
the approximation of Section 6.1 and (12) applies
in this second question, we can write for the new
required value of the carrier C,

1/2
Ca= (afurafu ().

12
X<%> (4R,KTNF)2. (15)

The ratio of the two carrier values Cs and C:
will answer question two

_C_1__0.7 Afrm\ Ve[ S\ V2

C2_1’I’L1/2 Af,,g N/ )

Note the important fact that for the condi-
tions of this practical example, a redesign of

(16)

the postdetection circuits makes the ratio of the
two required carriers proportional to the fourth
root of the ratio of the original intermediate- to
new video-frequency bandwidths; i.e., even if a
large amount of bandwidth reduction is ac-

‘complished by redesigning the postdetection

circuits, we will obtain only a rather small im-
provement in range. However, it should be
realized that, in many cases, even the small
resulting improvement may be ample payment
for the redesign effort required.

Third: with reference to the third question,

" (11) in its approximation form of (13) applies;

i.e., the conditions of Section 6.2 will effectively
be satisfied, and so (17) gives the carrier C; that
will be required for system operation if we re-
design the predetection circuits of the receiver.

0.7 s
C3=WAfm21/2<N>v AR, KTNF)2  (17)

The ratio of the two carrier values C; and C;
will answer question three.

G._ (31
Cs \Afrrs/

(18)

We see that, if we redesign the predetection
circuits of the wide-band receiver, the ratio of
the two carriers C, and C; required for system
operation will be equal to the square root of the
ratio of the original to the new intermediate-
frequency bandwidths.

Fourth: The answer to the fourth question is
given by the ratio of C; and Cs.

Afrr 1/21.4(7”)1/2
G <Af1F2> (19)

Cs [Aftm\Y( S\~
< Afv2 ) <N>v

Examination of (19) shows that if, in the con-
templated redesign, the new postdetection and
predetection bandwidths will be about the same
width (much narrower than the original band-
widths) then markedly more improvement in
range will be obtained if we redesign the pre-
detection circuits of the receiver rather than the
postdetection circuits. ’

It must be realized that the redesign of the
predetection circuits of a receiver is usually a

problem of a much greater magnitude than that
of redesigning the postdetection circuits. Thus,
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it is necessary for the designer to weigh this
greater complexity against the increased range
obtained by a predetection redesign.

To illustrate the above points, Figure 7 shows
three photographs of a typical pointer-type indi-
cation obtained on the cathode-ray-tube indica-
tor of a rotating-loop (or equivalent) direction
finder in the 300-megacycle region.

Figure 7(a) was obtained with an ultra-high-
frequency receiver having a predetector band-
width of 100 kilocycles and a postdetector band-
width of 50 kilocycles. The carrier level C; was
set so that the output signal-to-noise ratio in the
video-frequency circuits is approximately 3:1.
The carrier was modulated 100 percent down-
ward by the direction-finding system.

To obtain Figure 7(b), the postdetection cir-
cuits of this receiver were redesigned so as to
have a low-pass bandwidth of 1 kilocycle and, as
indicated, it was then possible to use a new lower
carrier level C, approximately % the original
value C; and still obtain a video-frequency signal-
to-noise ratio approximately the same as that in
Figure 7(a). In view of the fact that the 1-kilo-
cycle video-frequency pass band of Figure 7(b)
had a very gradual cutoff, (12) seems to describe
satisfactorily these experimental tesults for most
engineering purposes.

To obtain Figure 7(c), the predetection cir-
cuits of the receiver were redesigned so as to
have a bandpass of 2 kilocycles. It was then

possible to use a new lower carrier level C; ap-
proximately 1 the original value Cy and still
obtain a video-frequency signal-to-noise ratio
approximately the same as in Figure 7(a). It will
be noted that (13) is in satisfactory agreement
with the experimental results.

Thus, in this redesign, bandwidth narrowing
before final detection produced a system that was
more than twice as sensitive as that obtained
when the same amount of bandwidth narrowing
was accomplished after final detection.

In a practical application of the above reason-
ing, the range of an ultra-high-frequency direc-
tion finder was increased from 30 miles to more
than 100 miles by decreasing the intermediate-
frequency bandwidth until it was as small as
could be used.

7. Postdetection Bandwidth

It is important to realize that the postdetection
bandwidth Af,, continually referred to in this
paper, means the bandwidth between the
detector and the final indication device. (In some
high-speed indicators, the bandwidth response
of the human eye may set the postdetection
bandwidth.)

In many cases, it is possible to design indica-
tors that make use of seemingly nonlinear ele-
ments; e.g., rectifiers; and in these cases, the
linear concept of a pass bandwidth may not seem
to apply rigorously. However, if the reading time

(a) (b)

()

Figure 7—Pointer-type pattern on a cathode-ray-tube indicator of a rotating-figure-eight direction finder at approxi-
mately 3:1 output signal-to-noise ratio. (a) Wide-band receiver, Afzr= 100 kilocycles and Af,=50 kilocycles. (Required
carrier was C1.) (b) Postdetection circuits of receiver redesigned so that Af,=1 kilocycle. (Required carrier was Cy = Cy/3.)
{c) Predetection circuits of receiver redesigned so that Af;r=2 kilocycles. (Required carrier was C3=Cy/7.)
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of the indicator is determined under good post-
detection signal-to-noise conditions, then for
most engineering purposes the postdetection
bandwidth, if of the band-pass type, is quite ac-
curately equal to the inverse of the reading time
or to the inverse of twice the bandwidth if of the

function is to remove the instantaneous fluctu-
ations from the bearing indication leaving only
the average indication. Since many of these syn-
chronous indicators make use of nonlinear ele-
ments, the measurement or analysis of the read-
ing time of the indicator as described previously

MODULATED
SIGNAL JATTENUATOR
GENERATOR INTERMEDIATE - LINEAR VIDEO-
FREQUENCY DIODE 1SOLATION ATTENUATOR FREQUENCY VAGUUM-TUBE
AMPLIFIER DETECTOR TUBE AMPLIFIER VOLTMETER
Afl? = 50 KILOCYCLES Afv = 0.1 CYCLE
NOISE GENERATOR

Figure 8—Block diagram of the apparatus used for experimentally determining the law of ‘‘apparent demodulation”
versus input carrier-to-noise ratio that occurs in a linear diode at input carrier-to-noise ratios down to 1:10.

low-pass type. Reading time may be defined in
the following manner: A constant bearing with
good output signal-to-noise conditions is sud-
denly applied to the system; the reading time is
the time that elapses between the instant when
the resulting indication has changed from 5 to
95 percent of the total amount by which it will
change.

In many automatic direction finders, a re-
ceiving antenna pattern is rotated. It is possible
to use this known rotational frequency to pro-
duce a number of different types of synchronous
indicators. These synchronous indicators have
the common characteristic that a known refer-
ence frequency can be used so that the average
produced indication is proportional to only that
component of receiver output that is of exactly
the same frequency as the reference frequency.®®
Note the importance of the word average in the
above sentence. An important part of a syn-
chronous indicator is a narrow-bandwidth cir-
cuit (either band pass or low pass depending on
the type of synchronous indicator used) whose

10 Insofar as operation at low predetection carrier-to-
noise ratios is concerned, this exact knowledge of the law
of effective rotation of the antenna pattern seems to be
one of the fundamental advantages that direction finders
of the “receiving type” have over direction finders of the
“transmitting type.”

In the transmitting case (e.g., an omnirange system), it
is always necessary to send to the receiver “‘synchronizing
information,” and in many cases, the inability to detect
this synchronizing information, rather than inability to
detect the directional information, sets the limit on the
operating range of the system.

is perhaps the best way to find the effective
postdetection bandwidth.

The quantity .S/N, is an important term in the
equations of this paper. It should be realized that
it is possible to express this ratio in the post-
detection bandwidth Af, in terms of the magni-
tude of fluctuation that will be seen about the
true or average bearing. If the noise produces an
error-function type of bearing fluctuation (which
is true in many practical cases) then it is practical
to express numerically the bearing fluctuation
in terms of the statistical quantity, the standard
deviation of the bearing from the average bear-
ing.

8. Appendix: Experimental Determination
of the Relation Between the Postdetec~
tion Signal-to-Noise Ratio and the
Predetection Carrier-to-Noise Ratio
When a Linear Detector is Used With
Double-Sideband Amplitude Modula-
tion

A block diagram of the electrical apparatus is
given in Figure 8.

8.1 SiGNAL GENERATOR AND MODULATION

The signal generator and attenuator were high-
quality standard laboratory instruments. Modu-
lation at 80 percent was produced by an alter-
nator driven by a 15-cycle synchronous motor,
which was run from the power lines. The band-
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width of the postdetection band-pass filter re-
quires that the 15-cycle modulating frequency
have a short-time frequency stability better
than approximately 0.02 cycle. By using the
power lines to obtain the modulating frequency,
the necessary short-time frequency-stability re-
quirement was satisfied.

8.2 NoisE GENERATOR

The noise generator consisted of a high-gain
double-superheterodyne receiver with a local
oscillator and mixer added to its final intermedi-
ate-frequency amplifier so that the resulting
thermal noise was produced at the desired mid-
frequency of 1.5 megacycles. By using the
multiple superheterodyne receiver, it was possi-
ble to obtain large thermal noise output with no
observable regeneration caused by undesired

feedback.

8.3 FiNAL INTERMEDIATE-FREQUENCY AMPLI-
FIER

The final intermediate-frequency amplifier
from which the linear detector operated and
which set the predetection bandwidth of 50
kilocycles, used five cascaded critical-shape-
coupled double-tuned circuits and showed no
regeneration effects whatsoever. Of course, the
signal generator and mnoise generator, which
operate into this amplifier, were carefully de-
coupled from each other so that any adjustments
on one generator had no effect on the output of
the other.

8.4 LINEAR DETECTOR

The linear detector consisted of two sections
in parallel of a 64 L5 double diode. The frequency
response of the diode load used was approximately
150 kilocycles so that the total triangular noise
spectrum was fully reproduced. The alternating-
to direct-current impedance ratio of the total
diode load for the modulation frequency of 15
cycles was unity (for all practical purposes) so
that the 80-percent modulation used could be
handled with no observable distortion. The
power-output capabilities of the last intermedi-
ate-frequency stage driving the linear detector
was such that 50 volts peak-to-peak of detected
signal could be obtained from the 80-percent

modulated carrier before appreciable distortion
could be seen. In the experiment, the diode was
operated at an essentially constant output level of
5 direct volts resulting from carrier plus noise.
This output voltage was sufficiently below the
overload point and sufficiently above the con-
tact-potential voltage so that errors due to both
effects were negligible. With reference to the
linearity of the detector, no attempt was made
to measure the departure from a constant value
of the slope of the curve giving output direct
current versus input carrier; it is standard
practice, however, to consider a diode detector
to be satisfactorily linear above an output of
approximately 2 direct volts, the upper limit
being set by the stage driving the detector. Since
this experiment dealt mainly with predetector
signal-to-noise ratios below unity, it was possi-
ble to keep the operating level of the detector
essentially constant; i.e., signal plus noise pro-
duced approximately 5 direct volts output from
the detector.

8.5 PosTDETECTOR NARROW-BAND FILTER

Since an expected signal amplitude variation
of at least 100:1 was to occur across the diode
load, the attenuator shown in Figure 8 preceding
the narrow-band postdetection filter was used so
that this filter and the following rectifier volt-
meter could be operated at a constant level; thus
the problem of the amplitude linearity of the
vacuum tubes in the filter did not have to be
considered. Since the circuits following this
attenuator then operate at a low level, it is nec-
essary to be sure that hum and audio-frequency
noise have negligible effect.

The required bandwidth for the postdetection
filter was fixed by the predetection bandwidth of
50 kilocycles, by the fact that it was desired to
obtain readings at predetection carrier-to-noise
ratios as low as 1:10, and by the fact that to read
the output meter accurately it was necessary to
have a reasonably good signal-to-noise ratio,
say 5:1, in the postdetection bandwidth at this
1:10 input carrier-to-noise ratio. To calculate
this required postdetection bandwidth, we com-
bine (1) and (4a) and obtain

1/2
N,= <Af v ) N1rGoGo. (20)

Afrr
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Next, combine (7) and (8) to obtain

C

Sv=——1—%GDGv. (21)

[+ ]

The ratio of (20) and (21) is

(%)
I .
N/» \Af, [1-!—(%[)2 ]1/2
F

and, finally, for the case we are interested in
where (Nrr/Crr)>1, we obtain

S 2

Af IF -~ <N >'v
Af, of C\* '
" (N ) 1r

For the set of conditions previously mentioned,
we see that the ratio of predetection to postde-
tection bandwidth must be 2.3X10%; thus we
require a 0.2-cycle wide postdetection' band-
width centered at the modulation frequency of
15 cycles. In the actual experiment, a 3-decibel
bandwidth of approximately 0.1 cycle was
used. A rough check of the signal-to-noise ratio
in this postdetection bandwidth at a predetection
carrier-to-noise ratio of 1:10 showed that (23)
gives satisfactory engineering accuracy.

This bandwidth was obtained by cascading
two band-pass amplifier stages. Each stage con-
sisted of a feedback-amplifier chain using the
well-known parallel-T null network in the feed-
back path. Each feedback-amplifier chain had a
gain of approximately 350 at 15 cycles, thus
giving a resonant-circuit Q of approximately 85.
Each chain was direct-current coupled through-
out so that there was no low frequency at which
the feedback could become regenerative; and by
the simple expedient of dropping the high-fre-
quency response of ore of the stages in the chain
the magnitude of the uf gain was made less than
unity at the high frequency at which the phase
shift about the feedback chain was 360 degrees.
Since there is 100-percent negative feedback for
direct current in each chain, direct-current drift
troubles due to the direct-current coupling are
not encountered.

It is important that the parallel-T null net-
work be so accurately aligned that its loss at the
null frequency is greater than the gain of the

(23)

feedback amplifier in which it is used, and it is
necessary to devise a rigorous alignment pro-
cedure. It is also important to realize that the
frequency-selective characteristics of this type of
effective band-pass circuit are limited by the
bandwidth of the feedback amplifier and by the
signal-handling capabilities of the tubes in the
chain. It will be remembered that, in the experi-
ment, the postdetection circuits must reject
noise-frequency components up to 50 kilocycles.
Rather than design the feedback amplifiers for
this pass band, they were designed to handle a
few thousand cycles and a few sections of RC
low-pass filters preceded the feedback filter so
that no frequency components above a few
thousand cycles ever reached the feedback band-
pass circuits.

8.6 SETTING FOR 1:1 PREDETECTION CARRIER-
TO-NOISE RATIO

Landon in his discussion with Norton’ showed
that with only noise present, the average output
A of a perfect linear detector; i.e., the direct-
current value read on a long-time-constant di-
rect-current voltmeter, is Ay =1.252 N, where IV
is the root-mean-square value of the intermedi-
ate-frequency noise oscillations. We know that
when carrier alone is present, the average output
A, of a perfect linear detector is 4.=1.414 C,
where C is the root-mean-square value of
the intermediate-frequency carrier oscillations.
Therefore, if we have the ability temporarily to
cut off the carrier input and thus read the direct-
current output Ay due to noise only, and then
temporarily cut off the noise input and read the
direct-current output 4, due to carrier only, the
ratio of the readings will be given by (24).

Ay N
4. 0. 886?.

Thus, for our desired predetection carrier-to-
noise ratio of 1:1, the ratio of the readings was
made to be 0.886. This ratio was checked before
each reading to make sure the noise generator
was supplying a stable and constant output.

This setting was also checked in another way:
Bennett® has shown that when carrier is added
to the noise at the input to a linear detector, the
resulting direct-current output of the detector
is approximately 1.4 times the direct-current
output produced by noise alone. The frequency

(24)
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response of the diode load must be equal to or
greater than the full intermediate-frequency
bandwidth, and there must be enough noise (e.g.,
2 volts) to ensure that the diode is in its linear
region. This ratio was found to check very satis-
factorily with the ratio given by (24).

Recent Telecommunication Development

The graph of Figure 6 was then obtained by
varying the signal-generator attenuator from
this 1:1 predetection carrier-to-noise condition
and finding the corresponding required variation
in the audio-frequency attenuator to maintain
a constant output from the postdetection filter.

Reference Data for Radio Engineers, Third Edition

A THIRD EDITION of Reference Data for Radio
Engineers has been published by Federal
Telephone and Radio Corporation. This 672-
page volume is twice as large as the previous
edition. It not only contains-information un-
available for the first two editions, but the earlier
material has been expanded wherever experience
revealed a definite need. Over one hundred
thousand copies of the first two editions were sold
since 1943.

The book was compiled by engineers of Federal
Telecommunication Laboratories and of other
associate companies of the International Tele-
phone and Telegraph Corporation. Most of these
engineers are regular contributors to Electrical
Communication.

While many of the chapters of the second edi-
tion have been retained, they have been revised
and new material added. In some cases, the
names of the chapters have been changed to
comply with more advanced terminology or to
cover increased scope. For example, the former
“Room Acoustics’ chapter now includes a more
comprehensive treatment of acoustics and its
name has been changed to ‘‘Electroacoustics.”
In the same sense, the material previously under
“Audio and Radio Design” was expanded into
five chapters; namely, “Components”, “Funda-

mentals of Networks”, ‘“Selective Circuits”,

~ “Filter Networks'’, and “Attenuators.”

Among the new chapters added are: “Fre-
quency Data”, including comprehensive material
from the 1947 Atlantic City Conference; ‘‘Bridges
and Impedance Measurements”; ‘“Modulation’;
“Fourier Waveform Analysis’’; ‘“Radar Funda-
mentals’’; “Broadcasting’; ‘“‘Servomechanisms’’;
and “Maxwell’s Equations.”

The chapter on ‘‘Radio Propagation and
Noise”, of 26 pages in the second edition, has been
expanded into two chapters covering 62 pages.

Material previously called “General Infor-
mation” has been expanded into three chapters
entitled: ‘‘“Units, Constants, and Conversion
Factors”; ““Properties of Materials”; and ‘“Mis-
cellaneous Data.”

“Mathematical Formulas' take 32 pages more
than the 12 pages in the second edition.

Although it contains twice as many pages as
its predecessor, the third edition is only slightly
thicker and but a few ounces heavier through
the use of thinner paper.

Copies of Reference Data for Radio Engineers,
third edition, may be ordered from Federal Tele-
phone and Radio Corporation, Publication De-
partment, 67 Broad Street, New York 4, N.Y.,
at $3.75 a copy or, in lots of 12 or more copies
to a single address, at $3.00 each, postpaid.



Variations of Telephone Traffic

By F. W. RABE
Bell Telephone Manufacturing Company, Antwerp, Belgium

HE number of circuits required per
group for an automatic telephone ex-
change depends on the average traffic

density during a number of busy hours.

To determine the number of circuits per group
for a certain average traffic density, under full-
availability conditions, increasing use is made of
Erlang’s well-known probability equation for lost
calls.

The theoretical assumptions underlying Er-
lang’s equation B for lost calls are the following:

A. Each call (attempt) is made independently of time
and of the number of calls in progress. If » represents
the average call density or the average number of calls
offered in the unit of time to a group of circuits, the
probability that a call will be made during an infinitely
small time d¢ will be equal to #d:.

B. Holding times may be constant or variable. The aver-
age holding time of the successful calls will be represented
by k.

C. The average values of # and % should be based on a
large number of calls originated in a long time T3, during
which the traffic conditions that influence the averages
should remain constant.

D. All calls should have access to all circuits of the group
(full-availability condition). Traffic fulfilling conditions
A, B, and C will be referred to as ‘“‘stationary traffic.”

The product of % and # or the average number
of calls offered during the average holding time
of the successful calls is the traffic value included
in Erlang’s equation.

In case of small losses, Az may be replaced by
v, where y represents the average traffic density
or the average number of circuits simultaneously
engaged, in the group under consideration, during
a long time T71.

When measuring the average traffic density
during short time intervals, 31 values will be
obtained and will vary around the average ¥y
value.

To determine the busy hour, average traffic
densities will have to be measured during short
time periods (for instance, quarters of an hour)
during the busiest period of the day. A large

number of daily busy hours will form a long time
comparable with the theoretical long time T%.
During this time, the traffic should so far as
possible be stationary, and the number of circuits
required is determined by Erlang’s equation B.

To check whether this condition is really ful-
filled, the actual variations of y; around y should
be compared with the theoretical variations of ¥,
for stationary traffic having the same average y.

This check can be made in a rather easy way
by comparing the standard deviations for the
two cases.

[y —y)2P(yn) I

In this formula, P(y1) represents the probability
for an average y during a short period in the
theoretical case and for the practical case the
proportion of short periods having an average .

In the following two sections, equations for the
standard deviations for the theoretical case, for
constant as well as for varying holding times, will
be derived. The application of the equations will
be demonstrated in Section 3.

1. Variations of Stationary Traffic—
Constant Holding Times

The probability that a certain number of calls
#1 originate in a short time interval 4 is given by
the second form of Poisson’s equation:

e—-ntl(ntl)m

P(’}’Llh) = 7’L1! ) (1)
The average time interval between two consecu-
tive calls will be 1/# for a large number of calls.
For a small number of calls »;, this average time
interval will vary and will be equal to a/n, where
« may have all values from 0 to .

Instead of counting the number of calls in each
equal period #, we may also measure the time
intervals 4 for an equal number of calls #;. Each
time interval starts then at the moment the first
call is originated and terminates at the moment
call #:+1, i.e., the first call of the next period #,
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is originated. The first call has a definite place
at the beginning of the period (probability nd#)
whereas the other #;—1 calls are distributed at
random over the period 4 according to (1).

The time # will be equal to (m/n)a so that
nt =ma and ndh =mdao.

The probability of finding #, consecutive calls
with an average time interval a/z will be

e e (ma)" mda @

P(ﬂla) = (711— 1)|

To facilitate calculations, two assumptions will
be made:

A. The number of circuits is infinity or the loss is very
small and negligible.

B. Each time unit 4 is complete in itself. This means
that if the holding time of a call falls partly outside #, it
returns with the remaining part of the holding time to the
beginning of that period. If # is short, the same call may
return several times.

In this way the average traffic density y, during
the time # will always be equal to

mh _mnh _my

Tl-_ nt1 niy :

It will be evident that, especially for small
values of #, the average traffic density y; found
in this way will be too high.

The standard deviation for the average traffic
densities during equal time intervals £ may now
be found by applying (1).

G'c(tl) — [nEm' (yl _y>2e_"t1(71t1)"1:l1/2’

’ﬂll

n1=0

_ n1=00 71/12 '2n1 I e—”tl(ntl)nl 1/2
Gc(tl) _yl: MZ=:0 ('ﬂztlz ntl T 1> 1’1,1! .
When replacing #:2 by #1(n,— 1)+, it will be
easy to find the standard deviation o.(t:) for
constant holding times.

wt)=3(m) " | 3)

When 4 is long, the standard deviation will be
small and for ¢,=, ¢.(;) =0.

On the other hand, when ¢ is short, the stand-
ard deviation according to (3) will be large and
for 4=0, c.(})= ». This latter case cannot be
correct and is due to assumption B (¢ complete
in itself).

The correct standard deviation for momentary
values of y;, has been calculated.!

1 1/2
e =yr=y(2)". @
y
This equation may be derived from the first
form of Poisson’s equation, giving the probability
for momentary values of i, for which case
will be an integer.

Pl ="2. 5)

The standard deviation ¢(0) will then be

y1=w e—yyn |1/2
a@=[z<ywm %].
y1=0 i

From this, (4) is obtained by replacing y:* by
yy—1) 4.

As Poisson’s (5) is valid for constant as well
as for variable holding times, (4) also will be
valid for all holding times.

In Figure 1, the solid-line curve 4 shows the
standard deviation for average traffic densities
during short time intervals 4 as a function of £/A
and for constant holding times according to (3).

— i 1/2_ 3’)1/2 1/2_<E>1/2 1/2
o;(tl)—y<ntl> _<nt1 (y)2= 5) Y

For #/h=0, the standard deviation must be
equal to (v)¥2. Curve 4’ shows approximately
how curve A should be modified to obtain the
standard deviation for y; for small values of ¢ /4.

There are two reasons for the deviation of
curve A’ from A. The first, which is due to
assumption B, has been mentioned already. It
indicates that the standard deviation correspond-
ing to (3) is too large, especially for small values
of #i/h. The second reason is that the number of
conversations at the beginning of the period #
continuing from the preceding period need not
be the same as the number of conversations
existing at the end of period #. This difference
makes the standard deviation corresponding to
(3) too small. For long time intervals #, the
effect is relatively small; it is also small for short
periods as the number of conversations at the
start and end of short time intervals # are not

L L. von Bortkewitsch, ‘‘Das Gesetz der kleinen Zahlen”
(Law of Small Numbers), Leipzig; 1898.
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independent of each other. There will, therefore,
be a time # for which the influence is maximum.

As we are only interested in periods having a
length of at least 15 minutes when A=2 to 3
minutes, no attempt will be made to find the
correct mathematical expression for curve 4’.
We have found the standard deviation for y; by
considering equal time periods # in (3). We may,
however, also consider an equal number of calls
n. By (2), the standard deviation o.(7) will
become

2. Variations of Stationary Traffic—
Varying Holding Times

We assume that the probability for the holding
time of a call being terminated during an infi-
nitely small time d¢ is d¢/k and that it is inde-
pendent of how long the call has been in progress
at the moment considered.

Consider a fictitious arrangement in which the
calls are placed one after the other in such a way
that the holding time of call ¢+1 starts exactly

O'c(nl) — [fa=w (y "3&)2 e_ma(nla)m—lnlda] 1/2,

—0

o=t [

1_2
& «

2 1/2
=+ 1)6‘"10‘(1’1,10() "1“17L1dajl s

o) =] oot g5y DO =2) = 2mE =D+ 1)1

1
o) =3\ Gy

Hence
mi2
(m—1)(m—2)§ °
For 1 =1 or 2, the standard deviation equals
o, due to the fact that for one or two calls the
influence of short time intervals ¢, becomes evi-
dent. For a large number of calls #;, we find

approximately
1 1/2
rdm)=3(2) "

Equation (7) is of less importance than (3) as
it is less practical to measure the average traffic

o) =3 ©)

(7)

[ni2m = 3)1 = 2ma(m =D+ =117}

at the moment the holding time of call ¢ termi-
nates. In this way, a large number of calls will
combine to form a long time 7%, which is quite
different from the long time 7% noted before.
As a matter of fact, To=Tnh=T1y.

Arbitrarily, let us take a short time £ out of
T, and try to find the probability that there will
be n; calls (starts and terminations of conversa-
tions coinciding) during this time.

This probability will be determined by the
second- form of Poisson’s equation, so that a
formula similar to (1) is obtained.

densitie's fo_r equal numbers of calls #, than for Pnaty) = -8 <£g>n2 i' . ®)
equal time intervals #. k) !
1.0 T
SN NG
0.8 N ™
oz S N \\\\
x o~ I~ P
= - g 0.6 ~ _\ Ry
g a4 = -\~B -m%m
Z>x 04 — ey
LIJ A d
®"a
0.2
o}
O 2 4 6 8 10 12 14 16 18 20
t/h

' Figure 1—Standard deviation plotted against #/%. ) ] )
Curve A = (h/t)"2y12 (constant holding time), Curve B=(2k/4)"2y!/? (varying holding time).
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On the other hand, we can measure the period

comprising exactly #, calls and ask for the proba-

bility of s calls having an average holding time

equal to gk. The time £ will be equal to nsph so
We will obtain an equation similar to (2).

e ™8 (naf)™ 1 n2d

(—1)! ©)

P (nzﬁ) =

The same assumptions, 4 and B, will be made as
for constant holding time.

_ e et
ou(t) —y[ "Eo (g — 1)1
_ 7= e-—ntl(ntl)nl
7olf) _y{ ,EO ml(nm —1)!
3 ny =0 e—-nu(,ntl)m[ _gﬂ
O.”(ll) —y{ mz=0 7’L1! 1 nly
It will be evident that when taking ny =,
_b_mbh_nhp _
yl‘tl— 7« =YY
—
n
when v=8/a.

We have now to consider two variations, viz.,
the variation of the average time interval be-
tween consecutive calls and the variation in
average holding time.

We will determine now the probability of
measuring an average traffic density y: during
a short time interval #. The probability that
there will be #: calls during this time # will be
given by (1). For an average traffic density
=4, the time #, should be equal to yih. The
probability of finding an average holding time
Bh for ny=mn, calls is given by (9). In this equa-
tion, however, 1,8 is replaced by n,8 =nrya=mnty
and n.dB is replaced by ntidy.

The probability P(yhn:) of finding an average
traffic density y1=+y during a time # for #; calls
will be found by multiplying (1) by (9), which
gives

e (ni)™ e (nbyy) ™ nhdy
! (n; — 1) !

P(ytim) =

To find the total probability P(v#4), we must

consider #:=0, 1, 2, up to « and add all these

_|..

probabilities together so that

7Y =0
P(yt)= % Plybou)
t1=0
or
B ny==00 e—nt1(1+7)')’m__1 (nt1)2md7
P(yt) = E__:O ml(m—1)! 1o

The standard deviation ¢,(4) will be equal to

[ —y)2P(vt) ]

or

@ 1/2
f e—ntl'y(ntlfy) "1—1( 1— 'y)znlfld’)’] y
0

2 1 uz
I:F(nl)—n—tl F(ﬂ1+1)+nTt1§ I‘(ﬂl+2)]} y

n2t12

(n1—|-1)n1] }1/2.

Hence

2 1/2
o) =3() (1)
This equation is similar to (3) for constant
holding times. As a matter of fact, we have
found that ¢,(4) = (2)Y26,(f). Curve B shows the
standard deviation for average traffic densities
during short time intervals # as a function of
t/k according to (11). Curve B’ shows approxi-
mately how curve B should be modified for small
values of #/h.
We may replace (3) and (11) by a single

equation,
5 1/2
=)

In this formula, §=1 for constant holding
times whereas §=2 for varying holding times,
fulfilling the condition stipulated at the beginning
of this section. For mixed holding times, 6 will
have a value between 1 and 2.

Finally, the probability may be determined
for an average traffic density y1=+y for #; con-
secutive calls. For this purpose, multiply (2)

by (9).

P(ma)P(n)
_ e (ma)" 'nda e (nB) ™ mad
(m—1)! (na—1)!

(12)




VARIATIONS OF TELEPHONE TRAFFIC

247
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We take #;=m,, whereas y=§/a. § and « can
be varied by multlplymg them by the same value,

so that v remains constant. We replace « by

B8/v and assume that 8 varies from 0 to «. The
probability P(n1y) of finding an average traffic
density yy for #; calls will be

[B== g—mBlUIM+H (4, B)2m—1 7y

constant or variable or whether both types are
mixed,
To illustrate

t]’\p way 1'n I’I ch
ne (014

wav ir (12) mav be
\LA/ u.;a,'y e

used, a numerical example Wlll be given.

We assume that average traffic intensities for
one group of circuits during 8 consecutive periods
of I{ hour each have been recorded as shown in

Plmy) = . dvdB Table 1.
m—1) (g —1)! mtl ’ .
J b (= D=1y It is assumed that the total number of calls
yri iy during 2 hours=234 or an average of 29.2 per
P(ny) = m—1D) 1 —1) (v 1)2m I'(2m). quarter and the holding times for 90 percent of
the calls are variable and for 10 percent, constant.
Hence Only 8 observations are available to determine
. (m—=1)! il .., theaverage traffic density y, and these are not
)= (i~ m—1D1 (’Y+1)2"1 W) sufficient to calculate the exact value of ¥,
We must, therefore, take the most probable
Th ndqrd dpxr}afinn nf fhn avaraoca fraffe wralizn L A o L, Y PR IR % ORI DU BRI
A4 11T uuu. . TVYiauiy v LIIL AV CLART Ll Gl vdluc lul 'y, WIIC lb Lllc dllLlllllULlLdl lllcd,ll
density vy for an equal number of calls #; will be  y=3.75, for both the actual and theoretical
/N P Nep N cases. The sum of (v—m)? will be 5.67 so that
O\ N1) =L 2.\Y — )" \ny) |5
— | L4 _ 2,,m1—1 1/2
au(m) =y| DL [ A=ty
L~ D=1 J (v 77|
(2,

&y

o) =2 G

ao(m) =y[m]m-

Also for this equation, if #;=1 or 2, the standard
deviation will become «. For a large number of
calis #,, the standard deviation will approximate
the value

(14)

/7 2\1/2

oo(n1) zy(;:;) (15)

When comparing (7) and (15), we find that
oy (m) = (2)Y20,(n1).

3. Application of (12)

The average traffic densities during equal
time intervals for various groups of circuits can
be measured simultaneously with automatic
traffic-recording equipment. To analyse these
traffic figures and determine if, and how far, the
variations of these average traffic densities ex-

r‘ﬁnr] H’\n TTQF|a+1{'\ﬂQ r\f t\nrrnepnnﬂlng efghnnqrv

traffic as covered by Erlang’s probability equa-
tion, we must also count the number of calls or
measure the average holding time. Further, we
must investigate whether the holding times are

y1 [BOw, m) =2B(m+1, m~1)+B(m+2, nl—z\]}m,

TABLE 1
AvVERAGE Trarric DeENsITY FOR EIGHT CONSECUTIVE
QUARTER-HoOUR PERIODS
Quarter Average o 1 Number of
Hour Deﬁ;?g}c: " y—n (v ~1) Calls
1 3.3 0.45 0.20 25
2 3.0 0.75 0.57 22
3 4.2 —0.45 0.20 30
4 3.2 0.55 0.30 28
5 5.5 —1.75 3.06 40
6 4.5 —0.75 0.57 30
7 3.0 0.75 0.57 29
8 3.3 0.45 0.20 30
Total 30.0 0 5.67 234
Average 3.75=y 0 0.71 292

The traffic den51ty is a pure figure without dlmenslon
Recently, the name “Erilang” has been given to the traffic
density unit. One Erlang=30 equated busy-hour calls
(EBHQO).

the standard deviation of actual average traffic
densities will be (5.67/8)12=0.84.

As 10 percent of the holding times are con-
stant, we take §=1.9. The theoretical standard
deviation for stationary traffic will, therefore, be
3.75 (1.9/29.2)12=0,96 when applying (12). As



248

ELECTRICAL COMMUNICATION

ndard deviation for actual traffic (0.84) is
smaller than the theoretical standard deviation
(0.96), the traffic may be considered as being
stationary during the 2 hours.

A deviation (y;—9v) greater than twice the
standard deviation will occur only 2 to 4 times
out of 100 cases for stationary traffic and a
the standard

the standard devia

deviation greater than 3 times
deviation will occur only 2 to 4 times out of
1000 cases.

If all values in Table 1 had been 10 times
greater, we would have found a standard devia-
tion of actual average traffic densities=10X0.84
=8.4. The corresponding theoretical standard
deviation for stationary traffic, however, would
have been 37.5(1. 9/292)1/2—0 96 (10)1/2—3 04.

ror tﬂlb Ldbe 1L W()UIU not Ild.V€ UCEH pUbblUlC to
consider the traffic as being stationary during the

]’\nnrc
UL,

When the time intervals & are shorter than
15 minutes and the average holding time is 2

n 2t TMolgn s s v ca e ? o Nae.T
[ & bvbuuuuulububwuu {4

minutes, (12) may no longer be used. The
approximate curves 4’ and B’ may for such a
case (e.g. #;=>5 minutes) be helpful and will per-
mit approximate values to be found for the
standard deviation.

Equation (12) may also be useful for deter-
mining the average busy hour of an exchange.
The average traffic density of the average busy
hour should preferably be found by taking the
average of about 300 traffic observations made
during the course of one year.

When caiculating the standard deviation for
these 300 values, it may be found that it is
larger than th
such a case,

SRR T T 1. o1~ (10
nat wiich correspondas to

PO
sufﬁment number of the lowest

P

w111 increase, as the average of the remaining

values becomes greater.

nhh'nno- both

center-
center

i ture elenlum rect1ﬁer d on their applica-
tions in television and aural home broadcast
receivers, mobile receivers, phonographs, ampli-
fiers, and amateur and industrial equipment are
given in a 48-page booklet entitled ‘“‘Federal’s
Miniature Selenium Rectifier Handbook.” Half-

wratvra and

£33l xxravrn  asnndiGrm ) s b Vaddo.o
wave aliu  lul*wavoc loolliialon, Ul 1aiict

bridge circuits, is treated.
-tripling, and -quadrupling circuits are in-
cluded.

The booklet is available from Federal Tele-
phone and Radio Corporation, 900 Passaic
Avenue, East Newark, New Jersey, at twenty-

five cents per copy.



Design Equations for Servomechanisms*

By BENJAMIN PARZEN

Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey

A SERVO SYSTEM is a combination of
ﬁ elements tor the control of a source of
power in which the output of the system
Of soiie lull(,(,l()ﬂ ()1 LHC UU.LIJUL lb le(.l Ud(,K 101‘

comparison with the 1nput and the difference be-
tween these nn:‘mﬁﬁpq is used in ¢ {

power.!

In this definition, the term “input” includes
broadly any auxiliary reference source with
which the output sample is compared to obtain
an error quantity for correction purposes: Such
a reference source may be, but is not necessarily,
a pure source of the characteristic under control.
For instance, whereas an automatic-frequency-

control system usually compares the output fre-

quency W1th an aux111ary oscillator of high
frequency stability, an automatic-gain-control

COMPARATOR

6; _ €
. CONTROLLER' -——-——-.Q-‘?-p

1 [

POWER
SOURCE

Figure 1—Example of simple servo system.

amplifier utilizes the amplitude of the output
signal to produce a bias voltage that controls the

in thie case. no

oain of the amnlifier. There is
i Liin Case, 110

gain of the amplifier. There is,
pure source of gain with which the gain of the
amplifier is compared.

Servo systems may include electric, hydraulic,
pneumatic, and other forms of power. Systems
that involve mechanical motion are called servo-

* Reprinted from the third edition of ‘‘Reference Data
for Radio Engineers” published by Federal Telephone and
Radio Corporation.

1 ]ames, Nlchols, and Ph1ll1ps, “Theory of Servomecha-
nisms,” (Radiation Laboratories Series, Number 25)
McGraw-Hill Book Company, New York, New York, 1947.

mechanisms and only such systems are treated in
this paper.
1. Basic

vefpm Elements

The basic elements of a servomechanism are
and

alill

innut or
iput

reference quantity 6;, an output quantity 6,
a mixer or comparator that subtracts 6, from ¢;
to yield an error quantity e=6;—#8,, and a con-
troller, which so regulates the flow of power from
the power source that e tends toward zero. The
controller may include amplifiers, motors, and

include an
mclude an

shown in F|n11rp 1

2. Classification

Servomechanisms may be classified in ac-
cordance with their use or with their motive or
control characteristics. Some of those classified
by their uses include remote control, power
amplification, indicating instruments, and com-
puters. Among those classified in accordance
with their motive characteristics are hydraulic
servos, thyratron servos, Ward-Leonard con-

trole amnlidvne controls. fwoo 1’\1’\0 co altarnatino-
LIOLs, Al yilc CONUIULS, UWOU-P1IAbe dilCiiiatilly

current servos, mechamcal—torque amplifiers, and
pneumatic servos. Under control characteristics
will be found the relay-type servo, in which the
full power of the motor is applied as soon as the
error is large enough to operate a relay ; definite-
correction servo, where the power of the motor
is controlled in finite steps at definite time in-
tervals; and continuous-control servos, in which

+ha nawoer of the motor ia
Liic kJUVV\/I. UL LLIC fLiuvLuUL 1o

by some function of the error. Only the continu-
ous type of servomechanism is treated in this

paper.

continuously contralled
continuo usiy CULluvacu

o

r ¥ § - ¥ raY e £
3. Fundameniai Quaniiiies for
Lumped-Constant Servo Systems

T
rinear

f(#) =function of time (1)
F(p) =Laplace transform of f(z) (2)
- §;=input quantity 3)
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8,=output quantity (4) error system is also a zero-displacement-error
e=error quantity=6,—#, (5) system.

Y(p) =loop transfer function

_0.(p) _ | KOu(p)
e(p)  P°Pup)
is an integer. |K is defined in (7).
Qrand P, are polynomials of degree
m and #n, of which the coefficient of
zero power of p is taken as unity. (6)

, where m<#n and s

| K =loop gain=1im p*¥(p) (7)
=0

4. Positioning Type Servomechanisms

The fundamental quantities described above
are applicable to all classifications of continuous-
control servo system. The remaining material
in this paper applies to positioning systems using
electronic and electromechanical devices. Other
servo systems can be treated in exactly analogous
fashions.

A typical positioning servo is shown in Figure
2. For this system:

0(p) B Vu(R) VD) U
YO =0y “TH 70 U V(p)’ an
op) BV () V() U(D)
Yo =0.(6) " THRTaG) Yup) UR)+ VYU D) VY 2
@ 14 V() Up) V()
Yi0)= 5 S TH R TA D Vo) UGB+ V) T VE) (13)

V,(p) =over-all transfer function)
_9:(0)
0:(p)
_ T() r ®)
1+ Y(p)
15 Sulp)
RO J

where S, R, are polynomials simi-
lar to Q. and P, in (6) above

Yi(p) =error-input transfer function
_<p)
0:(p)
_ 1 (9)
1+ Y(p)
_ Pup)
14+ | KQn(p)

fes =steady-state quantity
=7

00

=lim pF(p).
0

(10)

When s=1in (6) the system is termed a zero-
displacement-error system, since from equations
(9) and (10), €,,=0 when 0:(2) is a step displace-
ment. Similarly, when s =2, the system is termed
a zero-velocity-error system since e,,=0 when
0:(£) is a step velocity. Obviously a zero-velocity-

In Figure 2, comparator 1 is an error-measur-
ing system that converts the difference between
6; and 6, into error voltage e, where e=kye. & is
usually a real constant. Examples of error-
measuring systems are shown in Figure 3.

Mixer 2 in Figure 2 is a circuit arrangement .
that subtracts E, from E, to yield a voltage
e1=E,—E,. U(p) represents the motor and load
characteristics. It includes the motor gearing
and all inertias and forces imposed by the load.
Quantities and relations making up and de-
scribing U(p) are described by (14) to (39).

4.1 U(p)

In the following, subscript m refers to motor,
I refers to load, and o refers to combined motor
and load :

6 =angular position in radians (14)
Q=angular velocity in radians per second
=d0/dt (15)
M =motor-developed torque in foot-
pounds (16)
Jm=motor inertia in slug-feet? 17
E,.=impressed volts (18)
k:=motor stalled-torque constant in foot-
pounds per volt
=(AMn/AEy)q, 19)
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COMPARATOR | MIXER 2
8, e=k e E *EqE E 8
i 1€ Y,(p) a.ml o e, Y. (p) LN Ule) ° 5
AT : OUTPUT
SHAFT
8 ~ MAIN SERVO LOOP AUXILIARY STABILIZING LOOP ) SHAFT
<
Ec
vip) (——————a
>
>

Figure 2—Positioning-type servo mechanism.

k. —=velocity constant in radians per sec- fo=over-all viscous-friction coefficient
ond per volt referred to the load shaft
=(AQn/AEn)u,, (20) = fi+N*fn (28)
fm=motor internal damping character- J,=over-all inertia referred to load shaft
istic in foot-pound-seconds per radian =J,+N2T (29)
= —% = <—AAﬂém>E (21) T, =over-all time constant in seconds
" mo =Jo/ for (30)

rm=motor torque-inertia constant in
1/seconds?= M /T m (22) The ideal motor characteristics of Figure 4 are
quite representative of direct-current shunt
(23) .
motors. For alternating-current two-phase mo-
fi=load viscous-friction coefficient in tors, one phase of which is excited from a
foot-pound-seconds per radian (24)  constant-voltage source, the curves are valid up
(25) to about 40 percent of synchronous speed.
The motor and load-transfer characteristics

J,=load inertia in slug-feet?

F;=load coulomb friction in foot-pounds

S:=load elastance in foot-pounds per are given by
radian (26)
N =motor-to-load gear ratio=6,/6; @2n ’ Plotpfo+S
81
'/
/
__8 p| MECHANICAL ‘_39____
OIFFEREN TIAL / SYNCHRO
] : / POWER SOURCE GENERATOR
! >
——1
POWER e’
e SOURCE
" > SYNCHRO
\ GONTROL
\ TRANSFORMER
POWER )
4 SOURCE 1Y 19,
\ '
\
ao\
@) (b) (©)

Figure 3—Error-measuring systems.
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When S=0, which is very often the case,

\ _ (ke/ N)En(p) — Fi(p)
MO =Gt T G2
and
U =422
N(fot+pJo)p  En(p)(fotpTo)p’
When F; can be assumed zero, then
— kt _ kt
Vo) =NGgts7p N Th D" O

4.2 V.(p)

Y.(p) represents the power amplifier that
energizes the motor system U(p). This amplifier
may be of the hard-tube, thyratron, fixed-
magnetic, or rotary-magnetic (amplidyne) type.
Typical values of V,.(p) are

K,

Yau(p)= T3 5T, (35)

for electronic amplifiers, where 1, is often of
negligible magnitude, and

Ka
Yoll) = 5Ty (17T

for a 2-stage magnetic amplifier.

(36)

4.3 Ya(p)

V4(p) represents the error-voltage amplifier.
This amplifier may include various equalizing

L | ©
)

CONSTANT

Figure 4—Ideal motor curves. .

networks that modify e as required to improve the
servo response. Servomechanisms are often classi-
fied as shown in Table 1 in accordance with the

proportional +derivative

E,_G(pTut1)

proportional +integral
E, Go(pTu+1)

Ei GopTa+1 E;, Typ+1
Ry R;
Go'—"‘ Ga=
Ri+R: Ry+Rj3
Te=R,Ch
Tu=R:C Ty=[Ri+R;(1— G,)]C:

Figure 5—Direct-current equalizing networks.

characteristics of Y4(p). Practical circuits that
approximate some of these characteristics are
shown in Figure 5.

TABLE 1
CLASSIFICATION OF SERVOMECHANISMS BASED ON Y.(p)
Yalp) Type of Servomechanism

ka Proportional
ka(l4pTy) Proportional plus derivative
kA(I + p;) Proportional plus integral

1 Proportional plus derivative
k“’(l +7 T“+m plus integral

The above circuits are for use where the
steady-state error voltage e,, has a direct-current
value. In those cases where e, is a sinusoid of
frequency wq, the bridged-T" circuit is useful as a
proportional-plus-derivative network (Figures 6
and 7). For the circuit to possess approximately
proportional-plus-derivative characteristics, it is
necessary that

Y(jo) =G[1+4jTo(0—w0)]. (37)
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This is true when From (11), we have
1 Tq 2 kikak/N |K
R = R =, d F S N 10ARE
ST Ro=0 ad G=paase 38 YO = fpTpt D)~ sTp iy 40
4.4 V(p) where
V(p) is a feedback and amplifier network that |K =k}kAN * seconds™!
is used effectively to modify the characteristics . °
K
Y =——__——I i , 41
®)= 750+ 1T 4
where |K,=|Kf, foot-pounds per radian. Also,
from (13),
()
é= T1T3P2+2T1P+1 K +2 n
E T+ GTit gt vitp)=—Ee 7, =P2ﬁ‘(§1’wn;o‘)|‘()»n2
Ty=R,C R P<p+ﬁ> (42)
Figure 6—Alternating-current derivative network. P(p+27w,)

of the power amplifier and motor elements.
Often this takes the form of a tachometer gen-
erator coupled to the output shaft, or equivalent,
that develops a voltage e, proportional to the
output-shaft speed. This voltage may be further
modified by circuits that are usually of the
derivative type. Typical circuits are shown in
Figure 8.

5. Typical Positioning Servomechanisms
5.1 StmMPLE Viscous-DAMPED SYSTEM
For the simple viscous-damped servomecha-

nism, referring to Figure 2,

Valp)=ka, Va(®)=1, V()=0,

and
k/N

YO Fp T )

i+ 9o Tg w

Figure 7—Alternating-current derivative
network characteristics.

T {pter =0 ptwlr— (=D}

_0£.+ € -93—>- R E¢
(a) (b)
E(p) E. (P) T,p° _
For 4, 5ot )—pK and for B, 0p) BT, 11 T,=RC.
Figure 8—Tachometer feedback network.
where
wn=(|Km/Jo)%
=system natural angular velocity, (43)
r=1/(2T )
=ratio of actual to critical damping. (44)

For 0;(p) =wi/p? (step-velocity function of ampli-
tude w;),

;—(Q=r{1 — e“’”"’"‘[cos (1 —rD)dw,t
272 —1 Y }
—|—27(1 )i sin (1—7%) wnt] , (45
where

Osse= zwi/wn
=steady-state error for critical damping. (46)
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Equation (45) is plotted in Figure 9.

5.2 PROPORTIONAL-PLUS-DERIVATIVE SYSTEM

The transfer functions of the proportional-
plus-derivative system are identical with those
of the proportional system, except that

For fip =wi/%,
Zrcwz _ N
() =—""31—¢eon cos (1 —7?)iw.i

—I——EC—__—:ZT% sin (1—r2)%wnt:| } (53)

2r¢(1

Equation (53) for ¢=0 (i.e,, 1/T,=0 and f,=0)
is plotted in Figure 10.

Ya(p)=ka(14-pT4), (47)
so that 5.3 EXAMPLES OF SIMPLE SYSTEM WITH AUX-
, K, 14+5Ts : i ILIARY FEEDBACK Loor
)= T. plp+1/Ty) 2" (48) For a simple system with feedback loop, as
shown in Figure 2,
Yi(p) = pp+1/T,) Ya(p)=Fk4 and Va.(p)=1.
prp(gmr )+ o gy BN kN
p(p+2wacr) 0 Jop(Tapd 1) ot Job
=_§+2—‘°12, V(p) =kyp for the circuit of Figure 8A.
Pt Lrowp T o =k, T,p* for the circuit of Figure 8B,
where assuming 1> T, so that
wn=(|Km/Jo)% (50) kAkl/N
v(p)=—E Lot Els
T, T RT0)
C_T; N(P2]0+Pfo)
Sty
T, e (51) bab/N___ 5
=ratio of viscous to over-all damping and
e pL ()
1 1
2wn< T TA) 2wncT,’ (52) It is seen therefore that, if V{(p)==k,p,
the effect is to increase
1.6 : the motor damping to
r=1.5
2 fotkiky/N.
.
14 P Similarly, when
L2 A V(p) =k, T,p? the over-
’ ). all inertia is effec-
10 )4 1O tively increased to
ViD= Jot kit Ty/N.
08 // 0.75 Since k4 can be nega-
g 06 ] § tive or positive, it
,\3 : N 0.5 follows that V(p) pro-
Y 04 | . vides a method of
ﬁ\ .25 effectively  decreasing
02 N 7 S~ vl =N ! or increasing the damp-
o \ N /’ - <=0 ing and inertia.
< ,
-02 6. Servomechanism
‘ . Performance
0O 2 4 6 8 1O 12 14 I8 1B 20 2 24 26 28 Criteria
Wnt

Figure 9—Proportional viscous-damped system,

It is very difficult
to describe completely
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or specify the performance of servomechanisms.
However, the following steady-state quantities
and their typical magnitudes may be used as a
guide.

Static error ¢, ,
=error when input shaft is at rest. (55)

Velocity figure of merit Ky

=w;/ €;s=1nput velocity/error. (56)
Acceleration figure of merit Ka
= a;/€;s=1nput acceleration/error. (57)

Typical performance wvalues are given in
Table 2.

TABLE 2
TypicAL PERFORMANCE VALUES
Quantity Excellent Good Poor
€ 15 minutes 1 degree 5 degrees
Kv 200 seconds™ | 100 seconds™ | 25 seconds™
K, 130 seconds™? 75 seconds™? | 15 seconds™?

7. Stability Criteria

A system is unstable when its amplitude of
oscillation theoretically increases without limit.
Instability is mathematically determined by
taking the denominator of Y.(p) or Yi(p), in
(8) and (9),

specified requirements for the coefficients a;. If
these requirements are satisfied, no p; has a
negative real part. These requirements, known as
the “Routh stability criteria,” are as follows:

A, All coefficients a; must be positive.
B. A certain relation, depending upon the degree of D,
must exist between the coefficients a;.

For the lower-degree equations, the relations in
B above are as follows.

A. For the first and quadratic degrees, the coefficient of p
must exceed zero.

B. Cubic, aspP+-asp?+aip+ao.
For stability, a:21>asa.

C. Quartic, ap*+asp*+ap*+a1p-+as.

For stability, a:a.a1>aac+a:e,.

D. Quintic, asp®+apt+taspP+asp?Farp+ae.

For stability, ag(a4a1—a5ao)(a4¢13’-—asaz)>a4(a4a1—a5ao)2
+Eo(a4aa—asaz)2-

A second method for determining stability is
known as the “Nyquist stability criterion.” This
method consists of obtaining the locus of the
loop-transfer function Y(p), (6) in the ¥ plane
for values of p= jw, where w varies from + = to
— o, If the locus, described in a positive sense,
encloses the point —1, 0, the system is unstable,
(By positive sense is meant that the interior of
the locus is always on the left as the point de-
scribes the locus.) Since the locus is always
symmetrical about the real axis, it is necessary
to draw only the locus for positive values of w;

b Sar oo s L

and putting it in the o8 =05
form 04 HA =0.75 /N
D= (p+po)(p+17) TS y

X(p+pe)---(p+pn). 3 02 i \ \

59 3 N ) A\ O\ A

If any root p; has a = ° AN = \ e
negative real part, the -0.2 \ N :
system is then un- N, o
stable. -0.4 |

The labor involved /
in transforming (58) -0.6
IILtIO (591 ISI ii)ni;c:lzz (o] 2 4 6 8 10 12 14 16 18 20 22 24 26
able, particularly ot

7 exceeds 2. To avoid
this labor Routh has

Figure 10—Proportional-plus-derivative system.
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the remainder of the locus is then obtained by
reflection in the real axis.

Figure 11 shows loci for several simple systems.
Curves 4 and C represent stable systems, curve

(b)

(©) (d)

Solid line =locus for 0=w=.
Dotted line=locus for — o =w=0.
Dash-dot line =locus for w=0.

Figure 11—Typical Nyquist loci. Plotted in Y(jw) plane.

B an unstable system. Curve D is a conditionally
stable one; that is, for a particular range of
values of | K it is unstable, but it is stable for

both larger and smaller values. It is unstable as
shown.

Curve 4 illustrates a zero-displacement-error
system; curve C a zero-velocity-error system.

Curve A4 also demonstrates the phase margin
65, and gain margin g. The phase margin is the
angle between the negative real axis and the ¥
vector when |Y|=1. The gain margin is the
value of | V| when the phase angle is 180 degrees.
The gain margin is often specified in decibels,
so that g=20log |Y|. Typical satisfactory
values are 15 decibels for g and 50 degrees for 8,.

8. Linearity Considerations

The preceding material applies strictly to
linear systems. Actually all systems are non-
linear to some extent. This nonlinearity may
cause serious deterioration in performance. Com-
mon sources of nonlinearity are:

A. Nonlinear motor characteristics.

B. Overloading of amplifiers by noise.

C. Static friction.

D. Backlash in gears, potentiometers, etc. For good per-

formance, it is recommended that the total backlash should
not exceed 20 percent of the expected static error.

E. Low-efficiency gear or worm drives that cause locking
action.

Despite all the available types and sources of
nonlinearity, it is usually found that, when care
is taken to minimize it, the linear theory applies
quite well.



Signal-to-Noise-Ratio Improvement in a Pulse-Count-
Modulation System *

By A. G. CLAVIER, P. F. PANTER, and W. DITE

Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey

T IS SHOWN for a pulse-count-modulation
system that the output signal-to-noise
power ratio expressed in decibels is approxi-

mately equal to twice the input signal-to-noise
power ratio. It is independent of the number of
code pulses when a sufficient number are used.
The distortion due to quantization varies greatly
with the number of levels. Adopting the criterion
that the output noise power should equal the
distortion power, a relation giving corresponding
values of the number of digits and input signal-
to-noise ratio is found.

1. Introduction

One of the newer methods of transmitting in-
formation by means of pulses is known as pulse-
count or pulse-code modulation. Several'—? papers
have discussed the advantages of pulse-count-
modulation from the point of view of distortion
and cross talk. The purpose of this paper is to
discuss another significant aspect of any com-
munication system, which is the system signal-
to-noise improvement.

2. General Consideration of Noise

Noise may be divided into two general types;
namely, fluctuation noise and impulse noise.
In what follows, however, only fluctuation noise
will be considered. Fluctuation noise is assumed
to be composed of an infinite number of equal

* Reprinted from Proceedings of the I.R.E., v. 37, pp.
355-359; April, 1949. Presented at Institute of Radio
Engineers National Convention, New York, New York,
March 23, 1948. This paper is based on work done under
the sponsorship of the Signal Corps Engineering Labora~
tories, Fort Monmouth, New Jersey.

tA. G. Clavier, P. F, Panter, and D. D. Grieg, “PCM
Distortion Analy51s, Transactions of the AIEE (Electrical
Engineering, November, 1947), v. 66, pp. 1110-1122;
November, 1947.

2H. S. Black and J. O. Edson, “PCM Equipment,”
Transactions of the AIEE (Electrical Engineering, Novem-
ber, 1947) v. 66, pp. 1123-1124; November, 1947.

. Grleg “Pulse Count Modulation System,
Tele-Tech v. 6, pp. 48-52; September, 1947.

infinitesimal components covering the whole
frequency spectrum, and assumed to have a
random and continually varying phase.

If fluctuation noise is observed for a suffi-
ciently long time, it will be found that any given
voltage will be exceeded for a certain fraction of
the time of observation. The differential prob-
ability that the instantaneous noise voltage lies
between V and V44V is

1
dp= (Zﬂ_—)meexp(~— V2/2e))dV

=(2ﬂ_—§1/2éexp(—r2/2)dV, 1)

where ¢ is the root-mean-square value of noise
voltage and r=V/e.

This is often expressed by saying that the
amplitude of the noise voltage is distributed
normally about the mean value.

If the circuit includes an ideal low-pass filter,
with a cutoff frequency fo, it has been shown by
Rice* that the probable number of positive
noise bursts per second of amplitude greater
than Vis

n(V) =Lexp(—r2/2). @

There is an equal probable number of negative
bursts exceeding V in amplitude.

An approximate derivation of (2) is given in
the Appendix.

The noise bursts will be considered in what
follows as being independent of each other.
Further, the number of noise bursts in a given
interval of time will be considered as independent
from what occurs in any other interval. Of
course, over a sufficiently great period of time,
the average number #(V) of noise bursts per
second above V is determined. Accordingly, we
may assume that the distribution of noise bursts

48, O. Rice, ““Mathematical Analysis of Random Noise,”

Bell System Technical Journal, v. 23 pp. 282-332; July,
1944.
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obeys Poisson’s law, which states that the prob-
ability of obtaining exactly k disturbances in an
interval of time T is

p(t) =" exp(—nT).

3

As shown in Figure 1, the curve of p(k) versus
E assumes a variety of forms according to the
valué of #nT. If T is small—say, 0.1—then $(0)
is nearly unity and p(k) decreases rapidly as %
increases. When =T is large—say, 100—the
curve is sharply peaked at k2 =100.

3. Application to Pulse-Count Modulation

To evaluate the effect of noise in the video-
frequency section of the receiver, it will be re-
called that in a binary pulse-count-modulation
system information is conveyed by a given num-
ber u of code pulses, giving in all 2#—1 discrete
amplitude levels for the output pulse-amplitude-
modulated pulses. These pulse-amplitude-modu-
lated pulses are subsequently converted to
audio frequencies by means of a low-pass filter.
If the amplitude of the code pulses is taken as
2V, the following simplifying assumptions will be
made as to the effect of noise bursts:

1. A negative noise burst of any shape or
duration, and of amplitude greater than TV,
when combined with a code pulse, will cause
complete obliteration of the code pulse.

2. A positive noise burst of any shape or dura-
tion, and of amplitude greater than V, occurring
in the absence of a code pulse, will cause a
spurious code pulse to appear.

These assumptions are justified by (26) of the

Appendix, which shows that the average dura-
tion of a noise burst above V is small compared
with the width of the pulse-amplitude-modulated
pulse, provided the cutoff frequency fo of the
filter is chosen as low as the duration 7 of the
code pulse will allow (that is to say, 37), and the
input signal-to-noise ratio is sufficiently large.
Hence, a noise burst will cause the insertion or
cancellation of only one code pulse, except for
very rare cases which may be neglected. Of
course, when noise power is comparable to the
signal power this is no longer true, but the
system would then become inoperative,

For the time being, suppose that only one
noise burst occurs during the time T allotted for

the transmission of the p code pulses. Inwhat
follows, the interval T will be referred to as the
subframe. As a noise burst may occur in any of
the u positions, the mean square change in the
level of the output pulse-amplitude-modulated
pulses is

4+—1

1 14
M=~ 22(;&—1)_:__.
! #? 3u

(4)

This is expressed in terms of the square of the
value of one level taken as an arbitrary unit, and
consequently has the dimension of a voltage
squared.
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Figure 1—Curves of Poisson’s law.

Taking account of the fact that on the average
there is only half of the noise bursts (positive or
negative) which effectively alter the code, the
other half being composed of those positive
bursts that fall simultaneously with a code pulse,
and those negative noise bursts that occur when
there is no pulse, the probability of obtaining one
effective noise burst in a subframe is $(1), by (3),
and the output noise power (for a unit resistor)
of the output pulse-amplitude-modulated pulses
is, therefore,

4u—1 +
NI_T TP(U,

(5)
where r is the duration of an output pulse-
amplitude-modulated pulse,- and (1) indicates
that there is only one noise burst per subframe.

Provided the input signal-to-noise ratio is
sufficiently large, the quantity #7 in Poisson’s
equation (3) will be small compared to unity,
and, as previously mentioned, the probability
p(k) decreases rapidly as k increases. The case
of two noise bursts in a subframe is thus already
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very much less probable than the case of only one
burst, for all practical cases of pulse-count-
modulation transmission systems. An approxi-
mate calculation of the contribution of this case
to the output noise is obtained as follows. Let
two indices (7, j) designate the position of the
modified code pulses. The amplitude of the out-
put pulse is modified by the burst (¢, j) in any
of the following ways:

2042, 2i—29, —2i4.2i, —2i—2i,

depending on the particular subframe being con-
sidered. Assuming that any of these combina-
tions is equally probable, the mean square
variation of the corresponding output pulse-
amplitude-modulated pulses is

my, j=1[(274-27)2+ (20— 27)?
(=24 29 (— 20— 27)7]
=4i4 47,
It is now necessary to sum #,, ; over all possible

values of (%, j), noting, however, that the burst
(4, 1) is not more damaging than the single burst
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Figure 2—Output-signal-to-noise ratio versus input
signal-to-noise ratio.
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2. The result is
t=p j=p 2u—1
M2=Z Zmi,]: Ml. (6)
=l j=1
If u is large, this is very close to
My=2M,. (7)

A similar reasoning may be applied to three or
more bursts per frame; in fact, so long as the
number of bursts per frame does not become
equal to the number of code pulses. As the prob-
ability for this to occur is negligible if the signal-
to-noise ratio is large enough for the system
to be operative, the output noise power (for a
unit resistor) is closely approximated by the
following expression :

44 —1

No==3 = 7lp(1)+20@)+3p3)+---1 @)
_&—1a(N)r
2120,

‘The number of noise bursts (V) is given by (2),
so that '

Ny

4o (foT ©)

T3.32T ~”—>eXp(—r2/Z).

The output signal power is determined by the
amplitude and form factor of the quantized
signal. For a sinusoid of peak value m/2(2¢—1)
where m is the degree of modulation, this output
signal power (in a unit resistor) is!

1
So= gmz%(Z" —1)2 (10)

The output signal-to-noise ratio is

3.31/2 2 2 _1
—%-ﬁ(%)exp (r?/2). (11)

Noting that T'/u is the duration of a code pulse,
we see that foT'/u is a significant parameter of a
pulse system that determines the shape of the
pulse. An acceptable minimum value for this
quantity is 0.5. We may write further that

2 _ v =

2=
e2

(S/N)o=

(S/N)1, (12)

where (S/N)r is the input signal-to-noise ratio.
Thus the final result is

(S/N)o=~1.3mlexp [1(S/N)r], (13)
where both (S/N); and (S/N), are expressed as
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power ratios. Letting m=1 and expressing
(S/N), in decibels gives the relation

(S/N)UdeZ'Z(S/N)Ipower' (14>

Thus the output signal-to-noise power ratio
expressed in decibels is proportional to the input
signal-to-noise ratio expressed as a power ratio.
This result is independent of the number of code
pulses, provided enough are used; that is, more
than 3 or 4. The results of (14) are shown graph-
ically in Figures 2 and 3. '

In any pulse-count-modulation transmission
system, although the effect of noise is substan-
tially independent of the number of code digits,
the percent distortion is, of course, directly in-
fluenced by it. The distortion power of the out-

. /
. //
50 |

30 /;
. //

10 //// '
P4

0O 2 4 ¢ 8 0 12 14 16 18 20
INPUT—-SIGNAL-TO—NOISE RATIO IN DEGIBELS

OUTPUT ~SIGNAL—TO~—NOISE RATIO IN DEGIBELS

Figure 3—Signal-to-noise improvement in a pulse-count-
modulation system (S/N) output decibels versus (S/N)
input decibels

put pulses is given by!
A2 ¢ 17
P=mWT- 12T (15)

where
24 =peak-to-peak value of signal=2¢-1
2N =total number of levels=2¢—1.
Taking foT/u=0.5, the output noise power is,
from (9),

No=2 i Zep[—3S/M7) (16)
Thus,
=S pee M/
~Lexp [HS/ML (17)

The output noise power will thus be equal to
the distortion power when

exp [5(S/N)r]=4~

A curve of (S/N), in decibels versus p is plotted
in Figure 4 under these conditions. It gives corre-
sponding values of output signal-to-noise ratio
and number of code pulses for equality of the
distortion and output noise power.

This criterion is useful in the design of cable
systems where the signal power is constant. It
gives the highest fidelity consistent with other
factors. For instance, about 11 digits are required
for an output signal-to-noise and distortion ratio
of 60 decibels. The improvement secured by a
further increase in the number of digits would
be small and not warranted by the added com-
plexity.

4. Effect of Noise on Pulse-Count-Modula-~
tion Systems with Repeating Stations

Let the relay system in Figure 5 consist of %
identical linear amplifiers and % identical paths,
the gain of an amplifier being just sufficient to
overcome the path attenuation. The wvarious
noise sources of root-mean-square value e may
then be replaced by an equivalent noise source of
root-mean-square value £'2¢ at the input. Equa-
tion (14) gives

(S/ Mo =22(S/ M), 18)

where (S/N)r is the input signal-to-noise power
ratio as defined previously; the output signal-to-
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noise ratio again is expressed in decibels. In
practice, the results obtained may be somewhat
worse due to the progressive deterioration of the
pulse shape.

In another type of relay system, the repeaters
regenerate the code pulses so that the out-
put consists of idealized pulse-count-modulated
pulses. The gain, again, is just sufficient to
overcome the path attenuation. As noise enters

70 |
OUTPUT NOISE
LESS THAN
DISTORTION /

60
wn
s |
50
3] DISTORTION EQUALS
o OUTPUT NOISE
z
o 40
5 £ T
" I .05
0 / K
o 30
z
(@]
'—-
4
<
Z 20
o DISTORTION LESS THAN
e OUTPUT NOISE
2
31017

0 5 10 15

#—NUMBER OF CODE PULSES

Figure 4 — Output-signal-to-noise ratio versus number
of code pulses when distortion equals noise.
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Figure 5—Relay system.

in the form of wrong code pulses, each noise
source contributes # noise bursts, and conse-
quently # wrong codes independently of the
others. If we neglect the possibility of some noise
bursts canceling the effect of others, (9) for the
output noise power becomes

35 (L Jex(—r2/2)

Using -this value, (14) becomes
(S/N)oar=2.2(S/N)r—10 log k. (19)

From this we see that the curve of Figure 2 is
moved parallel to itself, whereas in the first case
considered its slope is changed.

To show the effect more clearly, the input
signal-to-noise ratio for an assumed output sig-
nal-to-noise ratio of 60 decibels versus the
number of repeaters is plotted in Figure 6. It
is seen that, for the linear repeaters, the input
level rises considerably with the number of
repeaters, and requires a 17-decibel increase for
50 repeaters. On the other hand, for regenerative
repeaters a small increase of 1 decibel takes care
of the cumulative effect of noise. This represents
a considerable economy in total power installed,
since each repeater power must necessarily be
increased. Systems combining the two types
may be used, thereby obtaining intermediate
results.

No=Fk

5. Conclusions

A study of the effect of fluctuating noise on
pulse-count-modulation signals shows that the
output signal-to-noise power ratio expressed in
decibels is proportional to the input signal-to-
noise power ratio. It is substantially independent
of the number of code digits when a sufficient
number is used, superior to, say, 3. The distor-
tion due to quantization, however, varies greatly
with the number of levels, and consequently the
number of code digits. A relation is given show-
ing the number of digits for which the output

?

1 PATH
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PATH

{AMPLIFIER AMPLIFIER}—
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noise power is equal to the distortion power,
when a definite input or output signal-to-noise
ratio is assumed. It is, of course, unnecessary to
increase the number of digits beyond that value
for which these two powers are equal.

In case the communication link includes a
number of relays, pulse-count modulation shows
a striking advantage over other modulation
systems when use is made of regenerative re-
peaters. A very small increase in input signal-to-
noise ratio accounts for the cumulative effect of
noise along the whole chain of repeaters.
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7. Appendix

An approximate derivation of (2) will be given
here. If wide-band fluctuation noise is passed
into an ideal low-pass filter, the large peaks on
the input side may be considered as being es-
sentially isolated impulses. Thus, the output
noise peaks are determined by the impulse
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Figure 6—Input-signal-to-noise ratio versus number of
repeaters for constant output signal-to-noise ratio.

response of the filter, which is

sin 2mfot

p_ZTfot—, (20)

)=V
where V, is the peak voltage and fo the cutoff
frequency. From the definition of probability
p(V), we have

p(V)=n(V)-1(V), (21)

where #(V) is the number of peaks above V, and
t(V) is the average duration of such peaks.
On the other hand, the expression of (V) is

P(V)=(2ﬂ_1)—1,2e ];wexp(— V2/2e2)dV.

Utilizing an asymptotic series for the integral,
it is thus found by limiting the expansion to two
terms that p(V) is expressed by

P(V)=<2—rl)l—,2%<1—%> exp(— V2/2e)dV. (22)

The average duration #(¥V) may be found by
replacing the noise peaks above V by an average
noise peak of height V given by

(27r)1/2 f Vexp(—V2/2e)dV
V= - (23)
(27)1/2 f exp(— V2/2e®)dV

To the approximation of (22), this gives

L4 zV(l-I—ﬁ)-

(24)

The average duration #(V) is then found by

solving
sin wfot (V)
V(1)

Assuming #fot(V) is a small angle, the result is

6172 ¢ e?
—rfﬁ<1 _2_172>'

The average number of noise peaks is then de-
rived from (21), and is found to be

(25)

(V) (26)

W)= ZZ‘;2<1 26V2> exp(— V¥/2¢2).  (27)

This is very nearly the result given by Rice and
utilized in the text.
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enwerL Alktiengesellachaft, Berhin, Gérmany

. Loxenz A.G. and Subsidiaries, Berlin, Germany

Mix & Clenest Alctienpgesellschaft and Subsidiaries, Berlin,
Ciermany

Siiddeutsche Apparatefabrik  Gesellsechaft m.b.H., Nurem-
berg, Germany

Telephoniabrik Berliner A.G. and Subsidiaries, Berlin, Ger-
many

Nederlandsche Standard Bleetric Maatschappij N.V., Hague,
Netherlands

Dial  ‘Pelefonkereskedelmi Részvény Tarsasig, Budapest,
Hungary

Standard Villamossdgi Részvény Taransag, Budapest, Hungary
Telefongyar r.t., Budapest, Hungary

Fabbrica Apparecchisture per Comunicazioni Elettriche,
Milan, ltaly

Qtandard Elettrien Ttaltana, Milan, [taly

Standard Electrie Alkdtieselskap, Oslo, Norway

Standard Telefon og Kabelfabrik A/S, Oslo, Norway
Standard Eleetrics, Lisbon, Portugal

Compaiiis Radio Aérea Maritima Espafiola, Madrid, Spain
Standard Bléetrica, S.A., Madrid, Spain

Altiebolaget Standard Radiofabrik, Stockholm, Sweden
Standard Telephone et Radio 8.A., Zurich, Switzerland

Telephone Operating Systems

Clompaiiia Telefonica Argentina, Buenos Aires, Argentina

Compaitia Telegrafico-Telefonica Comercial, Buenos Alires,
Argenting

Compaiia Telegrafico-Telefonics del Plata, Buenos Aires,
Argentina

Companhia Telefonica Paransense S.A,, Curitiba, Brasil

Companhia Telefonica Rio Grandense, Porto Alegre, Bragzil

(‘ompaiis de Teléfonos de Chile, Santiago, Chile

(ompaiia Telefonica do Mapnllanes S.A., Punta Arenas, Chile

Cuban American Telephone and lPelegraph Company, Ha-
vana, Cuba

Cuban Telephone Company, Havana, Cuba

Mexican Telephone and Telegraph Company, Mexico City,
Mexico

Compaiiia Peruana de 'Leléfonos Limitada, Lima, Peru

Porto Rico Telephone Company, San Juan, Puerto Rico

Shanghai Telephone Company, Federal Inc. U.S.A., Shang-
hai, China

Radictelephone and Radiotelegraph Operating Companies

Compaiia Internacional de Radio, Buenos Aires, Argentina
Compaiiia Internacional de Radio Boliviana, La Paz, Bolivia

Companhia Radio Internacional do Brasil, Rio de Janeiro,
Brazil

Compaiia Internacional de Radio, 8.A., Santiago, Chile
Radio Corporation of Cuba, Havana, Cuba

Radio Corporation of Porto Rico, San Juan, Puerto Rico!

iRadiotelephone and radio broadcasting sexvices.

Cable and Radiotelegraph Operating Companies
(Controlled by American Cuble & Radio Corporation, New York, New York)

The Commercial Cable Company, New York, New York?

Muckny Radio and lelegraph Company, New York, New
York?

?Cable service.

iCable and radiotelegraph services.

All Americs Cables and Radio, Ine., New York, New York?

Speiedad Anonima Radio Argentina, Buenos Aires, Argentina®

3 {nternational and marine radiotelegraph services.

" Radiotelegraph service.

Labaratories

Federal Telecommunieation Laboratories, Inc., Nutley, New
Jersey

Standard Telecominunication Luboratories, Limited, London,
Engiand

Laboratoire Central de Téléeommunications, Puris, France





