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Submarine Cables in Norway

By CHRISTIAN W. HIRSCH
Standard Telefon og Kabelfabrik A /S, Oslo, Norway

HE Norwegian coastline, measured

around all islands and fiords, has a

total length of about 20,000 kilometers
(12,427 miles). Under the influence of the Gulf
Stream, the coastal climate is rather mild, in
spite of the northerly position of the country,
between 58 and 71 degrees north. Fisheries and
shipping are important sources of income, and
a comparatively great part of the population
lives along the coast, even in the roughest and
most isolated parts.

Electrification Progress

The accompanying map shows the fiords which
penetrate far into the mainland, while the inner
coastline is protected against the open sea by
numerous islands—the Norwegian skerries. The
fiords are deep, and there are a great number of
waterfalls, which can be harnessed- cheaply for
the production of electric energy. These condi-
tions, in conjunction with convenient ice-free
harbors, are very suitable for the large-scale
development of an electrochemical industry.

The great industrial plants along the coast
usually supply the neighboring districts with
electric power and, in addition, many com-
munities, counties, and cities have built their
own stations. However, there are still numerous
districts which as yet have no supply of electric
power. The distances over which energy must be
transmitted may be fairly long, since the popula-
tion is quite scattered, and the distribution
costs are, consequently, rather high because of
the comparatively low demand. Therefore, over
wide areas along the coast, and particularly in
the north, the population has not yvet been able
to raise the funds necessary to secure a supply of
electric power.

During ‘the years immediately preceding and
those following the war, the Norwegian govern-
ment subsidized the electrification schemes in
these districts; partly to promote industry and
fish-refrigerating plants and partly to provide
electric power for cooking and heating, thus
avoiding excessive cutting of timber in the

coastal districts, or the excavation of peat for
fuel in areas where the ground could otherwise
be quite easily cultivated

The electrification of the coastal districts
necessitates a comprehensive use of submarine
cables between islands and from islands to the
mainland, and also for crossing the fiords which
cut into the mainland. Power transmission is
normally at 20 kilovolts, with 3-phase, 50-cycle-
per-second supply. This is also generally used
for transmission over submarine cables. These
cables are of the 3-core, 25- or 35-square-milli-
meter-conductor H type, being lead covered with
single-steel-wire armoring and jute serving. The
armoring is, of couarse, specially designed to
withstand the very high stresses occurring during
laying the cable and in subsequent service.

As the 20-kilovolt cable can carry 4000 kilo-
volt-amperes, and as the load in many cases is
only 10 percent or less of this rated capacity,
the voltage for secondary supply mains con-
nected to the main cable line is sometimes re-
duced to 10 kilovolts, so that ordinary belt-
insulated submarine cables may be employed.
Only a very simple calculation is necessary to
determine if this is economically feasible. An-
other alternative is the use of aluminum con-
ductors instead of copper.

During and after the war, several 60-kilovolt
submarine cables have been designed and ordered
for the main supply lines to cities and some of the
larger islands. Usually, oil-filled cables are used,
to reduce insulation thickness and thereby weight
and price. Gas-pressurized cables can also be
used. At depths greater than 150 meters (492
feet), the water pressure will exceed the internal
15 atmospheres of gas pressure and the rein-
forcing tape normally placed around the lead
sheath can be omitted.

Sea Water as Return Conductor

The possibility of single-phase submarine
cables using the water for the return conductor
has been discussed. Tests on a submarine cable

www americanradiohistorv com


www.americanradiohistory.com

4 ELECTRICAL COMMUNICATION

Cable being coiled on a railway flat car for transporta- Coiling submarine telephone cable after lead-covering
tion to the cable ship. Several such cars are necessary process. The cable has yet to be armored and jute served,
when a cable of considerable length is shipped. and is transported on the above reel for these processes.

Cable being reeled for
shipment on special railway
car designed for heavy
loading.
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showed that salt water, the lead sheath, and the
armoring, all in parallel, have a resistance of
0.084 ohm per kilometer (0.156 ohm per nautical
mile) at 50. cycles, and the short-circuit im-
pedance has a phase angle of cos ¢ = 0.93.
The return conductivity thus represents a
copper conductor of 150-square-millimeter cross
section, and the voltage drop in a single-phase
cable with a conductor of small cross section is

not much higher than in a 3-phase cable of the
same working voltage and conductor cross
section. As the cost of the single-phase cable is
less than 50 percent of the 3-phase cable, it is
possible to use single-phase cables for many
projects which otherwise would be too expensive.
A special transformer is required, but this does
not add to the cost, as the voltage would have
to be reduced anyway in most cases. The lack
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Map of Norwaj, illustrating the numerous fiords and islands along the coast. Coastwise transmission of power and
of telephone service is facilitated by the use of submarine cables,
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Loading a 38-ton reel of
submarine cable onto a cable
ship.

Reel of cable on a cable-
laying lighter. The terrain at
a typical deep fiord is shown
here.
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Cable coiled in ship’s hold. Note the trough through:

which the cable is fed from the hold. to a #rumpet at the
bow of the ship, and thence into the sea.

of 3-phase current might be a drawback to the
development of industry, and if 3-phase current
should eventually be required, another single-

Laying of submarine cable from a lighter. Tug boats are
used to move the lighter.

phase cable may be laid and the water used for
the third conductor.

Important main-line cables can be constructed
with three single-phase cables, and if one of the
cables should break down, the water can be
used as a spare conductor until repairs are made.

The impedance of salt water increases very
rapidly with frequency. At 800 cycles nearls: the
whole return current will flow in the lead sheath.
This is important, because it proves that dis-
turbances. in a single-phase submarine power

cable will not affect neighboring telephone
cables. ‘
Manufacture

Standard Telefon og Kabelfabrik A/S, the
only Norwegian manufacturer of lead-covered
cables, has manufactured and installed most of
the submarine power cables in Norway for many
years. During 1939, one year before the German
attack, more than 150 tons of submarine power
cables were manufactured, and 9 cables were
laid on the north and west coasts.

The manufacture, transportation, and installa-
tion of submarine cables raises many interesting
technical problems. Within the factory, the
problem is covering very long lengths of cables
with lead, and the necessary transportation

WWW americanradiohistorv com
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between fabrication processes (see accompany-
ing photographs). Submarine power cables in
single lengths up to 6 kilometers (3.24 nautical
miles) are not uncommon, and the weight of a
finished length of such cable amounts in many
cases to more than 50 tons. Submarine telephone
cables are often even longer and heavier. In May,
1947, manufacture of a deep-sea telephone cable
in one length of 20 kilometers (10.8 nautical
miles) was completed. The total weight of this
cable was 125 tons, and it occupied 3 adjacent
railway cars for transportation from the factory
to the harbor. The cable was constructed with 3
paper-insulated star quads of 1.4-millimeter
copper conductors, each -quad shielded. The
capacitance is approximately 0.04 microfarad
per kilometer (0.073 microfarad per nautical
mile). The twisted quads were protected against
outside water pressure by a spiral steel tape
within a 3.0-millimeter lead sheath (2-percent
tin alloy). The armoring consisted of 4.2-
millimeter galvanized-steel wires with outside
jute serving and a total diameter of 40 milli-
meters. *

This cable was manufactured for the Norwe-
gian telegraph administration, and is to be laid
in depths as great as 800 meters (2625 feet).

Transportation

Hitherto, the main difficulties in the transpor-
tation of submarine cables have been the long

The cable ship Stanelco.

distances and the lack of lifting cranes of suffi-
cient capacity in the remote coastal districts.
Laying the cable can be done either from a reel
on a lighter, or by means of specially equipped
cable ships. The method chosen depends on the
conditions.

If the cable should be laid not too far from
Oslo, or wherever lifting facilities were adequate,
the cable could be coiled on a big reel, installed in
a lighter specially fitted with a reel-brake equip-
ment, and towed to the site. The reel was trans-
ported by railway to the most convenient harbor.
If the cable was very heavy or long, or the towing
distance too great, a special cable ship was used.
To reduce costs, several lengths of cable were
usually transported and laid during each trip. In
this case, the cables were coiled in the ship’s hold
and paid out over a bow wheel by means of a
capstan device, an arrangement no doubt famil-
iar to many. The photographs included with this
article illustrate some of these methods.

In the future, most of the submarine cables
manufactured by Standard Telefon og Kabel-
fabrik are expected to be transported and in-
stalled by means of the company’s new cable
ship Stamelco, which was put in service last

summer.

Stanelco is a former antiaircraft gunboat,
originally built in England in 1944 for landing
operations and reconstructed in Norwegian ship-
yards. The ship is 154 feet long, 21 feet wide,
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Cable installation at 71 degrees north latitude. The
pot-head termination of the 3-phase cable is supported
on the lower wooden cross arm,

with 2 cable store rooms of 5600 cubic feet. It has
a displacement of 310 tons. The machine room
is equipped with two diesel engines, each of 500
horsepower, and three diesel-driven direct-cur-
rent electric generators, each rated at 30 kilo-
watts, 220 volts. Stanelco has many facilities
that make the ship well fitted for cable laying,
such as sounding equipment and a portable
public-address system. Furthermore, a 40-watt
duplex radiotelephone installation makes it pos-
sible to communicate with the office in Oslo
regardless of the ship’s position.

Installation

The laying of submarine cables always in-
volves a certain amount of uncertainty, and
requires experience and careful planning. The
Norwegian fiords are bounded by high and steep
mountains which extend in many cases almost
vertically below the surface of the water to the
bed of the fiord, while the bottom itself is more
or less flat. The depths vary in most cases from
200 to 300 meters (656-984 feet), but many
fiords are more than 600 meters (1969 feet) deep,
and some even exceed 1200 meters (3937 feet).
As the cable generally weighs 10 to 15 kilograms
per meter (20 to 30 pounds per yard), it will be
subject to very high stresses during the paying

out, and also at the shore ends where the cable

is anchored. It is most important during the

laying process to give the cable at the bottom

sufficiently high tension to avoid coiling, but it

must not be so high that the cable does not"
closely follow the bottom profile. At the greater

depths this is rather difficult to do.

Out in the skerries, the sea is generally
shallower than in the fiords. Unfortunately,
however, the placing of submarine cables is
impeded here by strong tides and heavy seas
from the ocean. When in service, the cables in
the skerries are greatly exposed to-storm and
damage from breakers, and must be carefully
protected where they are brought ashore; further-
more, specially heavy armoring must be applied
where the water is shallow, to make the cable
secure from damage resulting from severe ground
swells.

The submarine cables are normally installed
during the summer season, but it may happen
that the work must be done in the autumn, and
even in the wintertime. In such cases, one must
allow for long delays due to storm and rough
weather. In October, 1939, during an installation
near Hammerfest, the most northern city in the
world, the cable ship was weatherbound for one
week in a snowstorm, and at another installation
south of Bodo in December, 1939, the transpor-
tation of the cable reel by sea was delayed for one
week by a snowstorm. Finally the cable arrived
and was laid on the 20th of December in calm,
bright weather; at this time of the year there are
only 4 hours of daylight in this area, which is
within the arctic circle. The next day a storm
blew up which continued for three weeks.

The low temperature gives trouble in the
wintertime: In January, some years ago, a high-
tension submarine cable was transported by
railway to Narvik. This was during an extremely
cold period with the temperature at approxi-
mately —60 degrees Fahrenheit. Although this
does no harm to the cable, it becomes as stiff as
wood and cannot be handled. When received in
Narvik, the cable was heated electrically, a
process which continued as it was paid out to
the cable ship.

However, as mentioned above, submarine
cables are normally installed in the summer,
when it is an interesting and agreeable job to
people who like salt water. '
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Mine Detectors and Mine Disposal in France

By ANDRE VIOLET

Le Matériel Téléphonique, Boulogne sur Seine, France

ETECTION of land mines was of great
importance during World War II and
after the termination of hostilities.

Several types of mines that were used in large
numbers are described briefly. The operating
principles of the most successful mine detectors
are outlined, and descriptions are given of
instruments produced in Great Britain, France,
Germany, and the U.S.A.

Mines were first used extensively in the 1914
1918 war. In addition to sea mines and land
mines under trench supports, shells, torpedoes,
and grenades fitted with contact fuses were
carefully concealed in the ground. The purpose
of mines is usually to slow down an advance, with
maximum losses for the attackers and minimum
losses for the defenders. In addition, a psycho-
logical demoralizing effect is produced.

During the second world war, mines were
employed by all belligerents on a very large
scale. In the first weeks of 1939, French attacks
were met with wvarious destructive devices;
explosions were set off by the sudden movement
of a wire stretched close to the ground or by the
opening of the door of an empty house. ‘‘Booby
traps”’ were built around such things as fountain
pens, bicycles, dead horses, and food, used as
“bait.”

Since that time, the technique of booby traps
has advanced in cunning. For instance, an
abandoned house was left with its door ajar to
invite investigation; the mine remover, taking
cover behind a barrel in front of the house,
pushed the door open with a pole and was
struck from behind by a mine set up in a ditch
and connected to the door by an underground
wire.

1. German Mines

All German mines used in France fall into two
classes:

A. Antitank and antivehicle mines, containing several
pounds of high explosive, operated by loads of the order
of 400 to 600 pounds, and causing damage to or destruction
of vehicles, whether armored or not.

B. Antipersonnel mines, operated by loads varying from a
few ounces to several pounds, often causing fatal wounds
either by their blasting effects in shattering the lower limbs
or by throwing splinters causing deep wounds. Frequently
they were in the form of booby traps.

Mines of the first kind were sometimes used
with light-pressure fuses; they then fall into the
second class. They may even incorporate fea-
tures in both categories by having a main fuse
that is not very sensitive and a highly sensitive
secondary fuse.

Among the devices of the first category, that
most usually encountered was the Tellermine, a
circular steel container, 103 inches in diameter
and about 4 inches in height. It contains about
11 pounds of explosive; its fuse is sometimes de-
signed to operate either by being stepped on or
by moving the mine. It may also cover a second

Tellermine, a steel container holding about 11 pounds
of explosive. Normally fused to explode when stepped on.
Used for antitank and antivehicle work.

Riegelmine for antitank and antivehicle service. The
steel box is about 31 inches long.
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mine, which explodes when unearthed. Illustra-
tions of this mine and others described in this
section are included in the paper.

Among other antitank and antivehicle mines,
mention must be made of the Riegelmine, a
rectangular steel box 31 inches long; the Holz-
mine, a wooden mine one foot in length which
contains but little metal, except in the form of
the fuse, nails, and iron wire; and the Topfmine,
a large asphalt container with a chemical igniter
consisting of sulphuric acid and potassium
chlorate, and with practically no metal.

Among the usual antipersonnel mines is the .S
mine, which is 4 inches in diameter and 43 inches
in height, and contains a bomb loaded with steel
balls or metal fragments. When operated by a
vertical pressure fuse, normally set for 15 to 25
pounds, the bomb jumps up 6 feet before ex-
ploding, and the scattering metal splinters are
generally fatal over a radius of about 150 feet.
This device was most respected by the mine-
clearing squads.

The Schiimine, is a small wooden foot-shatter-
ing mine fitted with a bakelite-and-metal fuse
and loaded with 200 grams of explosive.

The glass mine is generally provided with a
steel plate and a metal lever-type fuse.

The mustard pot is a small sheet-metal mine
only 3 inches in diameter.

Additional types of mines made by the various
belligerents were also encountered; they include
about 150 different types.

After the liberation, there were in French
territory about 15 million mines, generally
scattered along the coastal regions and in the
Normandy and Alsace-Lorraine battlefields. A
certain number were also found around such
places as air fields, radio transmitters, service
headquarters, and high-voltage towers to give
protection against sabotage during the occupa-
tion by the enemy.

Those that had been laid by the Germans
before active military operations began were
arranged in parallel lines or in diamond forma-
tion, and were indicated on the German maps
handed over after capitulation. Apart from a few
errors, apparently accidental, and a few ‘“‘dummy

mine fields,” which were areas reported as mined
although actually clear, these maps have been
of great service for nonmilitary mine-disposal
purposes. Unfortunately, information was com-
pletely lacking on the ‘‘protection’’ mines laid
by the Germans during the battles in Normandy
and Alsace, and on booby-traps in the houses in
the coastal areas, in Lorraine and Alsace, and
in certain mine fields set up for local operations
bordering on the Atlantic.

In these cases, it was necessary to use devices
capable of destroying or detecting the mines.
The first solution is the most satisfactory; it is
quicker, and it eliminates accidents during re-
moval and depriming, which even efficient

Holzmine, contained in a wooden box about a foot_ long,
was used_against tanks and vehicles.

Topfmine contains practically no metal. The case is of
asphalt and the igniter is of a chemical nature. This was
for antitank and antivehicle use.
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S mine for antipersonnel service. Only 4 inches in
diameter, the bomb, when agtivated by a pressure of about
15 pounds, jumps up 6 fe€i and scatters metal balls or
fragments lethally over a radius of about 150 feet. Some
models have but one centrally located fuse.

detection cannot obviate. Particularly effective is
the use of an arrangement of chains that strike
the ground vigorously in front of a tank and
cause mines to explode. Unfortunately, this
device is put out of action fairly rapidly. In
sandy places, a high-pressure water jet gives
better results. A roller can also be used. How-
ever, no general solution has yet been found for
this problem.

2. Mine Detection
2.1 GENERAL PRINCIPLES

Any buried mine is essentially a foreign body
in the ground. The mine can be detected as an
obstacle by driving a sufficiently long probe
into the earth. This work is slow and tiring, for
the ground must be examined inch by inch in
suspicious places. It is effective only in loose
ground. Accidents have been reported in which
the probe strikes the pressure fise or pin of the
mine.

This extremely primitive method is sometimes
the only one practicable. It would be more
scientific, however, to make use of the irregulari-
ties caused by the mine in such characteristics
as soil density, electrical resistivity, dielectric
constant, acoustical resistivity, susceptibility,
magnetic permeability, gravitational pull, the
earth’s magnetic field, and absorption or reflec-
tion of Hertzian waves.

Up to the present, only radio methods, based
on reflection or absorption of radiated waves, and
electromagnetic methods, operating on variation
of self or mutual inductance in nearby electrical
circuits, have been utilized.

The first method is absolutely general, but its
operation raises so many difficulties that all
detectors manufactured in large quantities use
the second method, which is applicable to
electrical conductors and magnetic objects.

Schiimine, shown with cover open, was primarily designed
for personnel foot shattering. This mine was loaded with
200 grams of explosive.

WwWWW.americanradiohistorv.com
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2.2 Rapio METHODS
2.2.1 Principles

If an antenna that is directly coupled to an
oscillator is placed close to the ground, the radi-
ation resistance of the antenna will depend on
the dielectric properties of the ground. The be-
havior of the oscillator will be influenced by
these lpad variations. For example, if the surface
of the ground is conducting and reflects the
radio waves, the output power increases; if it is
absorbing, it decreases. Of course, the distance
between the antenna and ground is very im-
portant, and for mine detection must be kept
constant.

2.2.2 American Detector AN/PRS

The circuit of the AN/PRS detector, de-
veloped in the U.S.A., is shown in Fig. 1 and is
based on the above principle. An acorn tube is
used as an oscillator with a line resonating at
about 300 megacycles per second (1 meter). It is
coupled to a radiating dipole and reflector. The.
oscillator grid current is measured by a micro-
ammeter. The direct component of grid voltage
biases a low-frequency amplifier having a 1000-
cycle input from a resistance-capacitance oscil-
lator. The transmitter grid current decreases
and the note in the head-
phones becomes more

Mustard Pot mine for antipersonnel use.

Mechanically, the transmitter, antenna, and
reflector are at the end of an adjustable handle on
which the microammeter is mounted. A box
containing the power supply and audio-frequency
equipment is carried on the back of the opera-
tor. The whole assembly is somewhat fragile and
cumbersome.

intense as the absorp- %‘M"‘

tion of the transmitted
wave increases.

These waves pene-
trate but an inch or
two into the ground,
and the instrument is
sensitive only to bodies
at least 6 inches in
length. Ploughed earth,
layers of leaves, dead
twigs, - pebbles, grass,
and humidity affect it.
Consequently, the han-

RESORANT
LINE

)

o.
MEGRGYCLE
OSCILLATOR

DIPOLE

REFLECTOR

Y
"

“Low-
FREQUENCY
AMPLIFIER-

1000~ CYCLE OSCILLATOR

lp—lils

dling of this apparatus
is very delicate and only
an experienced operator
would appear to be able
to use it successfully.

Fig. 1—Schematic arrangement of the AN/PRS mine detector. The 955 oscillates
at about 300 megacycles, its performance being influenced by the character of the
load into which the antenna operates. A foreign body in the ground under the antenna
changes the oscillating conditions and affects the bias on the low-frequency amplifier
so as to increase the output of the 1000-cycle wave derived from the 1N5 oscillator.
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2.3 ELECTROMAGNETIC M ETHODS
2.3.1 Theory

Electromagnetic methods apply only to mines

having metallic parts. If a magnetic object is .

brought close to a coil, the self-inductance of the
coil increases. If the object is electrically con-
ductive, the self-inductance decreases. In both
cases, if the object is small and if its distance
from the coil is large compared with the radius
of the coil, the variation of self-inductance is
inversely proportional to the sixth power of the
distance between the coil and the object.

It may also be noted that if two coils are used,
and if the object is brought close to the assembly
of coils, the mutual inductance between the two
coils also varies. If one coil is supplied with
alternating current, the voltage detected at the
terminals of the second coil varies with the
nearness of the object. The variation is directly
proportional to the frequency of the current if
the object is only magnetic, and proportional to
the square of the frequency if it is only a con-
ductor. In the latter case; the voltage induced by
the approaching object is not in phase with that
obtained in the absence of the object. The phase
angle depends on the electrical resistance offered
by the object to the currents developed, the
resistance of the receiving coil, and the self-
inductance of these two elements.

An object at a certain distance from the coil
system can have such magnetic and conducting
properties at a single frequency as to produce no
noticeable effect. At a higher frequency, the
object will behave like a conductor and, at a
lower frequency, as a magnetic substance.

The two coils may be adjusted to have zero
mutual inductance when far from any metallic
object, and to generate an alternating electro-
motive force in the receiving coil when such
an object is approached.

2.3.2 Variation of Self-Inductance

If a single coil forms the inductance of a reson-
ant circuit maintained in oscillation by a tube,
the self-inductance variations will cause cor-
responding changes in the frequency of oscilla-
tion. If this frequency is fairly high, and if
beats are detected between this oscillator and a
second oscillator of a fixed frequency fairly close

to the first-one, the resultant beat note changes
appreciably in pitch when approaching a metallic
object.

This arrangement was used in the S.F.R.441, a
French apparatus that is now obsolete. At the
time it was designed, it detected satisfactorily
the large metal mines then exclusively used.

2.3.3 Variation of Mutual Inductance
2.3.3.1 Feedback Apparatus

The simplest type of feedback or ‘“‘singing’’
equipment consists of an oscillator in which the
coupling is slightly below the value necessary
for sustained oscillations. If, at the frequency to
which the circuit is tuned, the object to be de-
tected has very low resistance and is strongly
magnetic, there will be self-oscillation over a
range where the variation in mutual inductance
is positive and maximum; the variation in self-
inductance is always positive in this case. If the
object is only conductive, oscillation will occur
over another range of inductance. If the object
is a poor conductor, there is a decrease in the
spacial region over which oscillation occurs and,
generally, a decrease in sensitivity. ' '

In addition, oscillation frequencies differ for
a magnetic object and a conductor; the fre-
quency of oscillation for a magnetic body being
lower than that for a conductor. In practice, the
performance of the detector is influenced also by
the shape of the object. o

A magnetic object may act normally at a
certain distance from the detector and behave

A glass antipersonnel mine, with cover removed. It was
generally provided with a steel plate on which a lever-type
fuse is mounted. :
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like a conductor.at another distance, depending
on the manner in which the lines of force are

intersected.

that could be made are the absence of a device to
check the operation independent of the adjust-
ment knob, and difficulty in the preliminary ad-

==
L 1

SEARCH CYLINDER

b LT L

Fig. 2—Circuit arrangement of the German Wien 41 detector. Proximity to a mine sets the first high-frequency
oscillator in operation. The two pentode amplifying stages and detector produce a biasing voltage which initiates

oscillations in the final audio-frequency circuit.

Finally, the oscillating system is seldom simple.
It is frequently an amplifier with several selective
stages and employs a feedback circuit. The main
difficulty with apparatus using feedback is the
risk of getting further away from the condition
of sustained oscillation without its being noticed,
and thus causing a decrease in sensitivity. This
may result from a variation in supply voltage
which affects the amplification and internal re-
sistance of the tubes. It is necessary, therefore,
to provide very stable supply voltages.

2.3.3.2 British Detector No. 4

The British No. 4 detector consists of an
audio-frequency amplifying system, carried on
the back of the operator, a feedback adjustment
unit on the shoulder, a search plate containing the
coupling device at the end of a telescopic handle,
and headphones. The design is good from the
point of view of sturdiness, waterproofing (which
is complete even to the headphones), stability,
and size of the search plate. The only criticisms

justment of the search plate. Its sensitivity is
satisfactory, as the fuse of the Sch#mine may be
detected.

2.3.3.3 German Detector Wien 41

The general appearance of the Wien 41
detector is similar to that of the British No. 4
type, but the search system is at the end of a tube,
a molded cylinder which can be moved with its
axis parallel to the ground. The circuit is shown
in Fig. 2. A high-frequency oscillator is adjusted
slightly below the oscillating point. It is followed
by a two-stage pentode amplifier and a rectifier.
The direct voltage thus obtained when the
oscillator is working is used to operate a second
oscillator tuned to an audio frequency and also
maintained normally below the singing point.
It is, therefore, a double-threshold instrument.
Power is obtained from a self-rectifying vibrator
and a small storage battery. The shape of the
instrument is convenient, but its sensitivity is
slightly lower than that of the British design.
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2.3.3.4 Balanced-Type Instruments

In the balanced-type instrument, an audio-
frequency oscillator is in constant operation. In
the search cylinder, the plate inductor of the
oscillator is oriented to have minimum coupling
to a tuned receiving circuit connected to the
input of an audio-frequency amplifier. The
presénce of a mine will distort the field from the
oscillator coil and produce a signal in the re-
ceiving circuit. The output of the amplifier may
be connected to a headphone or a meter. The
variation in self-inductance and the frequency
shift of the oscillator caused by the proximity of
the mine can usually be neglected. Electrical
balancing elements are normally required to
compensate for the capacitive unbalances and
undesirable couplings caused by the physical
arrangement of the components and wiring.

2.3.3.5 German Detector Frankfurt 42

A symmetrical oscillator using two triodes
provides the operating signal in the Frankfurt
42 mine detector. The circuit is given in Fig. 3.

Two selective pentode audio-frequency amplify-
ing stages and headphones produce a usable
signal from the unbalance voltage picked up by
the receiving coil. Balance is ensured both by
an adjustment of the search element and by the
injection, at the first amplifying tube, of a suit-
able voltage from the differential capacitors C/
and C2. The power supply is obtained from a
storage battery and a vibrator.

The mechanical arrangement resembles that
of the Wien 41; the electrical apparatus is
carried in a pack on the back of the operator. The
search cylinder is at the end of an adjustable
tubular handle. The sensitivity of this instru-
ment is greater than that of the Wien 41.

2.3.3.6 French Detector S.F.R.451 or DM-2

The arrangement of the Wien 41 detector was
adapted to a French design known as the S.F.R.-
451 or DM-2. An illustration of the instrument
in operation is given,

The S.F.R.451 or DM-2 consists of a search
element of tubular shape, carrying two knobs for
adjusting to a minimum the voltage induced by

Fig. 3—Circuit arrangement of the Frankfurt
42 mine detector. The symmetrical triode oscillator
produces an audio-frequency field about the out-
put inductor. The receiving coil is at minimum
coupling and any unbalance currents are com-
pensated through the differential capacitors C1
and C2. The presence of a mine increases the
coupling between the coils and the signal is
amplified and reproduced in the headphones.
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Fig. 4—Circuit arrangement of the American detector
SCR-625. The 1G6 produces 1000-cycle oscillations which
pass through a step-down transformer to the search coils.
Compensating voltage for balance is controlled in ampli-
tude and phase by the three adjustment transformers. A
two-stage tuned amplifier operates a loudspeaker and
rectifier-meter. The extra coil in the search system is for
testing and produces a known deflection of the output
meter when its switch is closed.

the oscillator in the receiving coil. This search
element may be connected to an adjustable
handle that is also collapsible for ease in trans-
port. The tubes, circuits, and dry batteries are
housed in a box, which may be carried on the
back of the operator in a manner similar to
Alpine knapsacks.

The sensitivity control may be fastened either
to the strap of the box or to the operator’s belt.
With correct adjustment of the instrument, a
harmonic of the oscillator current is heard in the
headphones. This tone is different from that
caused by the proximity of a mine; consequently,
it allows the operation of the equipment to be
monitored continuously.

French detector type S.F.R.451 or DM-2 adapted from
the German Frankfurt 42, which it closely resembles in
appearance, This device may be used with the operator
in a prone position by adjusting the handle to be horizontal,
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2.3.3.7 American Detector SCR-625

A 1000-cycle oscillator, consisting of a 1G6
double triode, energizes the transmitting coil
through a step-down transformer, as may be seen
in Fig. 4. This inductor is in two sections and is
coupled to a single coaxial receiving coil. The
compensating voltage is injected in series with
the réceiving coil through three small differential
transformers with adjustable cores. A main
iron-core transformer is designed for preliminary
adjustment at the factory. Two fine-adjustment
transformers, one having an iron and the other a
brass core, allow an accurate balance to be made
by injecting a voltage which may be controlled
both in amplitude and in phase, respectively.

The receiving coil is coupled through a high-
ratio step-up transformer to a pentode with a
tuned plate circuit followed by a second pentode,
the output transformer of which is also tuned.
The amplified signal operates a loudspeaker and
a rectifier-voltmeter. The amplifier gain is ad-
justed by a potentiometer controlling the bias of
the two pentodes. :

The short-circuiting of a turn in the search
plate unbalances the system, the amplifier gain
being adjusted so that this condition corresponds
to a calibrated deflection of the visual indicator.

The power supply is obtained from dry bat-
teries. The filament of the oscillator tube is sup-
plied from a separate battery to avoid coupling
to the amplifier. When the battery voltage varies,
the frequency of the oscillator also shifts, and it
is necessary to change the adjustment of the
compensators, the operation of which is correct
only for a single frequency.

A sheet-iron box, carried in a pack slung across
the shoulder, contains the oscillator, amplifier,
gain-control potentiometer, and batteries. The
loudspeaker is fastened by a strap to a belt
over the shoulder of the operator.

The search coil assembly, terminated by the
search plate, consists of a control unit containing
the balancing transformers, control switch for
the test loop in the search plate, main switch,
and visual indicator.

The search plate is constructed of light wood
covered with waterproof cloth. Maximum sen-
sitivity is obtained when the object is on the
plate’s axis. The graphical representation of the

induced voltage is somewhat similar to a highly
damped resonance curve, sensitivity decreasing
rapidly with distance.

The rectifier-voltmeter indications are non-
linear. For one unit of input, a meter deflection
of approximately 60 percent of full scale occurs.
Full-scale indication, however, requires 10 re-
lative units of input. This provides relatively
greater sensitivity at low signal levels. At the
same time, the total deflection is arranged to
correspond to the maximum voltage obtained
from the amplifier in normal operation, thus
eliminating any overload of the instrument. The
main figures on the scale and the tip of the
pointer are covered with a phosphorescent
paint so as to be visible at night.

The loudspeaker diaphragm and cavity have
resonant frequencies that produce an acoustical
response curve having the same appearance as
that of a band filter. The unit provides high
attenuation of the second harmonic and gives
almost constant output over the pass band. This
is an appreciable advantage from the manu-
facturing standpoint.

The SCR-625 detector is extremely sensitive
and very reliable in use. The instrument has been
manufactured in very large quantities in the

Mine detector DM-3 in operation over difficult terrain.
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United States, and was used by the American
army in almost all of its operations.

3. Le Matériel Téléphonique
3.1 SCR-625-FR

The instrument just described has also been
manufactured for the French government as the
SCR-625-FR, shown in an accompanying il-
lustration. The Boulogne works of Le Matériel
Téléphonique produced these equipments at the
rate of 2000 per month. Special studies were
made to adapt the original design to the French
raw-material supply conditions.

3.2 DM-3 AND DM -4 INSTRUMENTS

Despite its high sensitivity, and partly be-
cause of it, the SCR-625 has, in some cases, the
disadvantage called “ground effect.”” When the
distance between the search plate and the ground
is varied, the flux may change, producing an
effect similar to that when a metal object is
present. Therefore, the plate must be held about
8 inches above the ground to minimize accidental
variations in relative position. The magnitude
of this effect depends on the nature of the ground.
Road surfaces containing iron slag from blast
furnaces are magnetic and cause a positive
variation in mutual inductance; others may
contain iron and manganese salts and are para-
magnetic, giving an effect similar to that of
magnetic soils, but much weaker for an equal
concentration. Finally, others are conducting
and give an opposite but, in general, a still-
weaker effect.

The ground effect, except in the case of
definitely magnetic surfaces which are fairly
rare, is important only because of the large
quantity of matter covered by the lines of force
from the transmitting and receiving systems.
One solution would involve a special design of
coils to produce fields of such shape that the
volume of active soil would be small. The ideal
solution would be an alternating magnetic field
in the shape of a “hair pin,” reaching deep into
the ground with high intensity and forming a
narrow tube of force. Such an arrangement would
involve very complex transmitting devices.

A simple solution has been found by engineers
of Le Matériel Téléphonique. It is based on the
assumption that the soil is homogeneous and the

SCR-625-FR type equipments were manufactured in
France by Le Matériel Té£léphonique in substantial
quantities. Based on the American design, they were
modified to meet the local raw-materials conditions. The
DM-3 and DM-4 instruments, having octagonal and
elliptical search plates, respectively, are also shown.

magnetic density and resistivity are constant and
diffused over large volumes, while those of the
mines are not diffused.

Fig. 5 shows the principle of the search plate.
The transmitting coil E has an axis of symmetry
Y, while the receiving system consists of two
identical coils R1 and R2, symmetrical with
respect to the same axis.

If the system is kept parallel to the surface of
a homogeneous volume of any nature, the effects
in the two receiving coils cancel each other. If,
however, a magnetic or conducting object is
moved at a constant height from left to right in
front of the system, it acts, first, more on the
mutual inductance of E with respect to R/ than
on that of £ with RZ, and the resultant voltage
goes through a maximum.

When the object passes the Y axis, the two
voltages cancel exactly and, beyond that point,
the previous effect is reproduced with greater
effect on R2. The voltage minimum is in the
form of a cusp and is very sharp. It locates
exactly the position of the object. On the other
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hand, a lateral displacement across the X axis
yields the usual response curve.

In the first tests, the handle was oriented

along the Y axis. The result, in the usual sweep
motion, was two maxima separated by a mini-
mum for each metal object and an accurate
localization was fairly delicate. This pattern of
sounds confused the mine-disposal operators who
were accustomed to working with only a mini-
mum.

oUTPUT
VOLTAGE
M sy

QUTPUT I
YOLTAGE

Fig. 5—Search plate of DM-3 and DM-4 units. The’

fields from E develop in R? and R2 equal and opposite
voltages which balance in the absence of a foreign body.
The response to moving a magnetic or conductive object
near the coils is plotted for two directions of motion in
the small adjacent graphs.

Placing the handle along the X axis avoids
these drawbacks; detection first gives a single
maximum in the sweep motion, then the operator
hunts for the point of extinction by swinging
back and forth.

Besides eliminating the ground effect, this
search system permits working in the vinicity of
telephone lines and power lines in cables, because
nearly uniform extraneous magnetic fields pro-
duce equal and opposite induction effects. For
the same reason, two instruments may be
operated close to each other. The increased ac-
curacy in mine localization permits separate
detection of mines close to each other, even
those of widely different types.

An instrurhent based on the same principles
has been designed for mine detection along rail-
roads and in the vicinity of other large metallic
masses. If the SCR-625 detector and a compen-
sated-plate detector have the same sensitivity

for a large object at a certain distance, the
compensated-plate detector is more sensitive to a
small object at a shorter distance. This gives
better results in hunting for small antipersonnel
mines. .

The DM-3 instrument is based on the above
principle and comprises a small octagonal rotat-
ing search plate, especially designed for irregular
surfaces, such as gutters and bushes. Its small
size results in an appreciable reduction in possible
sensitivity.

The DM-4 instrument differs from the DM-3
only in that the plate dimensions are larger and
the plate is elliptical. Its sensitivity is'equal to
that of the SCR-625 instrument for detecting
the fuse of the Schiimine, and is slightly less for
large mines. It can be used on the ground sur-
face and its effective sensitivity is definitely
greater than that of the SCR-625, especially for
small mines.

These two types have been manufactured on a
production basis at the Boulogne works of Le
Matériel Téléphonique and, together with the
SCR-625 equipment, the number made has
reached 16,000. This constitutes the majority of
the mine detectors used in France. They some-
times have unexpected applications, and have
been employed for the detection of metal splint-
ers in tree trunks to avoid damaging the sawmill
and for the location of underground cables,
documents, or buried valuables.

4. Conclusion

In a country devastated by enemy occupation
and war, the rapid manufacure of mine detectors,
undertaken only a few months after the libera-
tion of Paris, seemed an impossible task. It was
accomplished, nevertheless, despite endless
supply difficulties. In particular, thanks to the
United States Army, most of the apparatus was
equipped with tubes and batteries taken from
allied stocks. By way of appreciation for its
contributions to the war effort, Le Matériel
Téléphonique received the coveted “A” award
of the U.S. Army.

At the present time, the removal of mines is
completed, and all the mined areas, including
agricultural lands, beaches, forests, etc., have
been restored to public use with a minimum
loss of human lives.
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Speech-Input Equipment for New Oslo Broadcasting House

By E. JULSRUD

" Norwegian Telegraph Administration, Oslo, Norway

and G. WEIDER
Standard Telefon og Kabelfabrik 4 /S, Oslo, Norway

RECTION of the Norwegian Broadcast-
ing House in Oslo was started before the
recent war, and the building itself, with-

out interior equipment, was half finished when
the country was occupied. The speech-input
equipment, comprising the switching system,
control desks, microphone and main amplifiers,
etc., was not installed until nearly two years
after liberation. The recording and reproducing
apparatus.is partly new and partly older equip-
ment. ’

1. General

Most of the studios, of which there are twenty
in all, are located on the ground floor of the
Norwegian Broadcasting House, as may be seen
in Fig. 1. They are arranged in a separate block
consisting of four main groups.

A. The great concert studio (2), with an announcing
studio (1).

B. 4 music studios (8,9, 10, 11) and 1 speech studio (7).
C. 4 speech studios (3, 4, 5, 6) for lectures and interviews.
D. 4 entertainment and dramatic studios (12, 13, 14, 15).

Elsewhere in the building, there are 5 additional
studios for news and rehearsals.

As will be seen, the studios of groups 4, B, and
D are visible from control rooms. There are four
4-channel (SK) desks and two 8-channel (RK)
desks. There are also four control rooms having
no visual access to studios; two of these are main
control rooms, one is a recording control room,
and the other is a special control desk located in
the amplifier room. All music and dramatic
studios are normally operated from the neighbor-
ing SK and RK rooms, whereas programs from
the speech studios may be controlled from either
an SK or an RK room, or directly from a main
control room.

Additional program sources are the 10 re-
producer rooms, of which three contain recording
apparatus. Other technical rooms for the program

21

chain include seven recording rooms, one ampli-
fier room, one relay switching room, one studio
private automatic branch exchange and rectifier
room, and one battery room.

The dominant feature of this equipment is
that completely automatic switching has been
introduced, both for the selection of program
sources to the control-desk input channels, and
for the output of the desks to the various trans-
mitters and recorders. Automatic switching is
employed not only for program lines but also for
all of the signaling equipment, which at this
installation is rather comprehensive. It would
have been too complicated and inconvenient to
use manual switching and, undoubtedly, fewer
errors occur in automatic operation. The auto-
matic system includes relays and finders similar
to those that have amply proven their reliability
of operation in automatic telephone exchanges.

2. Speech-Input Equipment

Fig. 2 shows a block diagram of the program
chain and a corresponding level diagram. Zero
level in decibels on the outgoing line corresponds
to 1 milliwatt in 600 ohms, i.e., 0.775 volt, which
was established as the reference level for audio-
frequency measurements at an international con-
ference just before the war. A maximum level of
+6 decibels (1.55 volts) is permitted. The output
from the program source is amplified in a micro-
phone amplifier to a level at which switching and
adjustment may be made with a minimum risk of
disturbance. After the mixer, a main amplifier
raises the level to the maximum permissible
output and the outgoing program is distributed
from a program bus. Each outgoing line in-
corporates a line or isolation amplifier, which
provides no gain. and serves only to prevent
disturbances from reaching other lines connected
to the same program bus. The inputs of loud-
speaker and volume-indicator amplifiers are
also connected to the program bus.

WWW americanradiohistorv com


www.americanradiohistory.com

22

ELECTRICAL COMMUNICATION

Fig. 1—Plan of the studio wing of Oslo Broad-
casting House. The studios are numbered 1 to 15.
RK designates an 8-channel and SKX a 4-channel
control room. Studios 3, 4, 5, and 6 are for speech
programs only and may be controlled from either
the RK, SK, or main control rooms. Five addi-
tional studios are located elsewhere in the building.

sl

The total maximum gain is about 110 decibels.
Usually, the microphone amplifier has a gain of
35 to 50 decibels, depending on the type of pro-
gram and the microphone used. The output
level of the microphone amplifier is always ad-
justed to about —24 decibels, this being the
input level to the control desk. The insertion loss
of the mixer is 10 to 13 decibels, plus an addi-
tional attenuation of about 10 decibels to allow
for raising low levels of musical programs,
and to allow for unusually high attenuation in
program lines. The gain of the main amplifier is
adjusted to 50 decibels. Incorporated in the
main amplifier is a limiting device, which oper-

ates to prevent volume peaks from ex-
-ceeding the 1.55-volt maximum level.

3. Automatic Switching System

Fig. 3 shows a block diagram of the
switching system for the program chan-
nels, including a studio control desk and
a main control desk, the first having 4
‘input-channel faders and 1 master fader,
and the second with 8 and 2, respectively.

By means of a single key, the 8-channel
mixer may be used as two 4-channel
mixers with separate master faders. Both
types of control desks have provisions
for selecting a certain number of a total
of 93 program sources, such as micro-
phones, reproducing apparatus, and-incoming
program lines. The main-control-room desks
may, in addition, select the output channels of
the various studio desks as program sources.

Seven of the 12 outgoing lines or program buses
connect to recording apparatus, and any one of
these may be switched to the output channel of
a control desk.

3.1 CONTROL SIGNALING
3.1.1 Lamp Signals

Both white and red lamps are mounted inside
and outside of the studios, and also on lamp
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panels at various locations in the building. The
white Jamps are lighted automatically when the
studio has been connected to a control desk, and
are replaced by red signals when the control-
desk fader is opened. Also, a red lamp at the
microphone in use (there may be 2 to 6 micro-
phones per studio) will light up.

3.1.2 Acoustic Signals

When a studio has been connected to a desk,
any program then passing through the selecting
control desk will be reproduced by a loudspeaker
in the studio, enabling the persons present to
follow the program. The loudspeaker is auto-
matically disconnected when the red light
appears. The actors may then listen to the pro-
gram with headphones, which may be neces-
sary, for instance, when two or more studids take
part in the program. Practice has shown that the
red light is not sufficient for attracting the at-
tention of the actors, and a warning note is
therefore given through the loudspeaker by

EQUIPMENT FOR EACH STUDIO CONYROL DESK OR MAIN- CONTROL-ROON INPUT CHANNEL
P

pressing a push-button on the control desk before
the fader is advanced and the red light appears.
In the music studios, the loudspeaker may also
be connected to an oscillator giving the concert
pitch for tuning the instruments.

3.1.3 Talk-Back System

The studio loudspeaker may also be auto-
matically connected to a talk-back microphone
on the control desk without disconnecting the
studio microphones, thereby establishing a
duplex connection between studio and control
room. This system is especially of value when
rehearsing radio plays.

3.1.4 Studio Signal

Each studio contains an announcer’s set for
communication with the control operator. On
pushing a button on this set, a green lamp at the
control-desk input channel to which the micro-
phone is connected ‘will light until the position

EQUIPMENT FOR EACH STUDIO AND CONTROL DESK
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of the input fader has been changed from closed
to open, or vice-versa. This signal is used by the
announcer when requesting a microphone and
after finishing an announcement.

3.1.5 Telephone

The announcer’s set includes a telephone
which, when a studio is not selected, is connected
to a private automatic branch exchange serving
all studios and technical rooms. When selecting a
studio, the telephone is automatically switched
to the control room in question for direct com-

“munication between announcer and operator.

3.2 SWITCHING EQUIPMENT

Automatic switching is accomplished by a
relay crossbar system. Fig. 4 is a detailed sche-
matic of the connections of the program sources
and signaling lines between studios, studio con-
trol desks, and main control rooms; this corre-
sponds to any one of the crossing points in the
switching of program sources illustrated in Fig.
3. For each microphone and each input channel,
one low-capacitance relay (program relay) con-
nects the program line, and over the contacts of
two other relays (signaling relays) the signaling
lines are connected. In addition, there are one or
two relays for each studio and control room con-
necting the loudspeaker lines. The operation of
these relays is controlled through 9-by-100-point
finders from a contrel circuit, which receives im-
pulses from a keyboard on the control desk.
Similar circuits with minor deviations exist for
connecting reproducers, outside program sources,
and outputs of control desks to input channels.
The automatic switching system for the selection
of recorders and outgoing lines is also built up
in the same manner.

It should be noted that neither the program
nor the signaling currents pass through the
finder contacts, but rather through the contacts
of the relays at the crossing point.

For the selection of program sources, four
digits are sent. The first indicates the number of
the input channel to which the program source is
to be connected, the two following give the
number of the studio, and the last one is the
number of the microphone in the studio. The
outgoing-program lines and recorders are se-
lected similarly with the exception that only 3

digits are sent, the first being the number 9, in-
dicating the output channel, and the two follow-
ing corresponding to the number of the program
bus. For each input and output channel of the
control desk, there is an indicator which, when a
connection has been established, shows the
number of the program source or the bus
selected.

Theoretically, there are more than 5000 pos-
sible connections between the program and
signaling lines. Only about 1200 are equipped,
but facilities are available for extension to about
2200. The layout of the relay system, including
program and signaling relays, is such that the
relay bays actually provide space for all of the
5000 possible connections. Cabling, however, is
provided only for the connections that are ex-
pected to be used, 2200 in all. This arrangement
providesgreat flexibility. Changes and extensions

Fig. 5—Relay room. .
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may easily be made by mounting the necessary
relays at the corresponding crossing points with-
out disturbing the operation of the equipment
already in use. The program and signaling relays
are mounted on separate bays. There are 22
program-relay bays and 36 signaling-relay bays,
including the output-switching system.

Fig. 6—Front view of program relays as mounted. Relays are omitted for
positions not considered necessary for normal operation. They may be in-

stalled at any future time if they are needed.

Fig. 7—Rear view of program-relay panel. The vertical wires are con-
nected to program sources and the horizontal wires go to the various input
desks. To avoid cross talk and noise, the wires are shielded and covered
with an insulating braid.

Fig. 5 is a view of the relay room. The rows in
the foreground contain the program relays;
those in the background the signaling relays.
In this part of the room are also located 9 bays
for such miscellaneous circuits as lamp signals,
acoustic signals, telephone systems, amplifier-
switching circuits, and alarm circuits, in addition

to a control unit, a routine test

circuit, and 3 finder bays.

'Emergency patching of the
© connections is possible in case

of breakdown of the automatic
system. Only the most impor-
tant signaling connections may
be established in this way, how-
ever, to avoid complexity of
operation under emergency
conditions.

With such an extensive auto-
matic system, it has been neces-
sary to protect program lines
from clicks and other disturb-
ances caused by the rapid charge
and discharge currents that may
‘occur when two program lines
having different induced poten-
tials are connected together.
Each section of wire between
amplifiers is grounded through
10,000-ohm resistors as shown
in Fig. 4. A 0.1-microfarad
capacitor in series with 50 ohms
is connected = across signaling-
relay contacts to quench any
sparking. All relays are equipped
with bifurcated contacts to re-
duce failures from bad contacts.

The requirements as to noise
are very stringent. The noise
level at the input of the micro-
phone amplifier must not exceed
0.25 microvolt when referred to
a source impedance of 50 ohms.
This corresponds to an absolute
noise level of 130 decibels below
zero level (1 milliwatt in 600
ohms). The cross-talk voltage
induced in one program channel

from another must not exceed
the noise level just specified.
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Measurements prove that these requirements
have been met. ‘

Some notes on the steps that have been taken
for obtaining high-quality transmission may be
of interest: All program wires are screened, either
with lead sleeve or copper screen. The screen is
covered with a braiding of insulation to prevent
it from touching any metallic parts such as
cable racks, bays, etc. All screens are connected
to a ground terminal in the amplifier room and
from there to a separate ground plate. Care is
taken that no induction loops are formed in the
screening.

As previously mentioned, the program relays
are mounted separately from the signaling re-
lays. Each program relay is equipped with a
cross-talk cover. Further, a grounded spring is
located between each set of relay springs to
eliminate possible cross talk from other program
sources. The relays are mounted on plates of
nonmagnetic material. The program wires are
connected to the relay springs at the back of

these plates, whereas the coil connections are
made on the front and are so connected that the
outer layer of the winding is at ground potential.

Figs. 6 and 7 show the front and back of a
program-relay mounting plate. The vertical
wires represent the program sources, and the
horizontal wires are for the desk input channels.

4. Control Desks

There are three types of control desks: 4-
channel desks, 8-channel desks as shown in Fig.
10, and a special desk located in the amplifier
room. This special desk includes, in addition to
the equipment for a 4-channel desk, the necessary
apparatus for supervising and connecting all
incoming and outgoing lines. It differs, accord-
ingly, in many respects from the others.

As in the automatic switching system, great
attention has been paid in the desks to the
elimination of possible interference from the
signaling lines to the program channels. The
apparatus for signaling has been separated as

Fig. 8—8-channel control desk. All program circuits terminate in one pedestal and the signaling circuits terminate
in the other. Ten faders are mounted at the center and provide for the 8 channels and the two master controls. A
jack panel for setting up special connections is located at the right.
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far as possible from the program equipment. The
program wires are connected to terminal strips
in one pedestal of the desk whereas all of the
signaling cables are terminated in the other
pedestal.

It is beyond the scope of this article to describe
in detail all the apparatus in these desks. It may
be neted, however, that on one of the panels is a
main switch, operated when the control desk is
placed in use, to connect power to the desk and
amplifiers in the control room and to operate the
warning lamps indicating that the control room
has been engaged. The faders are of the sliding
type, with handles movable toward the operator;
the maximum attenuation is 55 decibels in steps
of 1.5 decibels. An 8-channel control desk is
shown in Fig. 8.

As previously mentioned, the studio control
rooms have visible access to one or more studios.
The second group of control rooms are without
visible access to the studios and are designed

Fig. 9—Microphone amplifier, rear view.

primarily for connection to the output of the
control rooms of the first-mentioned group, or
to the speech studios, reproducing reoms, pro-
gram sources outside of the house, the time
signals, etc.

The control rooms of the first group are, there- .

fore, used to monitor the various programs in the
studios facing these control rooms, whereas the

second group is used for the monitoring of all
other program items. When the latter are used
as main control rooms, the program from group
one is passed through the control desk of group
two without monitoring, this being done in the
studio-control room.

5. Amplifiers
5.1 AMPLIFIER RooMm

The microphone and line amplifiers are
mounted on standard-sized racks in the amplifier
room, whereas the main amplifiers, loudspeaker
amplifiers, etc., are located in their respective
control rooms. In the amplifier rooms, there are
two rows of 19-inch racks each consisting of 16
racks. These include amplifiers, receivers, oscil-
lators, jack panels, remote panel for power plant,
cable terminals, and similar equipment. The
Broadcasting House is connected over a special
29-pair cable to a distributing center in the
Telegraph Building,
from where the lines to
the transmitters are
routed. For connection
to various outside
broadcasting points, a
100-pair cable has been
laid to the nearest ex-
change of the Oslo
Telephone Company.
Both cables terminate
in the amplifier room.

5.2 MICROPHONE AM-
PLIFIER

The microphone am-
plifier, shown in Fig.
9, has a maximum
gain of 60 decibels,
adjustable in steps of
5 decibels down to 20
decibels by varying the amount of negative
feedback. The response-frequency characteristic
is within 1 decibel from 30 to 12,000 cycles
per second. A maximum distortion of 0.2 per-
cent occurs at 1.55 volts across a load resist-
ance of 50 ohms. The noise level does not
exceed 0.25 microvolt referred to a 50-ohm
input. The microphone amplifier is also used
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Fig. 10—Front panels of the rectifier units for
energizing the automatic switching system.

as a main amplifier when limiting characteristics
are not required.

5.3 MAIN LIMITING AMPLIFIER

The electrical characteristics of the main
amplifiers are the same as for the microphone
amplifiers. Limiting of output is provided for and
this action starts at a minimum of 60 decibels
below 1.55 volts (maximum output level). The
output level will not increase more than 2 decibels
for an increase in input level of 15 decibels.

5.4 LINE AMPLIFIER

The line amplifier has a maximum voltage
gain of 8 decibels and is adjustable from —4 to +8
decibels in steps of 0.5 decibel. Response-fre-
quency, distortion, and noise characteristics are
the same as for the microphone amplifiers.

5.5 RECORDING AMPLIFIER

The recording amplifier is primarily a power
amplifier mostly used for operating recording
systems. It has a maximum output of 10 or 20
watts, which is produced by an input signal be-
tween 0.2 and 0.4 volt. Its response-frequency
characteristic is flat within 1 decibel from 30 to
12,000 cycles. The noise does not exceed 5 milli-
volts across a 50-ohm output impedance. Dis-
tortion is less than 2 percent for rated output.

5.6 LOUDSPEAKER AMPLIFIER

The loudspeaker amplifiers are similar in
characteristics to the recording amplifiers except
that they provide for a maximum output of 20
watts. Noise will not exceed 10 millivolts across
50 ohms.

5.7 GENERAL

Push-pull circuits are used for all stages of all
amplifiers. Negative feedback is employed for
reducing distortion. Amplifiers are powered
directly from the 220-volt, 50-cycle mains supply.

The amplifiers are of a design adopted by the
Norwegian telegraph administration, who have
also built the limiting, recording, and loudspeaker
amplifiers in small quantities. A quantity of 130
microphone amplifiers has been delivered.

6. Power Plant

As all amplifiers are mains-operated through
self-contained rectifiers, no central power plant
is required for them. For the automatic switching
system, direct current at 48 volts is provided by
two selenium rectifier units, each with a regulated
output of 35 amperes. Although normally used
with a floating battery, each rectifier is equipped
with automatic voltage regulation and can,
accordingly, be used without the battery. The
battery is required only in case of a mains-supply
failure and supplies power only until an emer-
gency diesel-engine generator is placed in opera-
tion. Fig. 10 shows the front panels of the
rectifiers.

The speech-input equipment, including the
switching system, control desks, microphone and
main amplifiers, etc., was produced by Standard
Telefon og Kabelfabrik A/S, in Oslo.
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Portable Crystal-Controlled Frequency Standard

By R. I. B. COOPER
Department of Geodesy and Geophysics, Cambridge University, Cambridge, England

UPLICATE crystal-controlled frequency
standards were studied under laboratory
conditions and during the recent sub-

marine gravity survey carried out in H. M. S.
Tudor. A frequency accuracy within about 1
part in 107 was achieved during these trials.

During August, 1946, a submarine gravity
survey was carried out in H. M. S. Tudor with the
object of obtaining information on the gravita-
tional field over the continental shelf to the south
and west of the British Isles. The measurements
were made with a Vening-Meinesz pendulum
apparatus. Gravity was determined at each
station by comparing the period of a pendulum
with that obtained at the base station where the
value of gravity is known. To minimize per-
turbations due to the movement of the boat, the
observations were made while the craft was
submerged. Under these circumstances, an ac-
curacy of gravitational measurement of the order
of 1 part in 10% can be obtained, and it was
necessary, therefore, to provide a means of
timing the pendulum with at least this accuracy.

In the Vening-Meinesz apparatus actually
employed, three pendulums were used, and their
motions were recorded photographically by light

beams reflected from mirrors attached to the
pendulums near the knife-edges. Timing was done
by interrupting the light beams at a rate con-
trolled from the frequency standards.

The use of a submarine placed special require-
ments on the construction of the clocks. The
first essential was that they should be small
enough to pass through the 21-inch-diameter
(53-centimetre) hatches in the boat. For general
field use, they had to be constructed to with-
stand normal road and rail transport without
special precautions. It was inconvenient to
provide a thermostatically controlled oven for
the crystal with its attendant bulky control
equipment, so the crystals had to be capable of
giving reliable operation over the temperature
range from 10 to 30 degrees centigrade (50 to
86 degrees Fahrenheit), with only a simple
correction for the ambient temperature as
measured with an ordinary mercury thermometer.

The application of a precision quartz fre-
quency standard to geophysical experiments in a .
submarine is not novel; similar equipment has
been used by an American expedition.! Such a

! Maurice Ewing, “Gravity Measurements on the
U. S. S. Barracuda,” Transactions of the American Geo-
physical Union, pp. 66—69; 1937.

Fig. 1—Quartz-crystal-controlled frequency standard mounted in wooden box with both lids hinged.
30
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Fig. 2—Frequency-divider without protective metal covers. The crystal is mounted
in the box in the lower right-hand corner.

standard was not, however, available in this
country. It was known that Standard Tele-
phones and Cables, Limited, had been making
an extensive study during the war of high-
precision oscillators, and it was, therefore, de-
cided to approach them with a view to their
undertaking the development and construction
of the apparatus.

1. Construction

The complete frequency standard is mounted
in a wooden box 221 by 15 by 122 inches, the
total weight being approximately 100 pounds.
The components are mounted on three steel
panels, disposed on either side of the box, and
access to their outer faces is obtained by opening
hinged covers on both sides. On one side of the
box are mounted the crystal-oscillator panel and
power pack, and on the other side is the fre-
quency-divider unit. Fig. 1 shows the box with
the lid open and the apparatus panels protected
by their metal covers. Fig. 2 shows the frequency-

divider panel without its cover. The screened
box in which the crystal unit is housed may be
seen in the bottom right-hand corner.

2. Circuit Design

The oscillator operates at 100 kilocycles per
second and is a modification of the feed-back
bridge type developed by Meacham.? The oscil-
lator was used in its original form by the pre-
viously mentioned American expedition. The
crystal bridge is enclosed in a lagged chamber,
which eliminates rapid fluctuations of tempera-
ture.

The crystal used is a GT cut, which provides
the lowest temperature coefficient of frequency.
The electrodes are formed by plating the face of
the crystal, which is supported by connecting
wires soldered to the electrodes at a nodal point

2L. A. Meacham, “The Bridge-Stabilized Oscillator,”’
Proceedings of the I.R.E., v. 26, pp. 1278-1294; October,
1938: and Bell System Technical Journal, v. 17, pp. 574—
591; October, 1938. .
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Fig. 3—Quartz crystal mounted in an evacuated bulb.
" The electrodes are plated on the faces of the piezoid or
finished blank, and connecting and supporting leads are
soldered to the electrodes at nodal points.

as may be seen in Fig. 3. The crystal is mounted
in an evacuated glass bulb.

By lapping and aging, the temperature coeffi-
cient of a GT-cut crystal can be adjusted to a
very small value, which remains constant over
a considerable temperature range. This tempera-
ture range can be adjusted to occur, within
limits, in a selected part of the temperature
scale.

The initial frequency adjustment of the
crystal is carried out to =5 parts in 10, and the
frequency of the oscillator can subsequently be
brought within a continuously adjustable range
of &1 part in 10° by modification of the com-
ponents of the crystal bridge circuit. This con-
tinuously adjustable range is under the control
of the user.

The principal cause of frequency instability
in a changing ambient temperature is the
differential heating set up in the crystal. Hence,
the crystal bridge is mounted inside a thermally
lagged chamber, so that the rate of change of
temperature to which the crystal is exposed is
considerably reduced. A stability at a given
temperature of the order of &2 parts in 108 was
measured in the laboratory.

The oscillator is stabilised against variations
in supply voltages, and the output voltage is im-
pressed on the frequency-divider unit. This unit
provides high-impedance outputs at 10 and 1

kilocycles. The 100-kilocycle output itself is also
available. These outputs are stabilised in voltage
by a thermistor and a resistor connected across
the output terminals. A thermistor is an ele-
ment whose resistance diminishes with an in-
crease of current; hence, variations in the current
through it cause much smaller changes in the
potential across it. A cathode-follower valve
may be connected to any of these outputs when-
ever a low output impedance is required. The
frequency divider operates on the harmonic
regeneration principle. This is a continuously
operating circuit that ensures that, short of
actual failure of any component, the outputs will
be controlled by the crystal. Each stage is ar-
ranged to divide by a factor of 10, and division
by any other integer is very unlikely.

To increase the flexibility of the apparatus, it
may be operated from either 200-250-volt 50-60-
cycle alternating-current, 130- and 12-volt di-
rect-current, or 12-volt direct-current power
supplies. .

In the laboratory and throughout the voyage,
the sets were run from high- and low-tension
accumulators continuously charged from dry
rectifiers. The mains in a submarine are liable
to occasional temporary failures.

3. Performance

Measurements were made, both in the labora-
tory and in the submarine throughout the
voyage, of the instantaneous rates and the mean
daily rates of the two standards. The instan-
taneous rate was obtained by comparing the
200-kilocycle harmonic with the carrier fre-
quency of the British Broadcasting Corporation
transmitter at Droitwich, which operates on
200 kilocycles. The beats produced between the
two operated a counter, and the number of
beats in 50 seconds was registered automatically.
This figure is, therefore, the deviation from spot
frequency expressed in parts in ten million. The
corrections to be applied to the Droitwich fre-
quency at the time of the observations were sub-
sequently obtained, within an accuracy better
than 1 part in 107, from the British Broadcasting
Corporation from their own daily observations.
Satisfactory checks of the frequency against
Droitwich were obtained during the voyage up
to a range of about 500 miles.
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The 1-kilocycle output was amplified to a
suitable power level and drove phonic motors,
which produced time marks on the photographic
paper used for recording the pendulums. These
phonic motors also drove clock mechanisms.
By comparing the readings of these clocks with
the time signals transmitted at 1000 and 1800
hours from Rugby (GBR), it was possible to
obtain the mean rate of each crystal over a pro-
tracted interval. The time signals were recorded
photographically together with the clock indica-
tions, the reading accuracy being 1/61 of one
second. This error is equivalent every 24 hours
to 1.9 parts in 107. Corrections to the time
signals were subsequently obtained from the
Royal Observatory and applied to the readings
where necessary.

The preliminary laboratory tests revealed
that tilting, change of valves, and reduction
in the supply voltage of 30 per cent caused no
significant change of frequency. There was, how-
ever, a considerable frequency drift when the
apparatus was first switched on, and this is
shown in the curve of Fig. 4. This results from
the operating temperature of the crystals being
well above the ambient temperature.

clock I was —1.04 parts in 107 per degree
centigrade.

It should be pointed out, however, that al-
though the ambient temperature appears to be a
reliable guide to the behaviour of the crystals,
the actual operating temperature of the latter
was higher because of the heat dissipated inside
the apparatus. Accordingly, these figures do not
agree with the original coefficients measured in
the laboratories.

The crystal boxes are at present being modi-
fied to permit insertion of a thermometer.

The wvariation in ambient temperature as
measured above was found to be surprisingly
small throughout the voyage, amounting to only
3 degrees centigrade (5.4 degrees Fahrenheit).
To test whether the crystal frequencies were
drifting, the results were reduced to a standard
temperature of 20 degrees centigrade (68 de-
grees Fahrenheit), and weekly averages taken.
These averages are shown in Table I, and it will
be noted that there is no significant systematic
change with time.

Less reliance is placed on the time-signal
observations, and they are merely regarded as
a useful check that no erratic behaviour was

over 80 observations
of the instantaneous
rates of each crystal

During the voyage,
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were made and the
ambient temperature
at the time noted.
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Fig. 4—Frequency drift during warming period immediately following switching on of
equipment. Room temperature was 21.5 degrees centigrade (71 degrees Fahrenheit).
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occurring. This is because the clocks were often
stopped by accidental causes, such as blown
fuses, and the period over which observations
could be made was thereby reduced. The mean
rates obtained over portions of the various weeks
are, however, given in Table I for comparison.

The effect was to change the 1-kilocycle output
slightly in frequency. This may have been due
to modulation of the oscillator frequency,
causing the divider to operate on one of the
modulation products instead of on the oscillator
frequency itself. It is probable that the gradual

. TABLE 1

FREQUENCY DEVIATION IN PaRrTs IN TEN MiLLiON oF WEEKLY AVERAGES REDUCED TO A
STANDARD TEMPERATURE OF 20 DEGREES CENTIGRADE (68 DEGREES FAHRENHEIT)

Clock Number 1 Clock Number 2
Date Locality
Mean of Number Rate Period Mean of Number Rate Period
Instantaneous of Obser- by in Instantaneous of Obser- by in
Rates vations Rugby Hours Rates vations Rugby Hours
23 ]unle to | Cambridge 46.010.7 3 — — 19.740.7 6 — —
1 July
27 July to | Portland and 45.9+0.3 10 — — 20.6+0.15 11 — —
2 Aug Channel Trials
5-9 Aug. Atlantic Voyage 47.440.5 15 46.5 80 20.8+0.2 15 19.0 32
12-15 Au Voyage to Spain 48.440.5 11 49.1* 48 20.5+0.2 11 20.9 48
18-24 Aug. | VoyageroundEire | 47.8+0.5 12 46.6 {80 20.740.2 12 21.0 {80
: 32 32
25-31 Aug. | Oban to Portland 47.5£0.5 11 46.5 96 20.940.3 12 — —
5 Sept. Cambridge 48 2 — — 20 2 — —

* Failure of frequency demultiplier.

The agreement with the mean of the instan-
taneous rates determined from Droitwich is re-
garded as being satisfactory.

Throughout the voyage, there were only two
major breakdowns in the timing system, one of
which was directly attributable to the clocks
themselves. This was due to a trimming capaci-
tor becoming disconnected during rough weather
in the Bay of Biscay on the 13th of August.
The effect was that the output was no longer
fully controlled by the crystal, and the 1-kilo-
cycle output was changed in frequency by a few
cvcles. Since this was only a few cycles different
from the nominal frequency, the clocks did not
stop and the fault was not immediately apparent.
This behaviour of the frequency dividers may
well have been provoked by the development of
a high internal resistance in the high-tension
accumulators, which shortly afterwards were
the cause of a second breakdown.

The internal resistance of the high-tension
batteries became so high as a result of corrosion
that about 10 volts (root-mean-square) of ripple
from the charging circuit appeared in the supply.

development of this fault was responsible for
the high mean rate recorded for clock 1 between
the 12th and 15th of August.

It is clear that, despite the variations with
temperature mentioned above, the sets fall well
within their original specification, which was for
an accuracy of 1 part in 2,000,000. They also
fulfill excellently all the other requirements.
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Remote

Control *

By C. GORDON WHITE
Standard Telephones and Cables, Limited, London, England

HE rapid extension in the application of
supervisory remote-control schemes at
home has been ‘paralleled by its ever

increasing use in many parts of the world. Its
main sphere of development, as would be ex-
pected, has been in the control and supervision
of electrical networks, not only those serving
densely populated metropolitan areas, but also
other schemes, such as electrified railway sys-
tems and the transmission and distribution sub-
- stations of large electrical networks.

With the extending use of remote control has
grown also a greater demand both for the facili-
ties to be provided and the degree of flexibility
to be given, without appreciable increase in cost.

* Reprinted from British Engineering Export Journal;
March and April, 1946.

To meet such needs, it has been necessary to
employ to the full techniques peculiar to the
telephone communications field rather than those
of the switchgear world, and it is not surprising
to find that the principles of signal transmission
and automatic switching peculiar to telegraphy
and telephony, as also the apparatus specially
developed for these purposes, are being increas-
ingly used to satisfy present-day control needs.

It can readily be seen that there is a marked
similarity in the two operations, namely, the
selective ringing of a particular subscriber’s tele-
phone bell and the remote operation of a particu-
lar switchgear unit in an electrical network.
The means of carrying out both these operations
have much in common, more especially when
similar apparatus is employed, but in the

Fig. 1—Central control board with mimic diagram for a
direct-wire scheme. This is a typical installation.
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approach to the two problems there are marked
differences. In both, economic considerations for
the most part determine the quality of the com-
plete equipment and the degree of accuracy in
the final desired result. In telephone switching,
an occasional lost call or wrong number can, on
this account, be at least tolerated, but not so
in the case of the control of switchgear units
where it is imperative that a wrong operation
just must not happen, even if the alternative to
this is that nothing whatever happens. The
operating conditions normally experienced help
greatly towards this end, since the variables ob-
taining in telephone switching, such as line
resistance, impulsing speed, and rates can be
closely controlled, but even so, special precau-
tions are taken in the design of supervisory
equipment to safeguard signals against possibil-
ity of mutilation and to ensure correct operation.

1. Substations Within One-Mile Radius
1.1 SimMpLE DIRECT-WIRE CONTROL SCHEME

For the supervisory control and indication
of electrical substations within a radius of ap-
proximately one mile, it is often possible to lay
down multi-core cable and operate on a direct-
wire basis. Then with a common-battery supply,
the overall scheme can show an appreciable
saving in first cost, whilst providing the definite
advantages accruing from initial simplicity.
Heretofore such schemes have usually operated
at 110 or even 220 volts over power-type multi-
core cable, but with the alternative using light-
current apparatus, working at, say, 24 or 50
direct volts, it is possible to employ multi-core
telephone-type cable incorporating copper con-
ductors of 10 or 20 pounds (4.5 or 9 kilograms)
per mile, being equivalent respectively to 23
and 20 steel wire gauge (0.61 and 0.91 milli-
metres), and show a marked saving in cost with-
out anyloss in reliability or robustness. The type
of cable must depend upon the local conditions
and 'its proximity to other electrical circuits,
but in general it should be lead-covered, with
steel tape or wire armouring. Such schemes
sometimes employ ingenious - circuit arrange-
ments relying upon marginal currents to reduce
the total number of cores, but the use of tele-

Fig. 2—Rear view with the doors removed of ” .
the central control board shown in Fig. 1. phone-type cable permits of the relatively
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generous use of conductors with consequent sim-
plicity and sturdiness in design. A typical in-
stallation of equipment operating on these prin-
ciples is illustrated in Figs. 1 and 2, whilst Fig. 3
shows an outline of the simple schematic ar-
rangements on which the system is based.

This particular project concerns a group of
electrical substations serving a large steel works
and covering a wide area, which are intercon-
nected with the central control point by multi-
core telephone-type cables. Each circuit-breaker
or isolator is represented on the mimic-diagram
control board by a combined key-indicator of
the semaphore type (see Figs. 4 and 5). This
unit, which is one-hole fixing, incorporates a
miniature lamp (behind a translucent insert),
which lights up or flickers when the indicator
and its corresponding switch at the remote end
are ‘‘out of agreement’’; and in this way visual
indication (accompanied by an audible alarm)
is given when the distant unit changes its posi-
tion, e.g., a breaker trips on fault. The semaphore
serving as a mechanical position indicator need
not normally be illuminated, an arrangement
which gives a greatly increased life to the minia-
ture lamps, and has proved a decided advance
upon similar schemes where continuously il-
luminated lamps are employed.

It will be noted that the diagram board itself
is sectionalized to facilitate subsequent network
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modifications and extensions. Some idea of the
construction of the cubicle and the internal
wiring layout may be gleaned from Fig. 2. It will
be noted that the large-type cable-forms usually
associated with such equipments are obviated
and that loose ‘“‘jumper’’ wiring is used to con-
nect the indicator circuits with the terminals
in the base of the cubicle. An end view of,the
cubicle is shown in Fig. 4, where behind a tight-
fitting hinged door are located the isolating
links associated with each incoming conductor
and provided to facilitate maintenance.

Reverting to the diagram of Fig. 3, the sema-
phore key-indicator SK is shown in the ‘‘closed”
position corresponding to auxiliary contacts AC
on the remote circuit breaker. When the breaker
trips, contacts AC change over and positive
battery is fed via AC, the pilot wire, relay wind-
ing DR, and contacts SKI to negative, thus
energizing relay DR. This relay flickers the
semaphore lamp SKL, and also rings the audible
alarm. When the signal is “‘accepted’’ by turning
the semaphore key through 90 degrees to the
“open’’ position, the wiiiding of DR is short-
circuited and normal conditions are restored.

Where control facilities are included, the
interposing relays at the distant substation are
connected as shown and the semaphore indi-
cator is fitted with spring-loaded ‘‘overturn”
positions.

10
BREAKER
CLOSING

AND
TRIPPING
CIRCUITS

SKI AND SK2 OCCUPY -EITHER OF TWO POSITIONS ACCORDING AS KEY INDICATOR IS IN THE “OPEN" OR “CLOSED* POSITION.
SK3 CONTACTS CLOSE WHEN THE KEY IS OVERTURNED FROM EITHER THE “OPEN" OR “CLOSED" POSITION.

CR="CLOSE" INTERPOSING RELAY.
TR="TRIP* INTERPOSING RELAY.
SK=SEMAPHORE KEY INDICATOR.

DR="OUT OF AGREEMENT" RELAY.
SKL=LAMP (N SEMAPHORE KEY.
AC = BREAKER AUXILIARY CONTACTS.

®=INTERRUPTED “"FLICKER™ SUPPLY

Fig. 3—Direct-wire scheme for a group of substations serving a large steel works.
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Fig. 4—End view of the central control board (see Figs. 1

and 2) showing the conductor isolators.

2. Pilot Wires and Separate Frequencies
2.1 PiLoT-LINE NETWORKS

Where the use of direct-wire schemes are
prohibited by distance, cost, or the difficulties
of excavation for cable, resort must be had to
other methods employing the minimum number
of pilot wires or, alternatively, using separate
frequencies superimposed on circuits already
existing for other purposes.

Dealing first of all with the former case, the
final arrangement depends very much on local
conditions, the layout of the stations involved,
and the range of facilities to be satisfied. Three
types of station grouping about a central point
are indicated in Fig. 6. Thatat (A4) represents the
connection of a number of stations to the central
point on a radial network, i.e., one pilot circuit
separately to each remote station. At (B) is
shown a number of distant substations grouped
radially about the intermediate, parent, or tan-
dem station T, which in turn is connected to the
control point CS by an independent pilot line.
This method is economical in conductors between
the tandem and central stations, particularly on
very large schemes involving hundreds of sta-
tions, but may result in slight delay in transmis-
sion of signals to the central point if more than
one substation in any one group wishes to signal
at the same time.

Yet another layout is that of (C). This is
known as the omnibus or party-line arrangemen t
in which one through circuit feeds a number of
substations connected thereto in parallel. This
represents an appreciable economy in pilots
where the geographical layout and the degree of
traffic permits of its use and without any de-
terioration in the quality of the service to be
obtained from the equipment. Obviously, it is
possible to plan pilot-network layouts combining
the arrangements outlined above, and this is
usually the case in large schemes of centralized
control.

The pilot lines referred to above usually
consist of one pair of conductors for signal trans-
mission in both directions for control and indi-
cation. Other facilities such as telemetering can
also operate over the same wires or with greater
simplicity can be accommodated on additional
conduc‘tors on the same route.
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In the older, densely populated countries, the
provision of separate pilot circuits for central-
control schemes presents little difficulty, es-
pecially where such circuits can be conveniently
rented from the national postal and telegraph
administration. Even here, however, the ever-
widening ranges of facilities demanded necessi-
tate either more and more metallic conductors
or further inroads on the existing conductors by
using superimposed circuits.

3. Telegraph Carrier

Transmission

Developments in the
fields of telegraph car-
rier transmission sug-
gest a ready solution
to the problem, since
it is possible to provide
hundreds of indepen-
dent circuits simulta-
neously on a suitable
metallic-line circuit. In
many instances, how-
ever, such line circuits
just do not exist physi-
cally, and then provi-
sion for these facilities
alone may not be war-
ranted, but where a
high-tension line con-
nects the controlling
and contolled stations,
resort may be had to
carrier circuits super-
imposed on the high- s s
tension line itself. The
main expense in such ¢
schemes is in the pro-
vision of the terminal
equipment, more espe-
cially the apparatus
which separates the
high-tension power cir-
cuits from the signal-
ling equipment, but for
long distance across
country in areas either
undeveloped or unsuit-
able for separate pilot

() RADIAL

circuits, these prime costs may well prove very
small compared with the advantages to be gained
by the use of centralized control.

3.1 TypICAL SIGNALLING SCHEME

A general outline of a scheme for control and
indication of an electrical substation from a
central point can be gathered from the block
schematic of Fig. 7. For simplicity, let us con-
sider a single station served by a line of two pairs

Fig. 5—Semaphore key-indicator with associated relay. It is a one-hole fixing for

control boards.

(B) RADIAL-TANDEM

(C) PARTY LINE

PILOT LINE {2 CONDUCTORS)
[ CONTROL STATION

TANDEM STATION
S SUB-STATION

Fig. 6—Typical pilot-line arrangements for three station groupings about a central point.
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(four conductors). Both locations are equipped
with apparatus for sending and receiving signals
consisting of trains of impulses coded to repre-
sent distinctive numbers, much the same as
multi-digit numbers when generated on an auto-
matic telephone dial. At the control station,
most of the signals are initiated as a resuli of a
definite manual operation by the control en-
gineer, whereas most of those issuing from the
substation originate automatically, due to in-
voluntary movement by individual mechanisms.

For instance, should a breaker trip, say, on
fault, its auxiliary contacts via its “link’’ circuit
stimulate the substation code sender which,
seizing the line, transmits a signal (lasting ap-
proximately two seconds), which is routed at the
control station to the code receiver. This ap-
paratus sorts out and checks the message and
directs it in turn to the appropriate part of the
equipment, in this case the control-board indi-
cator corresponding to the switchgear unit con-
cerned. In the same way, signals from the control
station are generated by the code sender there,
which seizes the line, and the resultant impulse
train passes to the code receiver at the substation
where it is ‘‘de-coded’ and directed to the ap-
paratus concerned.

It is here that the safeguards referred to at
the beginning of this article are of importance.
One method to ensure that only correct opera-
tions are effected is by the use of signal codes

specially compiled. Each code may consist, say,
of three numbers or digits, 4, B, and C; but all
codes have one thing in common, that A plus B
plus C is a constant value. On receipt of any code
at the distant end, it is checked for the correct
number of digits and also the correct total, and
only when these conditions are satisfied can this
code be effected.

Another method adopted is that of ‘“‘preselec-
tion checkback.” Here, before a control opera-
tion can be effected, a preliminary or preselec-
tion code is sent down the line to ‘“‘pick out” the
unit which it is desired to control. When this
selection has been done, a ‘“‘check-back’” code
peculiar to the selection made is sent to the
control station and, if it ‘‘agrees’” with the
originating unit, a special ‘‘go ahead’ signal is
given to the controller. The latter then completes
his final operation whereupon a further signal
is sent down the line to be followed by the ap-
propriate position-change indication back to the
control station, confirming that the desired
operation has been completed. The pre-selection
condition previously set up is then cleared down,
leaving the line free for other signals.

4. Advantages of Signal Codes

The first-mentioned method has decided ad-
vantages, not only in simplicity and speed of
operation, but also because it ‘“occupies’ the
pilot line only during actual signal transmission,

REMOTE SUB-STATION CONTROL STATION
REGENER REGENER ===
|
. ; Lock  Lo0K _‘I' . ‘
r’i | GNTOK[ l [ | [ Jgour  ar gl I ] I | | | I ITIL
& dz\w & o i e @ oo )

LINK LINK
CIRCUITS glgi( W* < [I%] [ ? T j 5 é oo ¢ @ CIRCUITS
W o o [} oo

[ | [ | [ PILOTS 1 I I T
HETER [ ALARMS | BREAKER | TRANSFORNER | TELEPHONE | | TELEPHONE | TRANSFORMER | BREAKER ] ALARNS | CHECK JWETER
CODE GODE
SENDER SENDER
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Fig. 7—Block schematic for control and indication of an electrical substation from a central point.
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Fig. 8—Telephone relay, generally mounted in groups according to circuit requirements.

whereas with “preselection check-back’” the line
is held from the initial preselection operation
until final clear down, thus preventing its use
for the transmission of other signals that may
require urgent attention.

An alternative to the use of coded signals,
and one that has been widely used, employs
rotary distributors at each location. These are
rotated simultaneously, checks being provided
to ensure that they keep in step or are otherwise
correctly synchronized in each possible position.
Such schemes require, in general, a greater
number of pilot-wire conductors and cannot
supply the same high degree of flexibility as is
inherent in schemes employing coded signals.

4.1 APPARATUS

Systems based on telephone practice employ in
the main relays, selectors, and suchlike appara-
tus, as have been standardized for telephone use,
and these in vast numbers have proved their
reliability in the very exacting field of constant
daily operation on telephone systems in all parts
of the world. The principal items employed com-
prise relays (Fig. 8) and uniselectors (Fig. 9),
which are generally mounted in groups accerding
to circuit requirements on multi-point jack-in
panels, similar to that shown in Fig. 10. Where
there is a number of similar circuits on one set
of equipment or a number of substation instal-

lations generally similar to one another, this
type of mounting gives the maximum flexibility
and greatly facilitates normal maintenance work.
A few spare mountings of each kind can be held
in readiness for substitution as need arises, thus
enabling a faulty unit to be returned to a central
depot for repair under the best possible condi-
tions.

Fig. 9—Uniselectors are among the principal items of
apparatus standardized for telephone practice.
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5. Appearance of Control-Room Equipment

For the equipment located in' control rooms
and mounted on control boards and desk, it is
particularly desirable to improve on the normal
telephone switching product so that these equip-
ments should present a really good appearance,
having a high-grade finish and carried out in
colotir tones pleasing also to the eye. There is
increasing appreciation of the fact that the work-
ing surroundings play a very important part in
ensuring contented operators and efficient opera-
tion, and the quality of workmanship of control
panels and desks and their artistic design can
contribute greatly to the desired end. It is not,
therefore, sufficient to specify loosely that the
equipment should mount keys and lamps, but
some idea of the quality of workmanship should
also be laid down so as to encourage those manu-
facturers who pay particular attention to these
features and are willing to initiate special designs
to give the best possible appearance to their
products consistent with the conditions in which
they are to be used.

6. Centralized Supervisory Control Schemes

Table I lists a selection only from the many
supervisory remote-control and indication equip-
ments designed and manufactured by Standard
Telephones and Cables, Limited. Each installa-

Fig. 10—Jack-in type apparatus panel with cover re-
moved. This type of mounting gives maximum flexibility
and facilitates maintenance.

tion is served from a central control room. The
facilities totals, though approximate, only serve
to indicate the size and range in each case.

TABLE I

Supplied to Location

Details

Mid-East England Area

Central Electricity Board
(Leeds)

31 remote stations; indication of 68 switches and 30 trans-
formers; 55 remote meter readings; 9 total load readings;
9 routine instruction panels; automatic and manual
switching, priority and emergency telephone facilities.

Wellington City Council Wellington, New Zealand

24 stations; 190 switches and transformers; 16 remote
meter readings; mass firing group control; miscellaneous
alarms telephone; remote routine testing.

Bombay Kirkee-Igatpuri
(Kalyan)

Great Indian Peninsular
Railway

14 remote substations and track cabins; control and
indication of 220 switches; miscellaneous alarms.

Underground: Northern and
Western extensions (East

London Passenger Trans-
port Board

15 rectifier substations; 450 switches controlled and
indicated; 53 meter readings (voice-frequency carrier

Finchley and Old Oak Com- | system); 60 miscellaneous alarms.
mon)
Manchester City Corpora- | Manchester Common-diagram system; centralized control of city

tion

networks (33 kilovolts, 11 kilovolts and 6.6 kilovolts),
95 substations, 500 switches and transformers controlled
and indicated. Planned for ultimate extension to 400
city distribution stations.

London Euston-Watford Line
(Stonebridge Park)

London, Midland &
Scottish Railway

Common-diagram system: 17 rectifier substations and
associated power station, 200 breakers, 240 alarms, tele-
phones.
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By C. GORDON WHITE
Standard Telephones and Cables, Limited, London, England

TYPICAL example of a modern con-
trol station equipment is illustrated
in Figs. 1 and 2, which show a central
control desk supplied for a large city network in
the Dominions. In this case, the main part of
the city electrical network is shown on a large
curved wall diagram approximately 30 feet
(9.1 metres) long and 11 feet (3.3 metres) high
to the rear of the central control desk. The wall
diagram is made up of 234 panels each 1010
inches (25X 25 centimetres), which mount auto-
matic semaphore indicators incorporating minia-
ture lamps, manual indicators, alarm lamps, etc.
A close-up view of part of this diagram is shown
in Fig. 3. The desk itself carries a restricted
mimic diagram incorporating control key-indica-
tors of the semaphore type solely for the switch-
gear units subject to remote control. Towards
the back of the desk diagram is titted an alarm-
locating indicator to facilitate the detection of
the source of any alarm by the operator. When
a breaker, say, trips, the audible alarm sounds,
but at the same time this indicator shows the
name of the station of origin and the type of
signal that has been received. The operator is
thereby able to direct his attention immediately
to that-part of the wall diagram with which the
change is associated, and thus complete his
duties most rapidly and efficiently.
These indications are signalled on miniature

* Reprinted from British Engineering Export Journal;
March and April, 1946.

lamp facias incorporating photographic plates
carrying the various legends. The letters are
normally invisible, but show up clearly in white
or coloured lights when they are illuminated.

Other examples of typical control boards are
seen in Figs. 4 and 5. The former, comprising a
desk in waxed oak mounting a mimic diagram for
seven distant high-tension stations, concerns the
control of a system operating over a mountainous
pilot route. Fig. 5 consists of a single isolated
control panel for a pumping station and includes
meter readings of electrical load and water level.

It will be noted that in these examples care is
taken in the mounting of keys, meters, etc., to
avoid so far as possible the use of screw heads
that may be visible from the front of the panels.
In Fig. 5, the meters, be it noted, are mounted
at the back of the panel behind a circular bevelled
cut-out, which serves to give a pleasing and
smooth appearance to this part of the board.

It is well-nigh essential on such schemes to
pay particular attention to the way in which the
apparatus is to be housed. The conditions in
substations vary very greatly, both as regards
temperature, humidity, and general cleanliness,
and in many cases represent much more severe
conditions than those in which telephone equip-
ment is normally housed. It is difficult to improve
upon the use of pressed steel cubicles, arranged
for floor or wall mounting, where special precau-
tions are taken to exclude dust. Typical ex-
amples of such equipments are shown in Figs. 6,

Fig. 1—Control desk and curved wall diagram for a centralized network of a large city in the Dominions.
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7, and 8. The first mentioned, a floor-mounting
unit, is fitted with hinged doors, which fit
snugly on to rubber insertions to give a dust-
tight enclosure. Fig. 7 shows a small wall-
mounting unit, the method of hinging to give
access to the rear wiring being shown in Fig. 8.
Towards the top or base of each cubicle are fitted
loose plates, which can be drilled on site as
necessary to take the cable terminations, which
assists to give a sealed enclosure. Where the
conditions warrant it, local heater circuits can
readily be fitted, and in humid conditions readily
detachable air-drying units can be incorporated.

In the substation cubicles are mounted the
terminal boards connecting the small internal
apparatus wiring to the stouter conductors in-

coming from the switchgear units. One such type
is illustrated in Fig. 9 and is similar to those
already to be noted in Figs. 6, 7, and 8. This
terminal block is a moulded type of robust design
and can incorporate lamps where necessary, or,
for instance, a fuse as is shown in this illustra-
tion. Each outgoing connection is terminated on
an OBA stud, being served by an isolating U-link
with insulated handle. This ready means of

isolating these circuits is invaluable during
maintenance work.

For equipment destined for tropical condi-
tions, special precautions are taken with regard
to apparatus finish, design of wiring, and type of
enclosure. Manufacturers when designing such
equipments are ever alive to the special needs

Fig. 2—A closer view of the control
desk in Fig. 1 shows that it carries
a restricted mimic diagram in-

corporating contrql

key-indicators.

e
Fig. 3—Wall diagram detail from Fig. 1. The complete
diagram, which is curved, is 30 feet (9.1 metres) long and

11 feet (3.3 metres) high, and is made up of 234 panels 10
inches (25 centimetres) square,

in this respect, and further advances in tropical
finishes can be confidently anticipated in the
light of the varied and widespread experiences
of the Services during the war.

Among the facilities stipulated in connection
with planning of central control schemes are
those of giving various meter readings at the
central point. A number of simple and ingenious
schemes have been devised to meet such require-
ments, a few only of which can be touched on
here.

1. Simple Loading Indications

For simple loading indications, where the
distances are short and a high degree of accuracy
is not imperative, direct metering offers a ready
solution. Here (see Fig. 10), for readings of
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alternating current or
voltage, connection is
made over the pilots
between the current
or voltage trans-
former at the sub-
station and an indi-
cating milliammeter
at the control station,
suitably calibrated to
make allowance for
the pilot resistance.
If possible, a separate
pilot pair for this pur-
pose permits of such
an indication circuit
once selected being
maintdined as long
as may be required,
without affecting in
any way the reten-
tion of the main signalling circuit for all con-
trol and indication purposes.

If spot readings of this type are adequate,
both the signalling and metering facilities can
be provided simply over the same pair. For this,
“slow-acting’’ relays are included at each end
of the line, and when such a ‘‘timed’ meter
selection is initiated the line is switched tem-
porarily by these relays from the supervisory
equipment to the selected metering circuit. The
period for which the reading is available is
adjustable, and may be of the order of 15-20
seconds. Meanwhile, supervisory signals, which
may be initiated, are automatically stored and
transmitted later as soon as the meter switching
relays return the line again to its normal use.

Where greater accuracy is required, or longer
lines, not necessarily metallic throughout, are
experienced, resort must be had to other means
of obtaining quantitative readings. One such
method for transmitting various types of meter
readings over a telephone channel is available in
the Variable-Frequency Continuous (VFC) me-
tering system. One form of this is illustrated
schematically in Fig: 11, a typical transmitting
meter being shown in Fig. 12. For this scheme,
the transmitter—a meter of otherwise normal
design and type—is fitted with a small vari-
able capacitor connected in the tuning circuit
of a variable-frequency oscillator so that the

Fig. 4—Typical network control desk.

Fig. 5—Control board for
remote pumping station.
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frequency output is a function of the meter read-
ing. The variable voice frequency thus generated,
on receipt at the distant end of the line, is ampli-
fied, cleaned of harmonics, limited in peak volt-
age, and is then passed through a discriminating
network, the output of which in direct current
is inversely proportional to the frequency input.
The+#direct-current indicating meter connected
in this output circuit is calibrated to correspond
with the distant transmitting meter, and follows
faithfully and without any appreciable time lag
the fluctuations of the corresponding transmit-
ting meter. This system is of course by no means
limited to transmission of electrical quantities
can readily be used for a variety of readings,
such as air pressure and the like.

The frequency band corresponding to one
meter circuit is only 50 cycles, so that by the use
of filters several such circuits can be accom-
modated simultaneously on a channel otherwise
suitable for normal speech transmission.

Fig. 6—Substation apparatus, cubical for floor mounting.

An alternative to this is the “photo-telemeter-
ing"’ system. In this a voice frequency, generated
by the transmitting meter incorporating a small
motor and photo-electric cell, is interrupted at
intervals to give a series of impulses, the ratio
of “make” to ‘‘break’ of which is a measure

of the reading to be transmitted. This is received
ultimately on a milliammeter suitably calibrated
to agree with the scaling on the associated dis-
tant transmitting meter,

Fig. 7—Apparatus cubicle of wall-mounting type for
substations, carrying moulded terminal blocks of kind
shown in Fig. 9.

With the extended use of centralized schemes
for large networks there is an increasing demand
for means to give summated totals of readings
derived from several sources. In self-contained
areas of small extent, as for instance power sta-
tions, and where the totals do not in turn require
to be transmitted, this need can be satisfied by
the existing mechanical summators operating
from a number of individual impulsing watt-
hour meters. For a network of wide. extent,
readings corresponding to the individual load
readings can be transmitted over the supervisory
pilots to the control centre, where the summation
can then be readily effected.

In one method, the local total load represent-
ing the average load over an agreed short period
is converted into a signal code indicative of
quantity, and this is transmitted at regular
intervals (say, every two minutes) via the super-
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visory signalling channel, to the central point.
There the various totals can be not only indi-
cated individually, but also counted on registers,
which may constitute an electromechanical sum-
mator for display according to local needs.

2. Equipment Maintenance

Once resort has been had to the use of super-
visory control, it is highly desirable that the
equipment be kept in first-class condition and

Fig. 8—Substation unit of the type shown in Fig. 7
without jack-in apparatus. The framework is hinged down
to give access to the rear.

CONTROL STATION

A SUPERVISORY | o o o e e e e e e
[I'— SIGNALLING
EQUIPMENT [~ =" =" e e s e e e

Fig. 9—Terminal block of the moulded type with isolat-

ing links. These blocks can incorporate signal lamps
where necessary, or a fuse.

departures from standard mean adjustment are
detected before they can result in operation
failure. The extent to which routine testing is
necessary depends on the frequency of operation
of the equipment, the type of maintenance per-
sonnel available, and the local conditions, such as
distances involved and the availability of trans-
port. ‘

REMOTE SUB-STATION
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Fig. 10—A"direct metering scheme, which offers a ready solution for simple loading indications
where the distances are short and a high degree of accuracy is not imperative.
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Fig. 11—Outline schematic of the voice-frequency continuous telemetering system.
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Fig. 12— Transmitting meter for voice-frequency con-
tinuous system has a small variable capacitor connected
into the tuning circuit of a voice-frequency oscillator.

Equipment of the type described above de-
pends primarily for its correct functioning on the
common signal transmission and reception ap-
paratus at the various stations, and for this
reason the provision of portable routine test
sets is most desirable. These are usually sup-
plied. in pairs, one being for use at the central
control point, the other being available for use

at any of the remote substations. By their use,
it is possible to deal with practically all troubles
single-handed, whereas without them most
trouble-shooting becomes a two-man operation.

3. Routine Testing Sets

The set supplied for use at remote substations,
for instance, is capable of simulating both the
transmitting and receiving operations, which
occur on the control-station equipment, i.e.,
it can transmit all signals that would normally
be received at the substations and can check,
too, the reception of all codes that can be trans-
mitted from every substation.

Each set (see Fig. 13) is provided with a
flexible connecting cord and multi-way plug,
which for testing purposes is inserted in ap-
propriate jacks fitted as standard equipment on
each cubicle equipment.

The efficient operation of the equipment is
very dependent upon reliable line conditions, and
it is usual to include continuous line proving in
which marked depreciation of line conditions is
alarmed at the central point. In addition to this,
the test sets normally include means for check-
ing the line characteristics.

4. Remote Testing Facilities

It is sometimes argued that such testing as is
indicated above, whilst fairly desirable, does not
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give ready means to
the control attendant
to check at intervals
the through operation
of the equipment,
. parts of which may
not be called upon to
function on some net-
works except at very
infrequent intervals.
Tomeet this criticism,
"some installations
have included remote
routine testing facili-
ties. For each circuit
breaker or similar
device, subject to re-
mote control and indi-.
cation, a two-position
relay of the latched-in
type is provided on
the substation control
equipment. By opera-
tion of a common test
key at the control
point, the supervisory connections at the sub-
station can thus be switched remotely, and for
as long as may be required, from the switch-
gear to these relays. The latter can then be
remotely controlled, just as if they were
breakers, from the control room and the resultant
indications checked there, thus bringing into
operation all the associated control apparatus
therein involved. On one such installation, the
control engineer in this way routine tests some
14 remote substations once a week during a
period in which switching operations are rela-
tively quiet, and it is understood that this par-
ticular facility is viewed most favourably by the
operating staff.

5. Editor’s Note

Our overseas readers will be interested in a
little more amplified description of the variable-
frequency continuous (VFC) system to which
Figs. 11 and 12 refer. The advantages claimed
for the system are, in brief:

1. The band of frequencies used for one indication is
narrow—>50 to 80 cycles—and has sharply defined limits,
so that a number of simultaneous indications can be trans-

Fig. 13—Portable ‘sets for routine tests are usually supplied in pairs, one for use at
the central control point; other is for use at substation.

mitted over a single line or, alternatively, somewhat fewer
if speech is required at the same time.

2. The indication is truly continuous at all parts of the
scale, so that small changes are shown immediately.

3. There are no moving parts whatever other than the
actual moving elements of the transmitting and indicating
instruments.

4. The indication is independent of the line attenuation
over a range of 0-30 decibels.

5.”The indication is independent of cross-talk and other
induced interference, provided the induced voltage is not
greater than half the indicating voltage, and only then
when the interference falls within the band employed.

6. The complete equipment may be run entirely from an
alternating-current mains supply, the load being about
3 watts for the transmitting equipment and 10 watts for
the receiving equipment. The accuracy of the indication is
scarcely affected by fluctuations in the mains voltage, a
variation at the transmitting station of =10 per cent
causing an error of only #0.2 per cent in the indication.
Variation of voltage at the receiving station has no appre-
ciable effect.

7. The accuracy of the indication is only slightly affected
by changing the oscillator valves. For instance, on test a
maximum error of 0.5 per cent has been observed when the
regular oscillator valves were replaced by very old ones.
Any sucherror is easily checked and corrected at the trans-
mitting station by adjustment of the oscillator. This is
possible because of the presence of a positivesignal at zero
and full scale deflections. No zero adjustment is necessary
on the actual meters othef than those normally required.
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Very-High-Frequency Triode Oscillator and Ampliﬁer
Circuits*
By GERARD LEHMANN

Laboratoire Central de Télécommunications, Paris, France

REVIOUSLY it has been shown! that
triodes are capable of operating with sub-
J stantially constant power gain and effi-
cienéy up to frequencies at which the dimension-
less parameter ¢ reaches the value 2.5
Y= _Ii_‘(liﬁ ’
where

f=1requency in megacycles per second,
d =cathode-anode distance in centimeters, and
V =supply voltage in volts.

Triodes still operate as oscillators, but with
low efficiency, for values of ¢ exceeding 8.

These ¢ values correspond to frequencies much
higher than those usually employed before the
war. The inherent capabilities of triodes have
been made useful through improvements in the
associated circuits. .

The replacement of the tube leads, in the form
of thin rods passing through glass, by coaxial
seals of large diameter and the use of resonant
cavities have made possible an extension in fre-
quency of two octaves in the application of
triodes. The types of circuits that produce these
results will be described and their operation and
mode of adjustment will be analyzed.

1. General

Circuits associated with ultra-high-frequency
tubes, such as Klystrons, have already been the
object of numerous publications, so that it is not
necessary to develop here all of the basic con-
siderations.

The two principles that must be satisfied by
the circuit (Fig. 1) are:

A. Circuits associated with electrodes that act on the elec-
trons must be capable of being tuned to the desired fre-
quency.

B. High voltage-magnification factors Q are almost always
necessary.

* Reprinted from L'Onde Electrigue, v. 26, pp. 357-366;
October, 1946.

1 Gerard Lehmann, ‘“Application de l'analyse dimen-
sionnelle aux tubes & trés haute frequence, cas de la triode,”
L’Onde Electrique, v. 26, pp. 175-187; May, 1946: Also,
Elec;trical Communication, v. 24, pp. 391-405; September,
1947.
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These two conditions lead, as is well known in
the case of Klystrons, to the construction of
high-frequency circuits in the form of resonant
cavities of revolution. Such cavities permit tun-
ing at the frequencies contemplated and the
symmetry of revolution results in high Q factors,
everything else being equal.

In a cavity of revolution, the current density
is constant along a circle having its plane at
right angles to the axis of revolution, and it can
be shown by the calculus of variations that this
uniform distribution of current corresponds to
minimum ohmic losses. Thus, cavity resonators
fulfill the essential requirements for circuits asso-
ciated with ultra-high-frequency triodes.

Tubes may be classified in two major groups
according to the mode of flow of electrons: tubes
having a plane structure as in Fig. 2, or a cylin-
drical structure as in Fig. 3.

]
+
|
|
!
i
|
|
e

i r

Fig. 1—Resonant circuit as used with
ultra-high-frequency tubes.

Consider first the part played by the cavities
in the case of a tube used as an amplifier and
having negligible field penetration through the
grid. This is the case for a very large amplifica-
tion factor .

Omitting the power supply leads, the sche-
matic is then very simple as may be seen .in
Fig. 4. On one side of the grid is the modulation
or cathode cavity to which the energy for ex-
citing the tube is applied, and on the other side
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the output or anode cavity to which the load
impedance is coupled.

2. Q Factors

If the operating conditions of the tube proper!
are defined, the Q factors under load are deter-
mined and may be evaluated.

CATHODE —
— CATHODE- GRID
CAVITY

Fig. 2—Cavity of revolution associated with a tube
having a plane cathode-grid structure.

To avoid possible confusion, it is desirable to
define more precisely Q factor under loaded and
unloaded conditions.

The Q factor in the unloaded condition of the
cavities is that which would be measured with
the filament of the tube inoperative and with
the couplings to external impedances eliminated.
This coefficient takes into account only the
ohmic and dielectric losses in the cavity.

To be absolutely precise, it is sometimes prefer-
able to make such a measurement with the cath-
ode at normal operating temperature, but with
the grid biased so that no electrons are emitted.

“4——1— CATHODE-GRID
CAVITY

CATHODE

:

oo

Fig. 3—Cavity of revolution associated with a tube
having a cylindrical cathode-grid structure.

The unloaded Q factors may be calculated,
theoretically, by classic methods when the geo-
metric shape and the resistivity of the fnetals
constituting the walls of the cavity are known.

In designing a circuit, it is extremely useful to
make both the approximate theoretical calcula-
tion and the experimental measurement of un-
loaded Q factors of cavities, and not to accept .
differences of more than 10 to 20 percent between
the two values. A larger difference indicates
abnormal operation; most often an excessive
resistance at certain contacts, which must be
eliminated. Such an operation is of great help in
disclosing weaknesses that very often would be
much more difficult to locate with the tube in
normal operation.

In contrast to the above, the Q factor under
load does not depend critically on the losses in
the circuits. Depending on the operating condi-

“tions of the tube, the load impedances are set

by the characteristics of the tube, and the cou-
plings between the cavities and the external

(I I\

A/

EXCITATION

CATHODE =
\&Fﬁ <-—| - MODULATION CAVITY

VAR
GRID ———/'

4—— OUTPUT CAVITY

G
Fig. 4—Basic structure of a triode high-frequency
amplifier using cavities of revolution.

ANODE

Al
A/

OUTPUT

circuits will be adjusted accordingly. In making
these adjustments, the cavities are given Q fac-
tors that are determined primarily by the tube
characteristics and not by the ohmic losses of
the cavities.

Suppose two cavities, one of copper and the
other of a higher-resistance material, are asso-
ciated successively with the same tube. If the
anode circuit is to present to the electron beam
a load impedance imposed by the conditions of
optimum operation, the load circuit must be
strongly coupled to the copper cavity and weakly
coupled to the resistive ravity. In both cases, the

www americanradiohistorv com


www.americanradiohistory.com

52 ELECTRICAL COMMUNICATION

sum of the power used externally and the power
lost inside of the cavity itself will be the same.
Therefore, the Q under load is the same. The
only difference is in the transfer efficiency be-
tween the circuit and the external load imped-
ance, which is high in the case of copper and
low in the second case.

OL course, it is indispensable to be able to
effect an adjustment so that the Q coefficient in
the idle condition may be greater than the de-
sired loaded Q.

This is why it is possible to calculate the Q
under load in the absence of information on the
mechanical construction of the cavities.

Vg — Vq

w Vv —

© b

<

=

]

o

>
V,:— Vq

. /—\

TIME

0y,

Fig. 5—General operating conditions for a #riode trans-
mitting tube. Grid potential O is plotted as the origin.
Amplification factor u is assumed to be infinite. V.=anode
voltage, V,=grid voltage, and V.=cathode voltage.

Let us make such an evaluation: In a previous
article! concerned with the operation of triodes
proper, it was shown that in general the follow-
ing operating conditions (Fig. 5) are adopted for
transmitting tubes:

A. Operation is class B.
B. Maximum potential difference between grid and cath-
ode is 0.1 of the supply voltage.

C. Minimum potential difference between grid and anode
should be zero volts.

All of the conditions of operation and the Q’s

are completely determined if we assume
fd
=

The tube operates in the quasi-steady state when
¢ is between 0 and 2.5, where
f=frequency in megacycles,
d=cathode-anode distance in centimeters, and
V =supply voltage in volts.

We now calculate the Q coefficients under load
for this region of operation.

2.1 LoADpEDp Q oF CAaTHODE CAVITY
2.1.1 Active Current
The peak current density is

(0.1V)32
(d/4)* ’

approximately, in amperes per square centimeter.

This equation is obtained! by applying Lang-
muir’s formula and taking into account the
maximum grid voltage of 0.1V, and the cathode-
grid distance d/4. Therefore,

s
@

Apeak= 2.10-6

A peak = 10—6

approximately, whence the fundamental com-
ponent of the active current is

V3
az

Aosc=%A peak = 0.5-10¢

2.1.2 Reactive Current

As a first approximation, the density of the
reactive current is the value of the current flow-
ing through the capacitor formed by 1 square
centimeter each of the cathode and grid surfaces
under the effect of -the cathode-grid potential
difference. ’

' cCo = 91070
A .—0.1V wCiy=0.1V7V 277f47rd/4
Vf
—09.10-62J
0.2-10 q
whence
A’ fd
Q=A_-°sc_0.4 V1/2
=0.4¢.

Therefore, Q varies between 0 and 1 in the region
of quasi-steady-state operation of the tube.

Cox

H
CATHODE /41 =
P W, A v‘v"":

r

———
~A

GRID

Fig. 6—Loading of the cathode-grid cavity.
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Thus, the loading in the cathode-grid space of
the tube appears as a resistance in parallel with
a capacitance, the whole being shunted across
the cathode cavity as indicated in Fig. 6.

In calculating the value of 7, let s be the aver-
age transconductance of the tube in the operating
region; for class-B operation, the active current
is half of the peak current, and

po 0V 2
0.55:0.1V s
In practice, s varies between 10 and 200 milli-
amperes per volt; therefore, r lies between 200
and 10 ohms.

It is possible to build coaxial lines having the
above values of r as characteristic impedance.
If a coaxial line, having a characteristic imped-
ance

Zg=

w [N

’

is directly terminated in the cathode-grid space,
the coefficient of reflection will remain low and
will be between 0 and 1 in the quasi-steady state

(Fig. 7).
GATHODE

(O:L \\\%j GRID

Fig. 7—Cathode space formed of a coaxial line terminated
in its characteristic impedance: Zo=2/s.

Such an arrangement is sometimes used in
practice and allows a triode to be excited without
any mechanical modification of the circuit over
a very wide frequency band (several hundred
megacycles). This arrangement is effective only
in the case where there is no interpenetration of
the fields existing on both sides of the grid, i.e.,
for very large values of ¢ (from 30 to 100).

Nevertheless, the general aspect of the phe-
nomena is always as indicated above, and it is
possible to take advantage of the low values of
Q and 7 in the cathode circuit to adapt it to
operation over wide bands of frequencies.

2.2 LoApED Q FacTor oF ANODE CAVITY

First, it is useful to note that, except for grid
current, the electron beam induces identical cur-
rents in the cathode and anode spaces. In par-

ticular, the fundamental component of the high-
frequency current of amplitude A/2 in class-B
operation is the same for both circuits.

Then, if V, and V. are the high-frequency
voltages existing at the terminals of the cathode
and anode cavities (excitation and anode oscilla-
tion voltages, respectively), the power gain is

_V

G 7.

and for the load resistances of the two cavities,

The value of G, which is theoretically 10 in the
scope of the assumptions previously made, is
smaller in practice due to the interpenetration
of the fields through the grid. Practically, G is
between 5 and 8.
The loaded Q of the anode cavity is calculated
as previously, the active current being
2
Aosc=0.5-10"5 %

The reactive current is

e Vegar 10°
A—V27rf47r%d

V]
=%'10_67d_f’
whence
4
Q=%=1.33¢.

Taking into account the current drawn by the
grid, 0=1.8¢.

In the case of actual tubes, the metallic and
dielectric masses produce a total real capacitance
about four times the capacitance of the active
surfaces of the tube, which leads to Q=7.2¢; for
¢=2.5, we find Q=18.

The load resistance is about 10 times the values
found for the modulation cavity; it lies, there-
fore, between 100 and 2000 ohms.

These conditions make impossible a direct
connection between the output space and a co-
axial transmission line, and the use of a resonant
cavity is unavoidable. The construction and the
operation of this cavity call for special care.

We thus arrive at a conception of the circuits
associated with the triode as:
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A. An excitation circuit with low impedance and Q, gen-
erally easy to realize.

B. An output circuit with a high impedance and Q, more
difficult to build.

Further, the effect of the interpenetration of
the fields through the grid makes the above
ideal situation more complicated, and does away,
as we shall see later, with the beautiful simplicity
of the excitation circuit.

These principles now being established, we
shall examine in greater detail the circuits that
can be used for actual oscillators and power
amplifiers.

3. Oscillators

It is well known that a given type of triode
can work at its highest frequencies as an oscil-
lator. For this reason, the study of ultra-high-
frequency self-oscillating circuits deserves some
attention. The two main problems are:

A. Design of the anode resonator.

B. Design of the feedback circuit to maintain oscillations.

3.1 ANODE RESONATOR

The anode resonator must meet four main con-
ditions.

A. It must be able to resonate at the desired frequency.

B. It must not be readily susceptible to changes in the
mode of oscillation.

C. It must havea Q factor sufficient to insure good trans-
fer efficiency.

D. It must not interfere with the cooling of the anode.

Condition A can always be met by resonating
the cavity at a partial mode, 2\/4, 3\/4, etc., if
we are dealing with a coaxial line. It is best to
select a mode of oscillation as low as possible
(A/2 or A/4) to avoid spurious response at a
frequency lower than that desired and to reduce
the copper losses. Practically, with tubes having
a plane structure, an oscillation in the A\/4 mode
can almost always be adopted. In this case, as
may be seen in Fig. 8, cooling is particularly
easy, the anode being accessible from outside
of the resonant cavity. The coupling to the load
is effected by a loop. The only problem is the
insertion of a series capacitance to prevent the
anode direct voltage from reaching the grid.

All sliding contacts are to be avoided if good
efficiency is desired. The Q under load being

generally higher than 20 at the larger values of
o, the realization of a Q in the unloaded condi-
tion of between 200 and 1000 calls for rigorous
precautions at all metal-to-metal contacts.

GRID-—\

ANODE —]

D;EE—» outPUT

COOLING FLUID

Fig. 8—Anode cavity resonator having A\/4 dimensions,
for use with plane triode.

In the case of powerful tubes with cylindrical
structure, the N/4 circuit cannot generally be
used for values of ¢ exceeding 2.5, the dimensions
of the resonator becoming such that it has a
tendency to disappear inside the tube.

A A/2 resonator, shown in Fig. 9, can then be
used successfully; with this circuit, no anomalous
low-frequency oscillation can take place and
stable operation is thus insured. On the other
hand, use of the higher modes, 3\/4, 4\/4, etc.,
encourages mode changes and must be discarded
for this reason.

T

A11¢ ‘
! ;
N

B
HIGH~FREQUENCY
¢ POTENTIAL
= DISTRIBUTION
————
D L » OUTPUT
& & - \ WJ
d N
“ o
COOLING AIR

Fig. 9—A \/2 resonator showing high-frequency poten-
tial distribution. The A/4 coupling element DC is tubular
to provide for cooling.
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Fig. 9 shows the high-frequency potential at
the anode A to be in phase opposition with the
other end B of the resonating element. A poten-
tial node appears along circle &V, which can be
inside the bulb without causing any difficulties.
Conductor NB may be a copper mass associated
with the anode, serving as a heat exchanger with
air circulation. The A/4 element DC provides
capacitive coupling of the load to surface B;
cooling is accomplished by an air blast through
the coupling element DC. An auxiliary device,
described later, connects the high voltage to the
anode.

Such a circuit has proved efficient for oscil-
lators delivering high powers at very-high fre-
quencies. It is particularly well adapted to the
case of radar oscillators, where the fact that the
plate is supplied with pulses of a few micro-
seconds duration at a very high potential (20,000
volts) prohibits the use of a large bypass ca-
pacitor across the terminals of the supply source.
The use of the half-wave resonator completely
eliminates this difficulty.

This device was used as early as 1940 at the
laboratories of Le Matériel Téléphonique by E.
Touraton. Oscillators delivering a peak power of
600 kilowatts on a wavelength of 50 centimeters
have been constructed more recently.

3.2 FEepBack CIRCUITS

The purpose of this circuit is to obtain from
the anode cavity the power necessary for tube
excitation, and to apply this power to the
cathode-grid space in the form of a high-fre-
quency voltage having the appropriate amplitude
and phase for the maintenance of oscillations.
In other words, the feedback circuit is a four-
terminal network, two terminals of which are
connected between the anode and the anode face
of the grid, the other two terminals being con-
nected between the cathode face of the grid and
the cathode. For a given frequency, this four-
terminal network is equivalent to a transfer im-
pedance completely characterized by parameters
X and Y, of the form Z=X-+jY.

To say that the feedback circuit is adjusted
to its optimum characteristics amounts to saying
that X and Y have been given two particular
values, X, and V.

For instance, for very low values of ¢ (negli-

gible transit angle), the potential difference Vg
between the grid and the cathode, and the po-
tential difference V4 between the grid and anode,
must be in phase agreement, and should also
satisfy the relation

ng = ..1 Vﬂa-

For other values of ¢, the ratio a=V./V,,
assumes complex (but perfectly defined) values
for the fulfillment of the initial hypotheses.

The modulus of ratio a remains close to 0.1
for the quasi-steady states, and the value of its
argument must be such that the voltage V4, be
exactly opposite in phase to the fundamental
component of the current induced in cavity G4
by the electron flow modulated by voltage V.
Thus, the conditions of Fig. 5 are satisfied in the
operation of the oscillator and maximum effi-
ciency is obtained.

At very high frequencies, the four-terminal
feedback network is generally too complex to
allow a calculation of the values of its elements
as functions of «, the more so since the value of
the ratio « itself is not'well determined theoret-
ically. The practical problem is then the design
of a circuit capable of being experimentally
adjusted so that the desired efficiency is actually
obtained, with the certainty that this efficiency
is the highest that can be delivered by the tube,
independent of the circuit, under the imposed
conditions.

In other words, we wish to be certain that the
results given by the oscillator are limited by the
electronic properties of the tube and not by poor
design of the feedback circuit. That the feedback
circuit depends on only the two parameters X
and Y is fundamental, and provides the solution
to the problem for a given frequency.

Thus, a feedback circuit may be set up in
which two elements P and Q are experimentally
adjustable and meet the two conditions

A. P and Q actually act as two independent parameters on
the transfer impedance.

B. The optimum impedance Z= be obtained for realizable
values of Pg and Qp.

The following method makes it possible to
check whether these conditions can be fulfilled,
and to find the optimum adjustments of P, and
Qm- The oscillator is supplied from a constant-
power source, and the high-frequency power
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delivered by the circuit is measured. By varying
Q as a parameter and plotting the curves of useful
power

W.=f(P, Q),

a family of curves is obtained having the appear-
ance of Fig. 10. :

Fig. 10—Experimental measurements to determine
optimum adjustments in oscillator circuit. The broken line
indicates maximum output power at P,, and Q..

By making such a family of curves, the re-
quired independence of parameters P and Q is
shown. The existence of maxima on the various
curves of Qi (@ etc. ,‘and a maximum peak
shows that the optimum values P,, and Qn are
within the range of adjustment. Under these
conditions, the adjustment P,, Q. constitutes
the optimum adjustment, and the broken line
corresponds to the maximum power and effi-
ciency of the tube.

For a given frequency, the same maximum
efficiency fmex is obtained regardless of the type
of feedback circuit adopted. However, feedback
systems having appreciable ohmic losses give
poorer results.

Two types of feedback circuits will be ex-
amined. The first is to be particularly recom-
mended; the second one is defective, although
often used.

3.3 Grip-BeLL FEEDBACK CIRCUIT

The unit consisting of the tube and cathode
and anode circuits has circular symmetry about
an axis. It is preferable to adopt a feedback cir-
cuit also having a circular symmetry about the
same axis so as to minimize ohmic losses. The
necessity for having two independent adjust-
ments on the feedback circuit leads to the
arrangement of Fig. 11. The cathode and anode
terminate in two coaxial lines of adjustable
lengths, and the grid G, instead of completely

separating the two cavities, is connected to an
open tube, of length P, inserted inside the cath-
ode cavity.

Generally, this open-ended insulated conduc-
tor is called the grid bell. Current flowing over
the inner and outer surfaces of this bell will
transfer energy between the anode and cathode,
thus establishing the desired feedback. P and Q
constitute the two parameters necessary for ad-
justment, and their values may be set experi-
mentally without the slightest difficulty.

Thus, it is apparent that this oscillator may
be operated under optimum conditions at a
given frequency, as the four necessary adjust-
ments are provided.

A. Frequency adjustment, effected by theanode resonator.
B. Load-resistance adjustment, effected by the load cou-
pling.

C. Feedback adjustment P.

D. Feedback adjustment Q.

An oscillator that does not have these four ad-
justments cannot be operated at optimum effi-
ciency, and the resulting decrease in efficiency
is attributable to the circuit and not to the tube.

The use of grid-bell oscillators of the type
shown in Fig. 11, adjusted in accordance with the
principles set forth here, has made it possible
in a series of experiments on a large number of

o |

Q ADJUSTABLE
L3 o BETWEEN
O AND A /2

c

‘ P ABOUT \/4
] OR MORE

L~

G

i
|
al 1

\ L LOWER

’ THAN A /4

‘ 2\ A\

| Cy U
. OUTPUT

Fig. 11—Grid-bell oscillator construction. Feedback is
provided through the coupling orifice O. P and Q are the
two_feedback adjustments.
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tubes at frequencies between 300 and 3000 mega-
cycles, to obtain results always equal to and
often better than those obtainable with oscil-
lators built on any other principle.

Ly

|
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Fig. 12—Coupling at the junction of three coaxial lines,
L, L,, and L,.

We shall now examine in more detail the
operation of the feedback circuit: First, it is
necessary to understand the mechanism of cou-
pling at the junction of the three coaxial lines
represented in Fig. 12. Near the orifice O, the
total current flowing on each of the metal sur-
faces has exactly the same value; the directions
of the currents are indicated by the arrows.
Thus, at point O, the currents in the three co-
axial lines Li;, L, and L; are identical. The
integrals of the fields between the extreme con-
ductors give the relation '

V3= V1+ Vz.

Fig. 13 shows the equivalent diagram, if each
line is simulated at O by a two-terminal network.
The three lines of Fig. 12 are thus connected in
series at point O.

The feedback circuit of Fig. 11 can then be
interpreted as follows: The lower end of line L,
is connected in series with the grid-anode space;
it passes the total current (convection and dis-
placement currents) flowing through this space.
After going through coaxial line L, the energy in
the circuit lows through the reactance offered at
O by line L;, which is short-circuited at its
upper end. :

This energy then flows through line L. and
finally induces the excitation voltage of the tube
between cathode and grid. The adjustment of

the length P of lines Ly and L,, and of the length
Q of line Ls are independent, permitting an
accurate adjustment of the amplitude and phase
of the excitation. Thus, we see that if Q=A/4,
the series reactance at O is infinite and the
excitation is zero.

Lines L; and Ly are of complex construction
as they include parts of the glass structure of
the tube, and it is difficult and useless to make
a complete calculation of the system.

Length P is generally between A/4 and \/2,
and length Q between 0 and \/2.

The characteristic impedances for lines L;,
L,, and L; may be chosen to fulfill additional
conditions, such .as operation over a wide fre-
quency band. It is thus possible to build oscil-
lator circuits capable of being tuned over a range
of £10 percent of the mean frequency by the
tuning of only the anode circuit.

We still have to consider the direct-current-
supply systems for the insulated conductors,
such as the A/2 resonator in Fig. 9, or the grid
bell of Fig. 11. The problem consists of prevent-
ing any high-frequency-current leakage out of
the system on the conductors supplying direct
current.

The circuit of Fig. 12 gives a solution to this
problem. Suppose we have to supply bias to a
bell grid G (Fig. 14) through a wire F. Wire F
is passed through two coaxial tubes, connected
together at R through a piston, such that the
length QR is equal to A/4. This line being short-
circuited A/4 from point Q, offers at Q an infinite
impedance. The result is that no high-frequency

Ly

Ly

Le

Fig. 13—The three lines of Fig. 12 are effectively in series.
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current can flow along the supply wire F, which
is in series at P with the infinite impedance Q.

Fig. 14—High-frequency choke, permitting biasing of
grid bell G through lead F without leakage of radio-
frequency energy. This method avoids the need for a
bypassing capacitor.

Such a system constitutes a high-frequency
filter inserted in wire F. If wire F is suitably
insulated, very high voltages can be applied at
P without the necessity of a large bypassing
capacitance (this is applicable to television and
radar). Fig. 15 shows a;complete radar oscillator
built on these principles. On a wavelength of
50 centimeters, oscillators of this type allow the
generation of powers of the order of 500 watts
for continuous waves and 600 kilowatts peak
power in pulse operation.

3.4 OsciLLaTOoR WiTH FEEDBACK BY INTERNAL
CAPACITANCE

An oscillator, circuit is often constructed by
connecting the grid to the external shield of the
circuits (Fig. 16), and adjusting the feedback
with a cathode piston P. For feedback in such
a circuit, reliance is placed on the existence of
the cathode-anode capacitance due to the pene-
tration of the fields through the grid. We then
have only one variable for adjusting the feed-
back circuit, and the optimum adjustment can-
not be obtained. Often, the system does not even
start oscillating, the cathode-anode capacitance
being too low. A remedy sometimes consists of
placing inside the tube two rods connected to the
cathode and entering the anode space through
holes in the disk surrounding the grid. The
cathode-anode capacitance is thus increased, and
oscillations can be obtained. This system is not
thought to be very advisable for two reasons:

A. The rods being in vacuum, capacitance ka is fixed, and
the two necessary adjustment parameters are not available.

B. The tube thus built cannot be used in an amplifier,
and, consequently, two types of tubes must be built; with
and without an additional coupling capacitance. It is
preferable to build only one tube having a cathode-anode
capacitance as low as possible and to use a feedback
circuit external to the tube.

4. Power Amplifiers

Fig. 4 represents a triode power amplifier in
the ideal case where there is no interaction of
the fields through the grid, i.e., when

clca,=0
and
B= 0.

Unfortunately, this case is an ideal one, and
the complications resulting from the existence of
a capacitance between cathode and anode must
be considered. To evaluate the effect of the latter,
consider the electrostatic relation of a triode.

HEATER LEADS
] | [

CATHODE |
PISTON
CATHODE —
LINE
GRID BELL —]
FILTER ON GRID LEAD
1
T ] 8IAS
\r————l PLATE
N -————  VOLTAGE
;\E/Szomggg FILTER ON HIGH
VOLTAGE LEAD
ouTPUT p
TRANSFORMERS //
/ N ouTPUT
AIR BLAST
TUBE I I Y___;}
AIR BLAST

Fig. 15—Complete radar oscillator circuit delivering
500 watts continuous power and 600 kilowatts peak pulse
power at 50 centimeters.
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Let u be the amplification coefficient, Cy, the
cathode-grid capacitance, and Ci. the cathode-
anode capacitance: We have

Cra 1

Ckg_”'

For class-B operation, let I be the fundamental
component of the electron current flowing as a
result of the excitation voltage V.

S
Il_ Ve'z“'

The current brought to the cathode through
capacitance Cy, is

I2= Vu'wcka= Vu'%wck(n

calling V,, the anode oscillating voltage; therefore,

Iz Vu lwckg

I, Veus/2
Now, wCi,/(s/2) is the Q under load of the
excitation space, approximately 0.4¢. Hence,
finally,

I, Ve n

I,_V.04o,

As V,/V, ranges from 5 to 10, when ¢=2.5, we
see that Iy/I+=1 for p=10.

In this case, the anode voltage generates a
cathode current equal to the excitation current.

This current, in turn, when flowing through
the internal impedance of the source of excita-
tion, causes disturbances in this circuit that
make adjustment of the amplifier practically
impossible. The current I, depends on V., i.e.,
on the adjustment of the anode circuit. In other
words, the existence of capacitance Ci, has the
effect of causing the tube excitation to depend
on the adjustment of the anode circuit and, for
¢=2.5, this effect cannot be tolerated; small
variations of anode adjustment will make the
amplifier oscillate (positive feedback) or, con-
versely, will suppress any amplification. Re-
course must then be had to neutralization.

Neutralization of very-high-frequency coaxial
amplifiers is relatively new and little has been
published on the subject. Consequently, varia-
tions in both theory and practice may be ex-
pected.

In particular, at high frequencies, the trans-
conductance of the tube and its internal imped-

ance (when p is low) become complex numbers.
The effects of these imaginary terms have not
yet been analyzed in a manner simple enough to

e | e
|
|
|

77 | V//1
|

Fig. 16—Oscillator in which feedback is provided by
the capacitance of two rods extending from the cathode
through the grid disk.

allow a deduction of their effects on power ampli-
fiers.

An amplifier may be considered to be neutral-
ized when it can be easily adjusted by methods
usual for longer wavelengths to produce the
maximum gain and efficiency predicted from the
tube characteristics. In such a case, interaction
between adjustments in the input and output
circuits must be negligible. By varying the tun-
ing of the output circuit, we must observe szmul-
taneously:

A. Minimum plate current.
B. Maximum grid current.

C. Maximum useful power.

The accomplishment of these conditions has
been studied in an amplifier delivering 1 kilowatt
on a wavelength of 50 centimeters, with a tube
having an amplification factor of 10. With the
tube cold, it was found that the effect of capaci-
tance Crq, as expected, is to introduce a consider-
able interaction between the cathode and anode
cavities.

The amplifier tube was inserted in a very-high-
frequency coaxial bridge, which was adjusted
(with the tube cold) to zero coupling between
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input and output circuits. Under these conditions,
the reactances of the excitation and outputcircuits
could be varied independently of each other.
With the tube in operating condition, adjust-
ments were made with the same ease and sta-
bility as at longer wavelengths.

An additional difficulty exists in neutralizing
very-high-frequency amplifiers. The reactances
of the leads to the electrodes inside the tube are
important since these connections may belong
simultaneously to one arm of the bridge and to
one of the outside circuits. If, when the tube is
cold, a strong oscillation is excited in the anode
cavity by means of an auxiliary source, the tube
is considered to be neutralized when the follow-
ing two conditions are fulfilled:

A. No high-frequency potential difference exists between
grid and cathode.

B. No current flows through the normal source of excita-
tion for the tube.

To meet these two conditions, the neutralizing
bridge must have two variables, while one is
sufficient at low frequencies.

Fig. 17 represents the circuit used; R is the
anode resonator; L, is the line supplying excita-
tion energy to O’ in the bridge circuit. The
latter comprises the three lines, Ly, L,, and Ls,
introducing, between the spaces on both sides
of the grid, the external coupling for neutralizing

!
Jﬂ EXCITATION
.'l.)
Q i & L‘
"% l -
|,
o—t~ | Il
| e
o' | b
l L, As
¢
CATHODE »
| G
GRID— 1, ]
anooe |
R . ouTPUT

Fig. 17—Neutralized power amplifier.

the effects of capacitance Ci,. As mentioned
above, line element O’C (including the input con-
nection in the bulb of the tube) is common to
the excitation circuit and to the neutralization
bridge. The following reasoning accounts, in a
simple manner, for the operation of the system.

The tube being inoperative (cold or strongly
biased), let us excite cavity R by an auxiliary
source connected to the output cable S. Due to
the high Q factor of cavity R, considerable high-
frequency voltage appears on the anode. If the
excitation line E is open, no energy other than
the small ohmic loss is dissipated on all the lines
L,, L, and L;, coupled to the anode resonator.
Thus a system of almost pure standing waves is
established along these lines, and the nodes and
loops are displaced when the line lengths are
modified.

Neutralizing is obtained, subject to the two
following conditions:

A. Cathode C is at a potential node; the grid-cathode

_potential difterence is then zero, as desired.

B. Orifice O’ is at a potential loop.

In such a case, point O’ on line L, is a current
node, and supplies no current to excitation line L,
connected 4n series at point O’; the coupling
between the source of excitation and the anode
cavity is, therefore, zero. These conditions are
obtained experimentally by adjustment of piston
P and opening O'.

A detector placed at E will indicate the exis-
tence of condition B, and the tube itself, used as
a diode (filament and grid), will indicate the
existence of condition A. The operation is exactly
like balancing an alternating-current bridge at
low frequency. The Q’s being high, it is almost
indispensable to use an auxiliary source con-
trolled by a quartz-crystal oscillator to obtain
stable readings; naturally, this may be the driv-
ing stages of the transmitter.

The whole circuit lends itself to a quantitative
analysis by writing successively the equations
of the various coaxial lines and introducing the
conditions discussed above. Without giving the
calculations, we shall note that, in contrast with
the case of oscillators, the positions of piston P
and aperture O do not constitute two independ-
ent variables in the present case. A sequence of
identical adjustments is obtained for various
positions of O and P, associated in pairs. For this
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reason, itis mechanically convenient to make the
final adjustment by moving only P. This is. due
to the fact that the feedback circuit carries only
reactive energy.

There are several additional arbitrary vari-
ables, which are useful in satisfying secondary
conditions, such as:

A. Termination at O’ of excitation line L, in its char-

acteristic impedance to eliminate standing waves on the
line.

B. Maintenance of optimum conditions over a wide fre-
quency band for television transmitters.

C. Introduction of controlled negative feedback to im-
prove the linearity of amplification.

The bridge consists of three lines, which pro-
vide six variables (three lengths and three char-
acteristic impedances). These offer great flexi-
bility in the use of the system.

The use of this system has already made pos-
sible a solution of the difficult problem posed by
the Columbia Broadcasting System for the trans-
mission of color television. The transmitter,
which is now undergoing a field test, comprises
amplifiers of the type described using 6C22
tubes.?

‘The output stage delivers a peak power of
1 kilowatt on a 60-centimeter wavelength, and
the video-frequency modulation extends to 10
megacycles; the total high-frequency bandwidth
is 20 megacycles.

5. Conclusion

The developments of the last few years have
resulted in great improvements in the field of
meter wavelengths; then, under the influence of
radar, in the field of centimeter wavelengths.
The reduction in wavelengths has been so rapid
that the field of the decimeter waves has been
somewhat neglected.

We think that the wavelengths between 10
centimeters and 1 meter will have important
applications, and this is the reason why interest
is shown in the technique of triodes in special
and well-adapted circuits.

2 “Color Television on Ultrahigh Frequencies,” Elec-
tronics, v. 19, pp. 109-115; April, 1946.

The possibilities of generating continuous-
wave power with triodes are roughly as follows:

A few deciwatts at 10 centimeters.
A few watts at 20 centimeters.
One kilowatt at 50 centimeters.
100 kilowatts at 3 meters.

We may expect in the future, and if the de-
mand justifies the large work of elaboration that
remains to be done, the appearance of tetrodes
and pentodes for very-high frequencies, which
will have powers and gains greater than those of
triodes. The circuit technique may remain the
same, comprising cavities of revolution for reso-
nators and interwoven coaxial lines for feedback
and neutralization circuits.

The Resnatron,® which is a tetrode tube de-
livering 50 kilowatts continuously on a 50-centi-
meter wavelength with an efficiency of 60 per-
cent, is a landmark on the road to the future.

The expanding applications of transmitting
tubes and circuits have always been a dominant
factor in the development of radio and we do
not yet see any sign that this trend has changed.
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Linear Theory of Bridge and Ring Modulator Circuits

By VITOLD BELEVITCH
Bell Telephone Manufacturing Company, Antwerp, Belgium

HE operation of single-sideband carrier
telephone systems is based on fre-
quency translation by copper-oxide

modulators associated with filters. The imped-
ance match between filters and modulators and
the determination of modulator losses are, thus,
technical problems of foremost importance. Since
satisfactory operation of modulators is based on
a linear relation between output and input volt-
ages, a linear theory must be sufficient to solve
these problems.

The principles of a general linear theory of
modulator circuits have been developed by
Caruthers and Kruse. They assume that the
amplitude of the carrier voltage is much larger
than the signal amplitude, the operation of the
rectifiers then being controlled by the carrier
voltage alone, except for negligibly short inter-
vals when this voltage“is near zero. This linear
theory permits calculation of the performance of
modulators (which may be considered as variable
linear networks) from the rectifier character-
istics, but it is far too intricate for practical
design purposes. In the present paper, a more
workable approximate theory is developed and
some important ideal cases are discussed. Various
circuit conditions existing in practical modulators
have been analyzed separately; care must be
taken in applying the results to a real circuit

_where several effects may interact. It is believed,
however, that the present study will be of use to

the designer.

@ ] &

1. Introduction

In papers dealing with rectifier-type modu-
lators, various approximations have been pro-
posed. In the most rudimentary theory, rectifiers
are supposed to have zero forward impedance
and infinite reverse impedance. With such a
theory, the ideal bridge-type modulator is com-
pared to a periodically shorting shunt circuit,
and the ideal ring-type modulator to a periodic
phase inverter. This permits a rough calculation
of the loss, but, obviously, gives no information
regarding optimum values of terminating re-

sistance. A solution of the problem of matching
can only be obtained if finite values of forward
and reverse impedances are taken into account.
The simplest approximation is to consider these
impedances to be constant and purely resistive.

The theory of such resistive modulators working
between purely resistive terminations has been
developed by Caruthers,! and Parmentier.? If
the modulator is terminated by filters or other
reactive networks, or if its parasitic capacitance
is taken into account, the exact analysis of the
entire circuit entails laborious calculations in-
volving Fourier series, even in the simplest cases.
On the other hand, filter terminations usually
increase modulator efficiency, due to their high
or low impedance at unwanted sideband fre-
quencies, and an estimate of this effect is desir-
able. To simplify the calculation, a natural
assumption is to postulate ¢deal filters having
constant resistance throughout the transmitted
frequency range and an impedance approaching
zero or infinity for the eliminated bands. For the
ring modulator, this has been done in some cases
by Caruthers;! for the bridge modulator, block-
ing circuits have been proposed by Katchatouroff

.and Lalande. Sections 2 and 3 of this paper are

62

devoted to the theory of resistive bridge and ring
modulators working between various ideal filter
terminations.

Section 4 is devoted to some experimental
results on bridge modulators. In practical recti-
fiers, the reverse impedance is mainly capacitive,
and the results predicted by a purely resistive
theory cannot be expected to hold. But relative
results, such as the effect of ideal filters on the
performance of a modulator compared to the
performance of the same modulator working
between pure resistances, are in very close agree-
ment with measured values.

A further verification of the resistive theory is

L R. S. Caruthers, ‘“Copper-Oxide Modulators in Carrier
Telephone Systems,” Bell System Technical Journal, v. 18,
pp. 315-337; April, 1939.

? M. Parmentier, “Modulation par coupure et par in-
version,” Amnnales des Postes, Télégraphes et Téléphones,

pp. 773-803, September, 1937; and p. 1028, December,
1937.
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possible if the parasitic capacitance of the recti-
fiers is compensated; this has been achieved by
means of a circuit first conceived by Clavier and
Denis. Measurements have been performed by
artificially controlling the forward and reverse
resistances of the rectifiers (by adding series or
shunt resistance), and all results are in accord-
ance with theoretical formulas if definite values
are designated for the effective resistances. The
effective value of the reverse resistance is com-
parable to the mean value of the differential
resistance over a range of negative voltages, and
the effective forward resistance can be directly
measured.

Starting with a modulator having compensated
capacitance, the effect of increasing this capaci-
tance has been systematically investigated, and
an approximate theoretical expression is given
in Section 4.

2. Theory of Resistive-Bridge-Type Modu-
lator

According to the approximation of the resis-
tive theory discussed in Section 1, the bridge
modulator depicted in Fig. 1 will be replaced by
a shunt resistance 7(¢), which is a discontinuous
function of time; it takes the value 7, (nearly a
short circuit) during a half period of the carrier
voltage, and the value 7, (nearly an open circuit)
during the second half period. The variable re-
sistance 7({) will be connected between a gen-
erator of internal impedance Z; and a receiving
impedance Zs, as shown in Fig. 2. Both imped-
ances are constant resistances at certain fre-
quencies and infinite impedances at some other
frequencies.

The following notations are used:

F=carrier frequency,

f=frequency of the generator,
F4f=frequency of the useful sideband,

w=2xf,

Q=27F, and

o=Q+4w=2x(F+f).

The analytic expression of the variable re-
sistance 7(¢) can be written

1—u(t) | 14u(0)

2 2z W

r(t) =7

where #(¢) is a periodically discontinuous func-
tion of time, alternating between +1 and —1,
and suddenly jumping from one value to the
other at frequency F. Its Fourier expansion is

u(t) =§_—(sin Q+%sin 3Q+1sin SQU+....). (2)

(e, : O

—

Fig. 1—Bridge-type modulator.

l CARRIER

Fig. 2—Equivalent circuit of a bridge-type modulator
with terminations.

2.1 OpPERATION BETWEEN CONSTANT RESIST-
ANCES

In the simplest case, both Z; and Z, are
pure resistances, R; and R, respectively. If
e(t) =E cos wt is the voltage of the generator, the
output current (Fig. 2) is formally given by

er
- (R1+R2)7’+R1R2 ’

i 3)
in which, for the sake of brevity, the functions
of time have been intentionally omitted. This
expression will now be transformed by replacing
r by its value in (1) and by multiplying and
dividing by a factor such that «(¢) is eliminated
from the denominator. Since #2=1, this factor is
merely the conjugate of the denominator with
respect to #, i.e., it is a similar expression con-
taining —u instead of #. After the above trans-
formations, (3) becomes

_€e  (RiRe+2r075)(Ri+Rs) + RiRy(ro—7s)u
- 2 R“{R% +R1R2(R1 +R2) (Va‘H’s) + (R1+R2)27’ors

1
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The first term represents the input leak, whereas
the second gives the modulation products. The
two main products arise from the term containing

2E cos ot sin Qt=%E[sin (Q4w)t—sin (2—w)t].
™

If @o=w+Q is retained as the only useful com-
ponent, the corresponding output current will be

I, sin ot
— é’, RiRy(ro—7s) sin wt )
T RIRIH RiRo:(Ri+ R2) (ro+72) + (RiARo)rots

The loss in nepers, defined as half the logarith-
mic ratio® of the maximum available power
E?/4R, to the received power R,I% in the useful
sideband, is

E?

— 1
A=%logp 2T
=log =+
2
RiRot (Re-H R rortr) - DR,
1£4\2
log C)

2(7’0 — 7’3) (Rle)”?

Since this expressidn is symmetrical with
respect to R; and R,, the terminating resistances
have a common optimum value, which may be
found by differentiation:

R1=R2=2(7’07’3)1/2=2p, (5)

where p is the “‘mean resistance’ of the rectifier.
The minimum insertion loss is then

A =log m+log g—i—://?

1/2
=log #+2 tanh™! (;) .

[

(6)

The first term, which is equal to 1.15 nepers
or 9.94 decibels, arises from the fact that only
one modulation product is taken into considera-
tion, whereas the second term gives the dissipa-
tive loss of the modulator. Usually, this last
term is a small quantity, and the hyperbolic
function is nearly equal to its argument As
practical formulas, we thus get

Ri=R;=2p, where p= (7'073)1/2s
and

. (7)
A =9.94417.4 a decibels, where a= (7;/7,)!/2.

3 Natural logarithms are used throughout this paper.

It may be important to point out that opti-
mum terminating conditions cannot be exactly
described as matching some definite image im-
pedances, for in the general case R;# R, and
expression (4) cannot be split into terms corre-
sponding to reflection and interaction losses.

2.2 OPERATION WITH AN IDEAL FILTER

As a second case, consider a bridge modulator
connected between a generator with constant
ohmic resistance R; and a receiving impedance
Z, that behaves as a pure resistance R, at the
useful output frequency f+F and presents an
infinite impedance at all other frequencies. This
is approximately obtained by the insertion be-
tween the modulator and the pure, constant,
receiving resistance R, of a band-pass filter
having a constant-k-type midseries impedance
on the modulator side and a sufficiently narrow
bandwidth to secure the elimination of all sig-
nificant modulation products with the exception
of the useful one, F+f.

By Thévenin's theorem, the generator, in con-
nection with the modulator, is equivalent to a
fictitious generator e’(f) with an internal re-
sistance 7'(¢); both functions of time are easily
computed by formal equations in terms of the
u function, as in the preceding chapter:

P to 1+u, 7. 1—u
e(t)_e<t)<R1+ro 2 "Ritr, 2 >

e 7o 14u, 7. 1—u
"O=R (55 Ritr. 2 )

Since f+ F-is the frequency of output current
15(2), it will be determined by the equation

(8)

f+F component of e/ —7'2, = Rat,. 9)

If e(t) = E cos wt, s is purely sinusoidal; I sin wt,
due to the ideal filter, and (9) can be written
explicitly in terms of amplitudes.

§<_fv___L>_é&< o 7s
m\Ri+r. Ritr, 2 \Ri+r, Ri+r.

)=RiL..
(10)

This gives immediately the amplitude of the
output current. Since we are mainly interested
in determining the optimum terminating re-
sistances, we can now introduce the condition

_Rif 1w 7s
Re=7 <R1+70+R1—+-n>’

(11)
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which gives the optimum value of R; for a fixed
value of R;, and arises from (10) by the usual
matching condition because the first member of
this equation is independent of Rs.

With this condition, the output current and
the loss can be expressed in terms of R; only:

EZ
A=ilog p oo

7
=log 54 log <r0+R1+n+R1) (12)
- 7o 7s —2
| x<ra+R1_n+R1> B

The optimum value of R; is now found by
equating the derivative of (12) with respect to
R; to zero; this results in an equation of the
third degree,

5 r2r?
R} —3rrsR1—4

rotn

(13)

Introducing notations p=(ror:)!/%, a=(rs/7,)''2,
and cos p=tanh (2 tanh™' «), this equation

becomes
3
<%> —3&—2 cos ¢ =0, (14)
and its only positive real root is
R,=2p cos £. (15)

3

In practical cases, modulators are only slightly
dissipative, and « is a small quantity. As a
first approximation, cos ¢ =0, ¢=1m/2, cos (¢/3)
=cos (7/6) = m,\and Ri=pV3=1.73p. In the
opposite case, for strongly dissipative modu-
lators, a=1, cos ¢ =1, ¢=0, cos (¢/3)=1, and
Ri=2p. It is easily shown that the optimum
value of R; always lies between these extreme
values.

Similar results are obtained for R, from (11),
which can be rewritten

Ry
(Ra/p)?—1"

and gives Ro=pV3/2=0.87p in the case of small
dissipation, and R;=2p/3=0.66p in the case of
high dissipation.

For an ideal modulator terminated by opti-
mum resistances, =0, the second term of (12)
vanishes, and the loss of the modulator is

R2= (16)

log #/v2=0.8 neper=6.95 decibels. To get a
practical formula taking into account a small
dissipative loss, the approximation must be
carried one step further by expanding the first
two terms of (15) and (16) into a series. This
gives

B Bt1a,
P
R, -

(17)

A=log %Jrvza.

As practical formulas for slightly dissipative
modulators, we thus have

Ry =1.73p,
R2—0 87p, I>
A =6.94+15.02a decibels. J

(18)

The effect of the infinite output impedance on
unnecessary products is thus a diminuation of
the optimum impedances (more strongly at the
filter side), and a reduction of 3 decibels in loss.

2.3 INPUT-LEAK BLockING CIRCUIT

In a bridge modulator circuit operating be-
tween constant resistances, the dominant part
of the output current is the input leak, i.e., the
component having the unmodified frequency of
the generator. Consider, therefore, the effects of
eliminating the input leak by means of a narrow-
band elimination filter in the output circuit.
When the frequency of the generator is very low
compared to the carrier, this band-elimination
filter is sufficiently approximated by a simple
series capacitor.

The circuit will be idealized as follows:

A. The input impedance Z; is a constant resistance Ri.

B. The output impedance Z; is a constant resistance Rj,
except at frequency f, where it is infinite.

The analysis begins as in the preceding para-
graphs, but the output current ¢ may now con-
tain all frequencies except f. Thus, (9) must be
replaced by

¢’ —r"iy=Rais,
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at any frequency except f. Introducing an un-
known voltage v of frequency f, we can write at
all frequencies including f,

6/ —7/i2 =R21.2+7).

Solving formally for ¢; and equating its f com-
ponent to zero, v is determined and 7, can then
be found. It is apparent that the amplitude I,
of the f+ F component of 7, is obtained from (10)
as in the preceding circuit, and all the subsequent
derivations are thus valid. An important fact is
therefore brought to light, namely, that the
3-decibel gain over operation between constant
resistances is already obtained by the elimination
of the input leak. The elimination of other un-
necessary products from the output circuit does
not reduce the total power lost, but only pro-
duces a different distribution of the losses be-
tween the input and output circuits.

2.4 OPERATION BETWEEN Two FILTERS

We now suppose that Z, is a resistance R; at
frequency f and is infinite for other frequencies.
Also, Z, is a resistance R; at frequency f+ F and
infinite for other frequencies.

The input and output currents are thus both
purely harmonic; let us write,*

11=11 cos wt,
and
’i2=Iz sin @f.

The voltage v; across the modulator (Fig. 2) is
V3= (il—iz)r.

The f component of this voltage must be equal
to e—Riyt: and the f4+F component to — Ris.
By introducing the amplitudes, we have

Yo t7s
2

Yo—¥s

Yo—7s

E—‘R1]1= I1_ -[2,

(19)

Il_ro—l—n[z_

—Roly= D

This set of equations is quite similar to the
usual formulas for a symmetrical 4-pole net-
work in terms of its self-impedances and transfer
impedances.

The optimum terminating resistances, iden-
tical in this case to the image impedances, and

4 It can be shown that a component like 72 cos @t cannot

be generated if the input current is to be of the form
assumed.

the attenuation constant, can thus be deduced
by conventional network theory. They are found
to be

R _R _R_rs+7’o|:1 47<7'0_7's>2]1/2
1= == - . )

2 m2\7,+7s

4 [ro—r\2 |12
4 )
A =tanh [1 —7r—2<r————0 7’;) ]
Introducing the notations p={(rs.)'2, A=2

tanh™ a, a=(r./7,)1/?, (20) may be written in a
simpler form:

(20)

cosh 4 =X cosh A,,
2 (21)

R tanh A,=p tanh 4.

The first conclusion is that for an ideal switch
(rs=0, 7,= ) the image impedances become
infinite and the attenuation constant becomes
cosh™ 7/2 = 1.02 nepers = 8.9 decibels. Since
matching to an infinite impedance is impossible,
the insertion loss will always be infinite. This is
easily explained by the fact that operation of
the modulator is then impossible, since the input
and output currents must be equal during the
open-circuit period of the switch, which condi-
tion cannot be presumed to hold for currents of
different frequencies.

Thus, assuming a slightly dissipative modu-
lator, we-get as a second approximation

o 4\1/2
R——§<l—-7—r§> ,

2 (22)
A=coshn 24T, [
(5-1)
leading to the practical formulas
R1=R2=0.397'o, . } (23)
A =8.9422.6a2 decibels.

It may be worth while pointing out that, for
a strongly dissipative modulator, (21) are re-
duced to

A=log T+ 4., |

og 2-i- (24)

R=p.

2.5 OPERATION BETWEEN FILTER AND INPUT-
Leak-BLockING CIRCUIT

From a practical point of view, the preced-
ing circuit is inconvenient because of its high
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impedance and difficulty of control. In Section
2.3, it was noted that an input-leak-blocking
circuit produces to a certain extent the same
effect as a filter; we shall consequently try to
replace the output filter of Section 2.4 with such
a circuit.
Let us introduce the following hypotheses:

A. Z, is a pure resistance R; at frequency f, and infinite at
other frequencies.

B. Z, is a constant resistance R: except at frequency f,

where it is infinite.

The voltage »3(¢) across the modulator is now
simply divided between the output and the input
impedances, the input taking the f component
and the output the remainder. Thus,

1’(1.1—1.2) =e—R1i1+R2i2.

Solving for 7, replacing 7 by (1), and eliminating
the # function from the denominator by means
of conjugate multiplication, we get

(ra+rs
—e

o o » 2

T+R2> +¢'1[R1R2+(R1+R2)——2—+7’07’s] - [’52(R2— Rl) +€]

3. Theory of Resistive Ring Modulator

With the approximations discussed in the in-
troduction, the ring modulator represented in
Fig. 3 is equivalent, during a half period of the
carrier, to the lattice resistive network of Fig. 4,
and during the next half period to a similar
resistive network with 7, and 7, interchanged.

-0

o A N o

& carRER

Fig. 3—Ring-type modulator.

The ring modulator may consequently be re-
placed by a fixed lattice resistive network fol-
lowed by a periodic phase inverter. An ideal
modulator (7,=0, 7,= ») is reduced to the phase
inverter alone. The ideal transformers shown in

ro“""s

Yo—

2

7s
U

1g=

m’a+<m>Rz+R3

(25)

The first two terms are merely of frequency f, whereas the third term has no f component. Since
12 cannot contain an f component, the first two terms cancel each other. Dropping these terms,
solving for 7, and taking the amplitude of the f+ F component, we get

I _E Fo—7s .
*r RiRe H3(roHr) (R Ro) +rors
The loss is
E2
=1 100 — ot
A=zl R R (26)
=lo ?_r+10 [R1+%(7s+7’o)][R2+%(7’s+7’o)]—‘%(1’0—1’8)2'
—log TR (ro—70) (RiR)
Apart from the first constant term, this is iden- o P [, - °
tical with the formula for the insertion loss of
a symmetrical 4-pole network having an image
impedance p= () and a transfer constant
Ao=2 tanh™ a. Thus, (24), obtained in the pre-
ceding case for largely dissipative modulators, o . — . .
becomes s

Ri=Ry=p, } (27)

A =3.92+17.4¢ decibels.

Fig. 4—Lattice-resistive network, equivalent, during
one-half cycle of the carrier, to Fig. 3. During the second
half cycle, 7, and r, are interchanged.
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Fig. 3 are only provided to supply the carrier
voltage, and will be supposed to have 1:1 ratios.

Using the periodically discontinuous function
u(f), the equations of a phase inverter (Fig. 5)
are obviously

is(t) =u(t)i1(t)y} (28)

v1(8) = u(t)va(d),

and are similar to the equations of an ideal
transformer having a ratio %, which is a function
of time.

o B & —_0
il
—_— ~, - _—>
i ~ P d i
t N 7 2
N 7
v S
| 7N Ve
bl ~
' td ~
PR ~
o v Nes o

Fig. 5—Equivalent circuit of an ideal ring-type modulator.

If a phase inverter is connected between a
generator of voltage E cos ot with internal re-
sistance R and a matched receiving resistance R,
the output voltage wili be 1Eu(t) cos wt. Using
the Fourier expansion (2) of «(¢), the output
voltage appears to contain the angular fre-
quencies 724w (where # is odd). If only one
of the main products, e.g., = 0Q+w, is considered
as useful, the loss in nepers of the ideal modulator
is easily found to be

A=10g12r

=0.45 nepers (29)

=3.91 decibels.

Consider now the lattice network of Fig. 4.
Its image impedances are

p=(rors)'?, (30)

and its image attenuation in nepers is given by

A,=2 tanh™! o }

=2 tanh=! (7,/7,)V2 (31)

Since « is usually a small quantity, 4, in decibels
is approximately given by

Ao=174a. (32)

The optimum terminating impedances for a
ring modulator working between pure resistances

are thus R;=R.=p, and the attenuation for the
sideband considered is

A =3.92417.4a decibels. (33)

Since a phase inverter may be interchanged
with any 4-terminal resistive network, the pre-
ceding results obviously hold good in more gen-
eral cases, provided that at least one of the
terminating impedances is a pure and constant
resistance.

The results are quite different for a ring modu-
lator connected between two filters. Only the
approximation of ‘‘ideal filters,” having very
low or very high impedance for unwanted fre-
quencies, leads to simple formulas. Suppose that
the modulator is working between impedances
Zi and Z,. We shall distinguish between the
following cases:

"Z1=R, at the signal frequency f, and is
infinite for other significant fre-

quencies.
Case 1~ .
Z2:=R; at the useful sideband f+4 F, and

is infinite for other significant
frequencies.

Zi=same as in Case 1.

Case 24 Z2=R: at the useful sideband f+F, and
is zero for other significant fre-
quencies.

Case 1 is approximated by a modulator con-
nected between two midseries-terminated filters.
The opposite case 1/, where both filters have
midshunt terminations, may be deduced from
the first by means of the duality principle, and
will therefore not be considered. In Case 2, the
filters have inverse terminations. Case 2’, where
Z: and Z; would be interchanged, is not distinct
from Case 2, as is indicated by the reciprocity
theorem.

The theory of Case 1 is in all respects similar
to the theory developed for the bridge modulator
between the same terminations (Section 2.4).
The image impedance and attenuation are

-tanh 4

Ri=Ry=p tanh 4,

(34)
A =cosh™! (% ‘cosh Ao> .
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For an ideal modulator (4,=0), the minimum
attenuation is cosh™ (7w/2) =1.02 nepers, and the
image impedances are infinite. This result has
been found by Caruthers! and Kruse,® and is
easily explained by the fact that the first equa-
tion in (28) cannot hold with currents z; and 7.
of different pure frequencies.

A similar result is obtained for Case 1’ with
the same formula for 4 and the inverse imped-

ances; hA
tan o

Ptanh 4’

R1=R2= (35)
giving zero image impedance if 4,=0.

When A4,=0, a match is possible in both
Cases 1 and 1/, but the attenuation as given by
(7) is always larger than that which can be ob-
tained between inverse terminations (Case 2).
See Fig. 6.

5S. Kruse, “Theory of Rectifier Modulators,” Thesis;
Stockholm, 1939.

7

o
/

A IN NEPERS

0.8 /
0.6

0.452 /
°.4 /

wl S

0 0.2 0.4 06 0.8 1o 2
A, IN NEPERS

Fig. 6—Attenuation of a resistive-ring-type modulator:

A. between inverse ideal filters; sinh 4 = % sinh 4,.

. =
B. between resistances; e4 = 2 ede,

C. between similar ideal filters; cosh A = —";—cosh A,,
where A, = 2 tanh™! (r,/r,)!/2

The analysis of Case 2 is easily carried out by
writing the equations of a ring modulator in
terms of the instantaneous currents and voltages.
They are

v1(£) =p coth A,4.(£) — S—i—I£~A—u(t)i2(t),

and 36)

p
sinh 4,

ve(t) = u()11(¢) — p coth A,14(2),

and are deduced from the usual equations of an
attenuator having image parameters p and 4,
by simply multiplying the transfer impedances
by «(t), which gives the periodic phase reversal.
Due to the nature of the terminating impedances,
the output voltage and the input current are
purely harmonic:
v9(t) = Vacos &, and ¢,(¢) =1, sin wt.

Introducing these values in (36), v1(f) and 72(¢)
may be calculated. Since: we are only interested
in the amplitude 7 of the f component of #(¢),
and in the amplitude I, of the F+f component
of 72(¢), they will be calculated using the expan-
sion (2) of u(t). Rearranging the results, the two
relations between the amplitudes are

P i 1 .
Vi= cosh Aa<1r2 sinh Aa+smh A")Il
2 p
2P 37
semh [ G
=2 _p ;.
V2_1A;sinh A,,Il p cotanh A4,71,.

These are standard equations for a 4-terminal
network; the image parameters are easily ob-
tained by the usual network theory. They are
found to be

Ry=p tanh 4,coth 4,

R2=p tanh A COth AOy (38)

A =sinh—! <’—£ sinh AD> .

4

For an ideal modulator (4,=0), 4 is also zero,
and the ratio R:/R; has the value #2/4. This
has been found by Caruthers. For a slightly
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dissipative modulator, (38) becomes approxi-
mately

2
R1=—pv
™
m
R2_§ ‘N (39)
- A =7,—2er neper or 27.2« decibels.

In Fig. 6, the attenuations of Cases 1 and 2
are compared; when 4, is large, (34) and (38)
become

A=log Z+4,,
g 2+ (40)
Ri=R:=p.

These are identical to the formulas dealing with
modulators placed between pure resistances.

4. Experimental Results
4.1 EFFecT oF IDEAL FILTER TERMINATIONS

The transmission loss of a bridge modulator
has been measured under different terminating
conditions - very closely approximating the as-
sumptions of the theoretical analysis of Section 2.
The same modulator, '
composed of 4 West-
inghouse 3-millimeter
copper-oxide recti-
fiers, has been used in
all experiments. The
carrier voltage was 1.2
volts at 90 kilocycles,

£:0,03v
90.I-KILOCYCLES

C=0.I MICROFARAD

the optimum terminating conditions in this case
are such that R,=R,;/2; see (18). To check this
theoretical result, measurements were made with
R;=R, (Fig. 8, Curve B), and with R;=R,/2
(Fig. 8, Curve C). In accordance with the theory,
the second condition gives a lower minimum
attenuation, and the reduction of this minimum
as compared to Curve 4 is actually 3 decibels.
Furthermore, the difference between the attenua-
tion of Curves B and C is of the order of the
reflection loss obtained by terminating Z with 22
(i.e., 0.56 decibels). According to (5) and (18),
the optimum generator impedance in this case
must be reduced to 87 percent of the optimum
terminating resistance, which is 1700 ohms in the
first case. Since 0.87X1700=1479 ohms, this is
confirmed satisfactorily by experiment.

A final series of measurements was carried out
by adding a capacitor of 0.1 microfarad in series
with the generator. This presents a very high
impedance at 0.1 kilocycle and a short circuit
for all other important frequencies. The coil in
series with the output impedance was retained.
According to (27), the optimum terminating re-

2

L=80 MILLIHENRIES

DETECTOR
RZ/E/ I" 0.1 KILOGYCLE

i.e., 0.6 volt per recti-
fier; the signal voltage
was 0.03 volt at 90.1 kilocycles. The 3/
difference frequency, 0.1 kilocycle, was
taken as the useful sideband. The meas-
uring circuit is shown in Fig. 7.

A first series of measurements (Fig. 8,
‘Curve A) was carried out with purely
resistive and symmetrical terminations.
The minimum loss, 12.5 decibels, occurs
when R;=R;=1700 ohms.

A second series of measurements was carried
out with a coil of 80 millihenries inserted in
series with the receiving resistance. This coil is
practically a short circuit for the useful fre-
quency, 0.1 kilocycle, and a very high impedance
for the other frequencies (90 kilocycles and
above). According to the theory of Section 2.2,

1.2 VOLTS
90 KILOCYGLES

2

3 Fig. 7—Measuring circuit for Fig. 8.

sistances must now be halved; the
minimum attenuation, as compared
with the first case, must be re-
duced by 6 decibels. This was
confirmed by experiment (Fig. 8,
Curve D).

4.2 CoMPENSATION OF PARASITIC CAPACITANCE

The parasitic capacitance C of a rectifier can
easily be deduced from an impedance measure-
ment of two identical rectifiers in opposing
parallel connection (Fig. 9). If alternating volt-
age be applied, each rectifier successively passes
and blocks; the other rectifier is simultaneously
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LOSS IN DECIBELS
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Fig. 8—Transmission loss of a bridge-type modulator
between various terminations:

A. between pure resistances Ry = R,.

B. with L inserted and R; = R..

C. with L inserted and R; = R;/2.

D. with both L and C inserted and R; = R..

in the opposite condition. Since the forward
capacitance of a rectifier is small compared to its
reverse capacitance, while the reverse resistance
is negligible when shunting the forward resist-
ance, the mean value of the reverse capacitance
in shunt with the mean value of the forward
resistance is obtained. This measurement was
performed with the rectifier of the preceding
experiment, and with the same voltage; 0.6 volt
at 90 kilocycles. The measured values are r, =140

».

Ot———— 0.6 VOLT —P0
90. KILOCYCLES

Fig. 9—Measurement of rectifier impedance.

ohms and C=1300 micromicrofarads. This para-
sitic capacitance can be considered as shunting
the bridge modulator.

An exact compensation of the parasitic capaci-
tance at all frequencies #nF+f requires a shunt-
reactance dipole including an infinite number of
elements. A partial compensation is possible,

however, if only the generator frequency f and
the useful output frequency F+f are considered.
The circuit of Fig. 10, of the type first suggested

o - .
T o]
| 4 MILLIHENRIES

c:ll-: 1300 MICROMICROFARADS
| I
900 MICROMICROFARADS

o Iy T

@ T - -0

Fig. 10—Compensating circuit for parasitic capacitance.

by Clavier and Denis, has been used. The whole
circuit, including the parasitic capacitance, has
a parallel resonance at 90 kilocycles and a suffi-
ciently high impedance at 0.1 kilocycle. Its
effect on the loss of a modulator working between
equal pure resistances has been measured and
can be seen by comparing Curves 4 and B of
Fig. 11. Curve 4 is identical to Curve 4 of
Fig. 8, and gives the performance of the original
modulator; Curve B is the attenuation of the
compensated modulator. The accuracy of the
compensation has been checked by adding to the
compensated circuit an external capacitance of

19 H/l/D
I8 V
N \\ )

\\

] N 7 Ak
J f/ 1) e
w
2 " / s
]
w / L~
Q14 N e S
z D P N P 76
- D - / 4
w S ™2 / 7
g X D~ __4‘ /’
12 ISVl i S AL
\_,.o’
\h-._..-o—-,«-/
10
9
200 500 1000 5000 10,000
RI=R2 IN OHMS
A | B ¢c | o | e}F [ H

r IN OHMS o | o o |ioof200] o | o
R IN KILOHMS @ |o]|]w0] 3}i0]|w0]|]w] o
G IN MICROMICROFARADS [1300] 0 | 0 [ o | o | o | 600 |2700

Fig. 11—Measured transmission loss of a bridge-type
modulator between resistances for various values of r, R,
and C (see Fig. 12). The circles and dots indicate the
agreiement of the calculated values with the measured
results.
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1300 micromicrofarads. The curve so obtained
coincides fairly well with Curve 4.

4.3 VERIFICATION OF RESISTIVE THEORY

To check the validity of (7), the forward and
reverse resistances have been artificially modified
by incorporating in the compensated modulator
a séries resistance r or a shunt resistance R
(Fig. 12), this being equivalent to connecting #
or R in series or in shunt with each rectifier.

o -0
' 2

O]
o
[
[
N-

Fig. 12—Measuring circuit for Fig. 11.

i
{

A large series of measurements has been carried
out with different values of 7, R, and with termi-
nating resistances R;=R,;. Some typical curves
are plotted on Fig. 11, Curves B, C, D, E, and F.
In Table I, the minimum attenuation and the
optimum impedance are calculated from (7),
using the measured value r,=140 ohms and a
value of 18,500 ohms for .

TABLE 1
Cl'?iI:EYel in r R e 7o Ropt, Amin
B 0 ® 0.14 18.5 3.2 11.5
C 0 10 0.14 6.5 1.9 12.6
D 0 3 0.14 2.6 1.2 14.0
E 0.1 10 0.24 6.5 2.5 13.3
F 0.2 10 0.34 6.5 2.95 13.9

All resistances are in thousands of ohms.
rs =ts+r, 7, =r.R/(rs+R);r,=0.14, and r,=18.5.

Ropi=2(ry'r,")1?; Amin=9.94417.4(r,'/r,")"'* dec-
ibels.

The calculated results for Ropt and Amin agree
with the corresponding measured values. To per-
mit easy comparison, they have been denoted by
small circles in Fig. 11.

The value of 18,500 ohms for 7, has been
adopted as that most in agreement between

measured and calculated values. No direct meas-
urement of a mean value of the reverse resistance
is possible, but the usual direct-current measure-
ment with a small superimposed alternating
voltage yields values of the same order of magni-
tude.

4.4 ErFrFeEcTs OF PARrAsITIC CAPACITANCE

Starting with the compensated modulator, the
effect of adding a variable shunt capacitance C
has been investigated, using the circuit of Fig. 12
with r=0 and R= «. Some of the attenuation
curves obtained are shown in Fig. 11, Curves 4,
G, and H. The supplementary loss 4., due to the
capacitance, is fairly well accounted for by the
formula

2
A.=%log [1+<RTCQ> ] nepers.

In this case, where the detected frequency is
very low compared with the signal and carrier
frequencies, or in the opposite case where the
signal frequency is very low, such a formula can
be roughly established by highly approximate
theoretical considerations. The general case is
very difficult.

For nearly ideal bridge modulators working
between equal pure resistances, R;=R,= R, and
if w or @ —w are small compared to @, an approxi-
mate expression of the total loss is

(RC > nepers. (42)

Calculations for the minimum loss lead to a
third-degree equation, which can be solved trigo-
nometrically. The optimum value of R is

(41)

A=logm+7- +2“+

172
R (37o7s) ’
cos %
cos ¢—§<€Q> 72 (3r,)112, (43)

If the right-hand member of the expression of
cos ¢ is larger than 1, the cos must be replaced
by cosh in both (43) and (45). For small values
of C, (43) gives (5), and for large values of C,

R= 2r“3< 2 )2/3- (44)
+\ca
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The minimum attenuation is

12 144 cos? €

a-togrty(2)" ——3 )
4\ 7, ©
cos =
3
which becomes, for large values of C,
2/3
A =log 1r+%<ngﬂ> : (46)

Both (43) and (45) agree with measured re-
sults. For an easy comparison, calculated values
have been represented by dots on Fig. 11.
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America.

Bell
informed us that:

Addendum, Vol. 24, No. 1, 1947

FrRANCE-ENGLAND SUBMARINE CABLE (1939)
AND PARris—Carais CABLE

On page 26, the following statement is made:

This is the first cable in which the two
transmission directions of one 12-channel
link have been included under a common
lead sheath; and, so far as is known, it is
the only cable of its kind in Europe or in

Telephone Laboratories have kindly

A layer-shielded cable for opposite-di-
rectional 12-channel carrier operation was
installed in Oregon in 1938. The length was
about 51 kilometers.

No information on the structure, characteristics,
or methods used to compensate for cross talk
has been published on this cable.
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Accuracy of Impedance Measurements

By B. SECKER
Standard Telephones and Cables, Limited, London, England

EASUREMENTS of the impedance

of networks are frequently made in

the telecommunications art. Atten-
tion is drawn to a number of important factors
that affect the successful use of impedance
bridges. For a large number of impedance meas-
urements, it is unnecessary to know the exact
value of the impedance, but rather the degree
of unbalance that exists between the impedance
under test and some other impedance. Im-
pedance measurements may, therefore, be di-
vided into two categories; impedance-unbalance
measurements and true impedance measure-
ments. Sources of errors in bridges of various
types are discussed, and comparisons made be-
tween different bridges for particular measure-
ments. Curves show the limits of measurement
for series- and parallel-resonance bridges, and
the fundamental balance conditions for different
types of bridges are derived.

It frequently happens that the user of an
impedance bridge is comparatively unfamiliar
with the principles governing the operation of
the bridge he is using, and the variety of circuits
employed in impedance bridges is so extensive
that a complete education of the user in bridge
technique would be a process both tedious and
uneconomical. It is disappointing and exasper-
ating to the user to be informed, after long and
laborious measurements, that the bridge he has
been using either does not cover the range of
measurement required, or is otherwise liable to
give inaccurate results.

Individual bridges have been developed for
special purposes, and contain compensating cir-
cuits enabling many sources of errors to be
ignored over a restricted range of measurement.
Outside this range, however, such compensating
circuits often increase the inaccuracy of the
bridge. It is therefore important, before beginning
to make measurements, to consider carefully the
nature of the impedance under investigation, and
the characteristics of the bridge circuit proposed
for use.

74

1. Impedance

Strictly speaking, impedance is an extension of
the resistance concept embodied in Ohm’s law.
But, because varying (sinusoidal) currents are
involved, the impedance of a network is affected
by its surroundings to a great extent, and it is
important that these effects should be either
eliminated or estimated, if accuracy of measure-
ment is required.

To get a clear idea of the method of measure-
ment to be employed, it is essential to consider
the reason for making the measurement. In
many cases, the significant information required
is the unbalance between two impedances. This
is the case where the termination of a line is
under consideration. A standard impedance is
often selected, and all other networks“are ad-
justed against the standard to keep the imped-
ance unbalance within certain limits. Such a
requirement is really an ‘“‘acceptance’ test and,
if the impedance unbalance can be measured
directly, it is more economical to do so than to
make impedance measurements. Direct measure-
ment, however, may give rise to a number of
errors which will be discussed later.

On the other hand, the measurement of im-
pedance unbalance against a known impedance
gives very little information on the network as
an individual piece of apparatus. Precise im-
pedance measurement, however, will indicate a
line of action when investigating faults within a
network. With negative-feedback amplifiers, for
example, the effect of variations in the feedback
circuit on the input impedance of the amplifier
is of importance. Many other cases of this sort
could be cited in which the essential feature is
the estimation of the degree of dependence of an
impedance upon some other factor. The mode in
which the impedance varies can then be used
to provide information in the search for faulty
circuit components.

It is, therefore, clear that impedance measure-
ments can be divided roughly into two groups:
‘‘acceptance’ tests, and precise measurements.
These will be considered in turn in Sections 2
and 3.
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2. Impedance Unbalance

The quantity known variously as impedance
unbalance, singing point, and-return loss, to-
gether with its associated function, the reflection
coefficient, can be measured directly. The usual
way is to use an impedance bridge with one
impedance as standard. Instead of balancing the
bridge, the unbalance voltage at the detector is
compared with that due to a pair of impedances
of known unbalance.

Most bridge errors result from the various
constants of the bridge, and a null method nor-
mally eliminates them when an initial zero bal-
ance is made. In the unbalance method, this is
not necessarily so, and the major source of error
is this lack of compensation. To overcome this
difficulty, it is usual to define the calibrating
unbalance at the *‘acceptance’” point. In other
words, if 26 decibels is the acceptance limit of
unbalance, two resistors having that unbalance
are used for calibration. They are, furthermore,
selected to have approximately the same im-
pedance as the network under test. In this way,
the effect of strays is eliminated at the critical
point. At other points, the errors are not im-
portant.

However, such apparatus is highly specialised.
If there is any doubt as to the suitability of
enclosed standards of calibration, it is much
better to make up a pair of external standards.
In this way, inaccuracy at the critical point is
almost eliminated.

The calibrating resistances normally incor-
porated in impedance-unbalance bridges are such
as to produce an unbalance of 25 decibels for
apparatus designed to measure reflection factor
in 600- and 125-ohm circuits over the frequency
range of 1 to 150 kilocycles. For apparatus de-
signed to measure 600-ohm circuits in the fre-
quency range from 50 cycles to 15 kilocycles, the
calibrating resistances are usually selected so as
to produce an unbalance of 30 decibels. It is,
therefore, important before using any impedance-
unbalance bridge, first to ascertain the imped-
ance for which the bridge has been designed and
the degree of unbalance used to calibrate it,
and then to determine the effects that may be
produced by the circuit under investigation, and
by the oscillator and detector used for the meas-
urement.

Formulas covering the oscillator and detector
impedances, and the coupling coefficients be-
tween the various windings of the hybrid ceil,
where this method of measurement is used, have
been published.! If a plain Wheatstone's bridge
is used for the measurement, appropriate for-
mulas will be found in Appendix E, Section IV
of reference 1.

3. Impedance Measurement

Broadly speaking, impedance measurements
by null methods fall into two sub-groups, one
being concerned with the measurement of almost
pure reactances, while the other deals with com-
paratively wide variations of phase angle.

The term phase angle is a deplorable one for
the angle whose tangent is the ratio of reactance
to resistance, but in default of an equally short
term for this quantity, it is proposed to make
use of it. In view of the fact that questions
affecting wave transmission have no part in this
paper, no confusion of meaning should arise.

When dealing with almost pure reactances, it
is usual to balance or neutralise the large com-
ponent by an accurately calibrated standard,
and then to measure the small component as a
secondary effect. In this way, the errors due to
impurity in the secondary standard have third-
order effects on the large component.

3.1 INDUCTANCE MEASUREMENT

As a first example, the measurement of in-
ductance may be considered. In a series-reson-
ance bridge, a good air capacitor will have a
small effect on the resistance of the coil under
test. The effective resistance will be slightly in-
creased by it, and the total resistance can be
measured by a resistance box in the other arm of
the bridge. The self-inductance and capacitance
of this box will be small when compared with
the reactance of the coil. In this way, the error
in inductance measurement will be second order,
and negligible.

Section 7.1 shows that, if an inductance is
measured by means of a series-resonance bridge,
Q (=Lw/R) should be increased by a factor

[/}
0 +40Q,

1K. S. Johnson “Transmission Circuits for Telephone
Communication,” D. Van Nostrand, New York, 1929;
Appendix E, Section IX.
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in which 6 is the time constant of the resistance
standard, and ¢ the power factor of the capaci-
tance standard.
The series-resonance bridge, therefore, gives a
value for Q that is lower than the actual value.
The inductance of the coil being measured is
given in Section 7.1 as

1
L= "C—wé (1 +0R0Cw) ;

immediately following this it is shown that, to a
first approximation,

1
Q— ml

so that the factor by which the bridge readings
must be multiplied is
L
o

Formulas are derived in Section 7.2 for the
resistance and inductance of the same coil meas-
ured in a Maxwell-type bridge using similar
standards. The magnitude of the errors is the
same, but the correction due to the power factor
of the capacitor is negative. )
. This bridge, therefore, gives apparent values
of Q that are higher than the true values. The
correction factor is

9
-5 =40

146R,Cw=1+4

Table I gives the comparative errors intro-
duced by the two bridges in the measurement of
a coil for which Q=100. It is assumed that
¢=0=0.001.

TABLE 1
COMPARATIVE ERRORS IN INDUCTANCE MEASUREMENT
Correction Factor
Quantity
Maxwell Bridge Series-Resonance Bridge
L —0.00001 +-0.00001
R +0.1 -0.1
Q —=0.1 +0.1

Parallel-resonance bridges give similar errors
to those given by the series-resonance type, i.e.,
the measured Q of a coil is too low.

From the above discussion, it can be seen that
even if the bridge network has no strays, has
perfect ratio (or product) arms, and ideal shield-

ing, it is possible to get considerable variations
in measurements with different bridge circuits as
a result of comparatively slight imperfections in
standards.

3.2 CAPACITANCE MEASUREMENT

In general, two circuits are used for capaci-
tance measurements. Fig. 3* illustrates both. R
and R are ratio arms, one of which has a capaci-
tance C in parallel. The standards consist of a
capacitance C and a conductance G in parallel.
The inductance and resistance of leads are repre-
sented by L and 7, respectively, and ¢ is the
imperfection of the standard capacitor.

For a capacitance-and-conductance bridge,
these quantities are differential, the standards
being changed from one arm to the other to
obtain balance. C; is assumed to be zero.

In the Schering circuit, C; is used to measure
power factor and G is assumed to be zero. The
initial capacitance between the test terminals
is kept as low as possible by careful shielding.

Comparing these two circuits, it can be seen
that the Schering bridge is quite unsuitable for
measuring capacitances that are balanced to
earth, as this entails substantial admittances to
earth from the test terminals. On the other hand,
the capacitance-and-conductance bridge has no
such restrictions.

However, the formulas for the accuracy of the
two bridges given in Section 7.3 have a number
of interesting features.

First, in both bridges there is a multiplying
factor for capacitance. This can be eliminated by
calibrating the bridge against external standards.

Secondly, the Schering circuit requires a cor-
rection factor C/(C— C,), which is usually nearly
unity.

Finally, the stray inductances, resistances, and
imperfection in the standard capacitor give addi-
tive errors. These are ¢+4rw(C+C,) for the
capacitance-and-conductance bridge, and 7Cw for
the Schering bridge; ¢ is the weighted power
factor of the standard capacitor, and C, is the
initial capacitance.

The factor ¢ also appears in the exact formula
for the Schering, but only as the difference be-
tween the power factors at the two settings of
the standard.

* All figures will be found in Section 7, Appendix.
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It should be noted, in any case, that the
capacitance-and-conductance bridge has an error
wrC, in excess of the Schering bridge, and since
C. is quite large in the capacitance-and-conduc-
tance bridge, this error is considerable.

It would appear that for measuring two-
terminal capacitors, the Schering bridge has dis-
tinct advantages. It does not have the versatility
of the capacitance-and-conductance bridge for
“balanced-to-earth” measurements.

3.3 IMPEDANCE MEASUREMENT

Finally, the measurement of general imped-
ance may be considered. In the cases previously
discussed, the major difficulty has been to obtain
the value of a small component of an impedance
with any reasonable accuracy. The problem
which now presents itself is the measurement of
impedance of any magnitude, and the fact that
reactance is dependent on frequency imposes a
definite limitation on the range of measurement.
However, most impedance measurements require
vectorial accuracy rather than the accurate
measurement of small components, and this fact
provides some mitigation of the difficulties asso-
ciated with the design of impedance bridges.

The selection of standards for the bridge is
the most important consideration. Resistance
standards for the measurement of real compo-
nents introduce difficulties as a result of their
frequency characteristics. The pure resistance is
an unattainable ideal, particularly at the higher
frequencies. The standards used for the measure-
ment of reactive components are normally in-
ductances or capacitances. While it is possible to
provide fixed mutual-inductance standards with
constants calculated with great accuracy, and
suitable for measurements over a restricted fre-
quency range, such standards belong to the
domain of primary standards, and their cost
prohibits their employment in commercial types
of impedance bridges. Recourse is, therefore,
generally made to capacitance standards, and it
is fortunate that first-class capacitance standards
are easy to obtain. These standards are also
stable, they hold their calibration, and the im-
perfections in the smaller values can be made so
small that there is now a tendency to use circuits
that employ capacitors for the measurement of
resistance values.

The normal circuits used for impedance meas-
urement fall into two main divisions: series
capacitance-and-resistance combinations, and
parallel arrangements. Further difficulties are
now encountered. The reactance of a capacitor
cannot vary continuously from zero, nor can the
conductance of a resistance box. This means
that a series combination must start from a‘false
reactance zero, and a shunt arrangement from a
false conductance zero, if an effective zero bal-
ance is to be obtained.

The usual way to ensure this is to include a
fixed capacitor permanently in series with the
unknown for series measurements, and a fixed
resistor across the unknown terminals in shunt
arrangements. The latter can be disconnected
when measuring, if desired.

The series arrangement has the advantage that
the results obtained are in the conventional form
R+4jX. The chief disadvantages are that the cir-
cuit can be adapted to “‘balanced-to-earth’” meas-
urements only with great difficulty, and that
there is a lack of symmetry about the zero of the
reactance scale. The curve in Fig. 5 shows this
effect. It is obvious that a linear scale in capaci-
tance makes for easy adjustment at the extreme
positive-reactance end, while at the extreme
negative portion, adjustment will be almost im-
possible. In such bridges, therefore, there will
be an apparent loss of sensitivity as the reactance
to be measured passes from a negative value
through zero to positive. If only a single air
capacitor is used, this effect can be partially
eliminated by appropriate shaping of the plates.
If the range of measurement of such a bridge is
plotted as an area on a plane, the resistive com-
ponent being horizontal and the reactive vertical,
a rectangle is obtained, Figs. 7 to 11, which is
bounded on the right by the maximum value of
the standard resistance. The horizontal bound-
aries of the rectangle will depend on the curve
shown in Fig. 5, and will vary with frequency.
Figs. 7 to 11 show the bridge limits at frequencies
of 50, 80, 500, 1000, and 3000 kilocycles.

In the case of the parallel arrangement, on
the other hand, capacitance is effectively an
admittance, and there will be no skewness in the
capacitance calibration when passing from posi-
tive to negative angles. However, the range of
impedance covered has a rather complicated
boundary. A circle described on the lowest value
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of resistance in the conductance box is the inner
limit. The other portion of the boundary is a
pair of semicircles with points on the imaginary
axis as centres. These form a series of three arcs,
at the left of which no balance can be obtained.
The semicircles are dependent on frequency and,
therefore, complicate matters when considering
the range of measurement available.

Figs. 7 to 11 illustrate these facts in a striking
manner. They each show at one frequency the
respective measuring ranges - of two comple-
mentary bridges. One of these is a series bridge
consisting of a resistance decade of 0 to 100 ohms
in series with a capacitor having a range of
1000 to 20,000 micromicrofarads. The offsetting
capacitance is 5000 micromicrofarads. The other
bridge has a conductance of 0 to 11,000 micro-
mhos shunted by +£11,000 micromicrofarads. A
casual examination of these bridges gives the
impression that practically all of the impedance
field must be covered, but in Figs. 7, 10, and 11
the considerable ranges shown shaded are not
covered by either bridge at 50, 1000, and 3000
kilocycles. Whatever the quality of the compo-
nents used on this pair of bridges, the effective
frequency range is reduced to 80 to 500 kilo-
cycles, and it is difficult to see how to extend the
range of such combinations of bridges.

With regard to inaccuracy, it is enough to
observe that the chief causes are impurities in
the resistance and capacitance standards. Sec-
tion 7.4 shows them as follows:

For impedances, Z=R+jX.
For admittances, Y=G+jB.

The impurity in capacitance is j¢C, and in re-
sistance is jOR. Then the true values are given by

X er | R
Z=R<1—¢E>+]X< 1+BX,>
and

Y=G<1—¢§>+jB<1—Bg>-

4. Errors Due to Leads

In the preceding section, the effect of induc-
tance and resistance in the leads to the imped-
ance under test has been ignored. The reason for
this is quite simple. Reactances can”usually be
brought to a bridge, but impedances often have

to be measured iz situ. This means bringing the
bridge to the unknown, and involves considerable
modifications in bridge design. Usually, a test
head is used with a long lead back to the bridge.
A similar lead can then be included from bridge
to standards. Such a device requires that the
test head shall transform the impedance to be
measured into one whose form can be simulated
by the standards. It is useless to use a parallel-
resonance method, for example, with the capaci-
tance and inductance separated by a long lead.
In these circumstances it is usual to include off-
setting capacitors in the test head.

Formulas can be derived for the measurement
of impedance through a long lead, or through any
other four-terminal network, but they are not
popular with users. In general, it is preferable to
use compensating leads and a test head.

5. Miscellaneous

So far, attention has been confined to the con-
sideration of errors and to the difficulties arising
from the standards and the leads to them. Other
factors may now be considered.

First, ratio and product arms. Errors in these
can cause considerable trouble, especially when
reactances are considered. A difference -in phase
angle introduces a large error in the small com-
ponent. For example, in a Maxwell bridge at a
frequency of 750 kilocycles, a ratio arm of
333 ohms, which has an uncompensated capaci-
tance of as little as 3 micromicrofarads, can
change the apparent Q of a coil from a true value
of 200 either to 100 or to infinity, according to
the direction in which the capacitance affects it.

A further point is the question of ‘‘balanced-to-
earth’’ measurements. In such measurements, the
actual capacitance measured depends on the
admittances of the bridge points to earth. If
these are large compared with those of the net-
work under test, an “enforced centre point” is
obtained. For example, a capacitance C with C;
and C», as capacitances to earth from its ter-
minals, will have some apparent capacitance
ranging from

Ci+C,

C-i-4

with large bridge admittance, to

CiC

C+C1+Cz
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with zero bridge admittance. These are equal
when the test impedance is perfectly balanced to
earth; when C1=C..

The advantages of using inductive ratio arms
are not generally appreciated. Inductive ratio
arms permit of a higher degree of balance than
that obtainable with resistance arms. Further-
more, by connecting the oscillator to the junction
point of the two ratio arms (i.e., between points
B and D in Fig. 6, the potentials at points A
and C are practically equal to that at B due to
the fact that the windings of the two ratio coils
are mutually opposing. This also implies an
absence of flux in the core, and ‘therefore no
danger of distortion to the oscillator wave form.
The potentials at A and C must be equal at the
balance point, consequently practically the entire
oscillator voltage appears across the unknown,
making for great sensitivity in the neighbourhood
of the balance point.

If point B is earthed and the unwanted ter-
minals of the network under test connected to it,
any capacitance between point C of the unknown
and earth is ineffective, since there is no poten-
tial across it, while capacitances between point D
‘and earth are effectively connected across the
oscillator, and are equally harmless. Only a single
reading is therefore necessary, instead of two,
for the determination of direct capacitance.

Shielding is also very important for eliminating
induction and strays. Earthing paths can give a
great deal of trouble. Wherever possible, it is
best to earth everything, oscillator, detector,
etc., via the bridge network.

6. Conclusion

It is at once obvious from the foregoing dis-
cussion that accuracy can be obtained only if
great care is taken. It has been seen that correc-
tion factors can have considerable effect on
results, and it follows from this that direct-
reading bridges, suitable for semiskilled opera-
tion, will require considerable compensation. If
such apparatus is to be reliable, a routine of
regular adjustment must be set up, such adjust-
ments being carried out by skilled personnel.

When a high degree of accuracy is required, the
less permanent the compensation, the better the
results. Direct adjustment of the compensating
circuits by the user is necessary. The measure-

ment of leads and other relevant factors will
have to be made individually, and the correction
factors calculated. It is sometimes of advantage
to reverse the ratio arms, if possible. The effect
of direct induction between oscillator and de-
tector should be assessed by reversing the leads
between the oscillator and the bridge, and be-
tween the bridge and the detector. The effect of
varying the method of earth connection, and of
changing amplitude of the oscillator input to
determine nonlinear effects in the test imped-
ance, should also be studied.

7. Appendix

7.1 SERIES-RESONANCE BRIDGE

In the series-resonance bridge, shown in Fig. 1,
equal inductive ratio arms are used.
The imperfect standard resistance is denoted
by s
Ro(1+58),

and the imperfect capacitance standard is de-
noted by :
C(1—j¢)-

The unknown is an inductance L with effective

resistance R.
The balance condition is approximately

. 1 Ly .
R+]Lw+m(1 +]¢) =R,(1 +]0)»

Roll + i0)

Gl - jd)

Fig. 1—Series-resonance bridge.
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or

R=Ro—a

and
LCw?=140R,Cw.

Lw 1 [146RCo\ 1 (. .6 .
0= ”R,,cw(l_ Py >"Racw<1‘+Q+¢Q>
R.Cw

7.2 MAXWELL BRIDGE

In the Maxwell bridge, shown in Fig. 2, similar
standards to those of Section 7.1 above are used.

Then,
R+Ljw=G(1—38) +jCw(1—j¢),

cli-ig) “
in which R, is written as a conductance G. This :

gives Fig. 3—Capacitance bridge.

R=G(1+4+¢Q),
(1+20) 7.3 CAPACITANCE BRIDGE
L=C (1 - %), Fig. 3 shows a general form of the capacitance
bridge. It can be used as a Schering or as a
and capacitance-and-conductance bridge by changing
_Lw the method of balancing the conductance.
=% To the first order of approximation,
_Cof, 0 ) C.=C(1+LCuw?,
e <1 ¢Q> and

G:=G+¢Cuw+7rC%2+ RC1Cw?.

The difference in the two types arises from the.
methods of conductance and zero balance em-
ployed.

7.3.1 Capacitance-and-Conductance Bridge

Initial conditions:
Capacitance = C,(14+LCow?).
Conductance = Go+ ¢,Cow +7Céw2+ RC1 Cow®.

Therefore,

Cm= (C_ Ca)[l +Lw2(c+ Co)]v

and

+ RCi0¥(C—C,).

Assuming that C;=0 and ¢=¢,,
C:=(C—C,)[14+Lu*(C—Co)],
Fig. 2—Mazxwell bridge. G:=G—Gotw(C—Co)p+ru?(C*—C3),
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and
, +2 T
Power Factor : I —
+| — = =
R —
— 1 G_Go g /7
1+ LG4 C) [(C—— Gy TOTre(C+ C")] 0 va
L7
7
7.3.2 Schering Bridge 2 /
y y 1
Initial conditions: sl f
@ ]
G=G,=0. 2o 11
; 3 i
Capacitance = C,(14LCow?). -5 ,l
Conductance = ¢,Coos+7C2w? + R C10Cow® = 0. -6 ‘,
Then, -7 '
C.=(C—C)[14+La*(C+Co)], -8
and S
Go=Cuwlp—dp+r0(C—C,) +wR(Cr— Cro) . "Go 5,000 10,000 15000 20,000
CAPACITANCE IN MICROMICROFARADS
If =g, Fig. 5—Measurement of 'impedance with a series-im-
pedance bridge, using 1000-to-20,000-micromicrofarad
Power Factor standard capacitor.
————— ositive limit of X.
B 1 C RCw(C1—Cro) —_— ugper limit o; measurable range.
1+ L (C,+C) ‘7' w+ c—C, ’ — — — lower limit of measurable range.
The normal correction factor is 7.4 SERIES-IMPEDANCE BRIDGE
C With the offsetting capacitor as shown in
c-C,- ' Fig. 4,
Z=R+jX
1 1
D+ 50 76) e e
_Rpoat f_ﬂ)
R‘R”Lw(c )
and
=G
X= CCo +R,8.
. c(1-i#) If an initial reading is taken with Z short cir-
cli-if) cuited,
0=Rut3(&-2)
z 1o” w C,, C1
Rt +i8) Co—Ch
= Coclw +R1000-
If #=6,, and ¢ =¢,, and all are small,
Fig. 4—Series-impedance bridge. R=(R.— Ri0) — X,
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+200

%4
a
G
+150 {7 Z’
v 7
H
+100 VV T
/ ,
v 7
9 +50 z
3 d
z \
§ 0
g A
2 N
& -s0 2
Fig. 6—Parallel-admittance bridge. . V/}\
7
and -100 i /\A -
C—0Co )
= 6. ]
X="CCw TR 7
-150 2
C— Co . . .
The curve Xw=-—=— is shown in Fig. 5, and
cC, ) J// 7
indicates clearly the apparent loss of sensitivity -200 bl
at the positive end of the scale. ° 50 100 150 200

RESISTANCE IN OHMS

Fig. 7—Unmeasurable range of impedances, not covered
by use of either a series-impedance or parallel-admittance

. . .. . . bridge at 50 kilocycles, is indicated by the shaded area.
This bridge is illustrated in Fig. 6; the zero The line of long dashes indicates the upper limit of the

adjustments are straightforward, so series bridge, and the line of short dashes the lower limit
of the parallel bridge.

7.5 PARALLEL-ADMITTANCE BRIDGE

V.=G.+JjB.
=G(1—j0) +jwC(1—j¢),
from which
G.=G+¢uwC, i
and Fig. 8—Same as Fig. 7, but measured at 80 kilocycles.
B.=wC—6G. Shown on opposite page upper left.

It is obvious from these two sets-bf equations
that the errors due to impurity in standards

modify results as follows: Fig. 9—Same as Fig. 7, but measured at 500 kilocycles.
Shown on opposite page lower left.

k(1) ix(1a6R
Z—R<1_—¢R>+]X<1+9X>,
and

B G Fig. 10—Same as Fig. 7, but measured at 1 megacycle.
V= G(l _ ¢E> +4B <1 + 0_3) . Shown on opposite page upper right.

The vector field covered by a typical pair of
bridges is shown in Figs. 7 to 11 for frequencies

. Fig. 11—Same as Fig. 7, but measured at 3 megacycles.
between 50 kilocycles and 3 megacycles.

Shown on opposite page lower right.
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Heating of Radio-Frequency Cables

By W. W. MACALPINE *

Federal Telecommunication Laboratorves, Incorporated, Nutley, New Jersey

EATING of radio-frequency cables is

developed in this paper on basic phys-

ical phenomena. Only the simplest
physical or mathematical assumptions are made,
and the mathematical details are worked out
with the physical picture in mind. Consequently,
it will seem to some readers that many of the
steps could have been bridged by the direct
application of results of the usual methods of
analysis. However, this would make the paper
less intelligible to others, and would dull the
over-all physical picture. The general treatment
of such problems has been developed by J. B. J.
Fourier' (1768-1830), and by numerous others
in works on partial-differential equations as
applied to such subjects as heat, sound, and
electricity.

7

The power-handling capacity of a radio-fre-
quency cable or transmission line is determined
by the maximum voltage that the dielectric
(whether air or solid) can withstand continuously
without breakdown, and the maximum tempera-
ture rise that the components of the cable can
withstand without chemical deterioration or sig-
nificant physical change. The problem of heat in
radio-frequency cables is discussed here with
particular reference to the solid-dielectric coaxial
type. The problem resolves itself into two parts;
the electrical one in which the generation of heat
is determined with respect to location and in-
tensity, and the thermal one concerning the re-
sulting temperature rise at each point in the
cable and the dissipation of heat. The heating of
the cable by external sources is also of impor-
tance.

In general, investigation of the steady-state
conditions is sufficient, as the maximum tem-
perature rise is of principal importance. How-
ever, in the case of pulsed transmission or keying,
the steady state is composed of a succession of

* Formerly of Federal Telephone and Radio Corporation,
Clifton, New Jersey.

1 J. B. J. Fourier, “Analytical Theory of Heat,” 1822.

English translation by A. Freeman, Cambridge University
Press, Cambridge, England; 1872.
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transients, all such transients usually being as-
sumed to be identical in character and repeated
at a constant rate. The temperature rise then of
importance is the highest during any one pulse.

1. Symbols

The symbols listed below appear more or less
generally throughout the paper. Others used
briefly are defined where introduced, if their
identities are not obvious. Unit length may be
assumed to be 1 centimeter, and unit tempera-
ture difference, 1 degree centigrade. Subscripts
1 and 2 refer to the inner and outer conductors,
respectively, while subscript p refers to the di-
electric. All logarithms are to the base e=2.718.

1.1 MECHANICAL SYMBOLS

A,=cross-sectional area of inner conductor.

As=cross-sectional area of outer conductor.

mc.=mass of conductor per unit volume (den-

sity).

m,=mass of dielectric per unit volume (density).
r=radius of a point in the dielectric core.
r1=outside radius of inner conductor.
ro=inside radius of outer conductor.

r3=1nside radius of jacket.

re=radius of outside surface of the cable.

x =distance along cable, measured toward the
load from a voltage maximum of the stand-
ing waves (midway between adjacent volt-
age minimums).

1.2 ELECTRICAL SYMBOLS

C=capacitance in farads of unit length of
cable.
e=dielectric constant of cable core.
E=root-mean-square voltage at any location
in cable.
Ea=root-mean-square voltage of forward-wave
train.
Eiy=root-mean-square voltage of back- or re-
flected-wave train.
E..=root-mean-square voltage at crest of stand-
ing wave.
Ei=root-mean-square voltage at trough of
standing wave.
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Eg.t=root-mean-square voltage when standing-
wave ratio=1.0.
e=instantaneous voltage (subscripts same
as for E above).
f=frequency in cycles per second.
i=instantaneous value of current (sub-
scripts as for E).
I =root-mean-square current at any location
in cable (subscripts as for E).
I.=root-mean-square current flowing radially
in dielectric core.
A =electrical wavelength of cable in centi-
meters =3 X1019/fe.
(pf) = power factor of the dielectric.
Y=4rx/\
R, =resistance per unit length of inner con-
_ ductor at frequency f.
R;=resistance per unit length of outer con-
ductor at frequency f.
(swr) =standing-wave ratio= E./ Eir.
w=27f.
W =net power delivered by cable to load.
Zy=surge impedance of cable.

1.3 THERMAL SYMBOLS

&=effective total emissivity (radiation and
convection) of outer conductor acting
through the jacket; in calories per second
per unit area of outside surface of cable for
unit temperature difference of outer con-
ductor above ambient.

&, =total emissivity of eutside surface of cable;
in ealories per second per unit area of sur-
face for unit temperature difference of the

‘ surface above ambient.

k.=heat conductivity of conductor; in calories
per second flow across unit cross-sectional
area for unit temperature gradient normal
to the cross-section.

k,=heat conductivity of dielectric core material;
in same units as &..

k,=heat conductivity of jacket material; in
same units as k..

g=rate of heat generation or flow; in calories

- per second.

@1=q1—q7 cos ¢y =rate of heat generation on
inner conductor; in calories per second per
unit length.

¢:=¢2—qh cos y =rate of heat generation on
outer conductor; in calories per second per
unit length.

g»=qp+qh cos ¢ =rate of heat generation in a
section of dielectric; in calories per second
per unit length of section.

s.=specific heat of conductor material; in
calories per gram per degree temperature
rise.

sp=specific heat of dielectric core material; in
same units as s..

u=temperature at any point referred to an
arbitrary zero, which is usually the ambient
unless otherwise indicated in the context.
(For subscripts see paragraph below.)

uo=ambient temperature.

U=maximum value of temperature rise when
u=U cos¢. (For subscripts see paragraph
below.)

»U =coefficient of the #th term of a series.

In order to specify the location of a tempera-
ture, or temperature rise %, and the heat source
that causes the rise, the following system of
subscripts and primes is used: The first subscript
numeral or letter refers to the location of the
temperature rise, while the second refers to the
source of heat generation causing the rise. When
a single prime is used, the rise is due to the part
of the heat generation which is uniform over the
length of cable in the vicinity of the point in
question. A double prime refers to the rise due
to the part of the heat generation which is a
function of x or . Thus,

wz=rise of inner conductor due to heat gen-
erated on outer conductor.

us; =rise of outer conductor due to g;.

uy; =rise of dielectric due to g¢f.

Uun=maximum temperature of inner conductor
due to q7.

2. Electrical Problem

Although the losses in a cable cause both
attenuation and the generation of heat, in most
practical cases the attenuation per half wave-
length is so small that for present purposes it
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can be neglected in writing the voltage and
current relations of the transmission line. The
line then carries a ‘“forward”’ wave traveling
from the source toward the load,

ea=V2E, cos (wt——Zr%), (1A)
1a=V21, cos <wt—21r§>, (1B)

and a ‘“back” or reflected wave traveling from
the load toward the source,

ey =V2E; cos <wt+2w§>, (1C)
iy=—V2I, cos <wt+zw§), (1D)
where
Ia=Ea/Zo,} 1B
Iy=Ey/Zo,

and x is the distance along the transmission line
measured from a voltage maximum to the point
in question, x being positive toward the load.

These voltages and currents and their result-
ants are shown in vector form in Fig. 1. The root-
mean-square values of the forward and back
voltages E, and E, are related to the crest and
trough voltages of the standing waves along the
line by

Eo=Eo+E,, (2A)
Eu=E.—E,, (2B)
Eo =3(Ea+Ewy), (2€)
By =3(Ea—Euw). (2D)

In the generation of heat in the cable, the squares
of the resultant root-mean-square voltage and
current are important. By plane geometry, the
diagrams show that

E*=Ei+ FE3}+2E.E; cos ¢, (34)
I*= I+ 1§ — 211, cos ¥, (38)

where y=4mx/\. )
The power flowing toward the load is E:/Z,,

and that flowing away from the load is Ei/Z,.
Then, the net power delivered to the load is

= Ei - E% _ EcrEtr .

w Zy Zy

(4A)

Fig. 1—Voltages and currents on transmission line:
Y =4wx/\, where x is measured from a voltage maximum.
Each angle marked with an arrow is y/2. Time is t=0.

If the line were ‘‘flat,” then E, = Enat and E,=0,

SO
2

W_ flat,

- (4B)

For the same power in (4A) and (4B), there
results

Eu= Eﬂat\/m |
— Eﬂat»

(swr) ’

and

(4C)

T

where E../E= standing-wave ratio. Whence

_Euu| j—= 1
Bo= 2 [\{(swr) + \/(swr)] '

and (4D)

E=2 <swr)——@417—r)],

and similarly for I, and 1.

The power loss in the cable originates in the
conductors and dielectric, these losses being pro-
portional to I2 and E?, respectively. The average
total power loss over a half wavelength is pro-
portional to Ei+ E2. Consequently, for the same
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power to be delivered to the load when the cable
has standing waves as for a “flat” cable,

Power loss 1 1
Loss for ‘“flat’’ cable zi[(swr) T (SWr)] - (4E)

when the loss is small. It will be shown that the
average temperature rise of each conductor, and
that of the dielectric, is proportional to the power
loss. Thus, the average rise of a cable with stand-
ing waves is to that of a “flat” cable as the above
ratio of power losses. For example, compared to
the attenuation and average temperature rise of a
“flat” cable, these values must be multiplied by
1.25 for (swr) =2.0, and by 2.125 for (swr) =4.0.

Fig. 2 shows the voltage and current waves E
and I when (swr) =4.0, and also the squares, E2
and I2 Note that whereas EZ,,=1.00, the maxi-
mum FE?2 is 4.0, and similarly for I2. Thus, there
are localized power losses of four times the uni-
formly distributed loss in a ““flat” cable.

The rate of generation of heat on the surface
of the inner conductor, in calories per second
per unit length, is

ment in the dielectric, the capacitance per unit
length is. '

0.0885¢ %’ % 10~ farads,

where e=dielectric constant. With a radio-
frequency current I, flowing through the dielec-
tric between inner and outer conductors, the

¢1=0.241*R,, (5A)
and for the inside sur- | =E.. =200
face of the outer con- er er 175 N
ductor, 150 EN
I =E_=125
7:=0.24I’R,, (SB) I t11= E 10y =100 3
where Ry and R, are | IE i ;g:;g Pl
the resistance per unit o s
length of the respec- ‘ o
tive conductors at the
frequency w/2w.
For computing the 40
heat generated in the ’ 2N
dielectric, the cable is 30 W4 k
considered to be a ca- 7/
pacitor with coaxial Avg I°zAvg E*=2425 ;
cylindrical plates of . /
radius 7, for the out-  'fiar” Efias™!00 s \/
side surface of the in- o 7
ner conductor, and 7, o 90° 180°  270° 360° 450°  540° ¥
for the inside surface o 24 a/2 3\/4 X

of the outer conductor.
In Fig. 3, for a coaxial
cylindrical shell or ele-

Fig. 2—Standing waves E and I (upper chart) and their squares E? and 72 (lower
chart) for a cable with standing-wave ratio=4.0. Arbitrary units are used which make
Ef. =1.00 and I5, = 1.00 for same power delivered to the load.
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voTtage across the cylindrical shell will be

_I.  10%dr
“w 0.0885¢X 27

Integrating between the limits 7; and 7,

_é 1012 IOg (7’2/1’1) __I_;

= 27X0.0885¢ —wC’

where C is the capacitance in farads per unit
length of the coaxial cable. The rate of heat
generation in the cylindrical shell in calories per
second per unit length is

0.24(pf )wCE? dr

43y =0.241(ph)d == 0 =

, (6)
this being an incremental or infinitesimal quan-
tity because the volume of the shell is infini-
tesimal. If this quantity is integrated between
71 and 7, the total heat generated in a unit
length of the dielectric is

2»=0.24(pf)wCE2. )

3. Thermal Problem ™

It will be observed in the discussion below
that the equations for heat flow are linear, since
they involve only constants and the first power
of the temperature %, and of its derivatives, and
no products of such terms. Therefore, the prin-
cipal of superposition may be applied, just as in
electrical problems. That is, if a source of heat
is divided into two parts, or if there are several
sources of heat, each source may be treated
separately and the resulting temperature rises
may then be added.

Heat flow is completely analogous to electric
current; temperature difference, to potential dif-
ference; and thermal conductivity, to electrical
conductivity.

In most practical cases, heat may be con-
sidered to flow only axially along the inner
conductor. Although it flows both axially and
radially in the outer conductor, usually the radial
temperature gradient is negligibly small. This is
due to the small radial dimensions of the conduc-
tor compared to the thermal wavelength of the
cable (which is half the electrical wavelength). In
a 7-strand inner conductor, however, each of the
6 outer stands will be heated equally, and uni-
formily over their cross section at any point,

because of their small diameter and high con-
ductivity. The central conductor, or 7th strand,
is heated only by conduction (which may be
relatively poor) from the outer conductors. It
thus forms a shunt path for the heat, and the
over-all conductivity will be somewhat poorer
than the ideal.

In the dielectric, on the other hand, the prin-
cipal flow of heat is radial. The axial flow is
usually much less than that in the copper, be-
cause the thermal conductivity of the dielectric
is usually much lower than that of copper. The
flow begins to deviate appreciably from the
radial direction only when the thickness of the
dielectric becomes an appreciable fraction of a
thermal wavelength. However, in this case the
radial thickness is also an appreciable fraction
of an electrical wavelength, and the cable is in
the transition stage between a transmission line
and a wave guide. The assumption that the
electric flux is radial no longer holds. In the
thermal problem, the heat flow is normal to the
isothermal (or equal-temperature) surfaces, and
in the electrical problem, the electric flux is
normal to the equipotential surfaces. While the
principal heat flow in the dielectric is radial, and
most of the equations are derived on this basis,
correction terms are developed later to take care
of the axial flow. Generally, the flow may be
considered to have circular symmetry about the
axis. This will not be quite true if the cable is
attached to a surface so the dissipation at the
outside jacket does not have circular uniformity,
or if there is uneven heating of the surface by
the sun or other source of radiation. Gas-filled
lines may have the circular symmetry as well as
the axial flow appreciably modified by convec-
tion.

4. Equations of Heat Flow

In the conductor of Fig. 4, which may be
solid, tubular, or stranded, but of equivalent
thermal conductivity k. and cross-sectional area

Fig. 4—A portion of the conductor.
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A, the heat may usually be considered to be
flowing axially, as stated above. At a plane
normal to the axis, or x coordinate, heat flow
per second in the direction of increasing x is

du
where du/dx is the temperature gradient. At
du  d*u
E_+E——2Ax
The heat flow entering the element Ax through
the conductor is the sum of that flowing into it
across the surfaces x and x+Ax, or

x+Ax, the temperature gradient is

2
Ag=kcA§—x%Ax (8B)
This axial heat flow
into the element, plus
the heat generated
therein, is equal to the
radial flow out of its
surface under steady-
state conditions. In the

and the flow into the element at r+Ar is

,,(r+Ar)AoAx<a””+a “2ar >

Then the net radial flow into the element, neg-
lecting the small second-order quantities is

1%).
r or

u,

k,,rAOAxAr( (11B)
In the third perpendicular direction, the flow
into the element is

Up du, du, )
—ky ArAx +k ArAx <r60+60 60A0

10%u,
=kpArAx— pREY

Ag. (12)

case where equilibrium
or steady-state condi-
tions have not been es-
tablished, there must
be added the rate of
heat storage within the
element. This latter is

Aq=scch(fZ—1:Ax, 9
where sc is the specific heat or thermal capacity,
and m. is the mass of the conductor per unit
volume (density).

In the dielectric of Fig. 5, the heat flow at a
point with coordinates r, 6, and x, may be re-
solved into three mutually perpendicular direc-

tions. The net flow along the axial direction into
the element shown is

2
kraoarl e

T Ax.

The heat flowing into the element radially at
the radius r is

aup

—kprAOAX—F 5

(11A)

VIEW ALONG AXIS

(10) .

SIDE VIEW

Fig. 5—An element in the dielectric.

The total heat flow into the element is then

_ %up  19u,
Aq—kﬂ( ar? +1' ar ar T

0%,
dx?

+

19%u,\ ,

YD )AfoAG.
(13A)

The quantity in parenthesis is the Laplacian, or

the divergence of the gradient of #, expressed in

cylindrical coordinates. In the case of circular
symmetry, 82u,/362=0, and A= 2w. Also, in the

event of negligible axial flow, d2u,/dx*=0 for
practical purposes, and
Ag=k,,21rr<a Uy 1 aup)ArAx. (13B)

This heat flow into the element plus that gen-
erated therein by dielectric heating is equal to
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zero in the steady state, while in the transient
condition,

Ag =5,y %rAeArAx. (14)

At the boundary between dielectric and inner
conductor, the heat flow into the dielectric is,
for circular symmetry,

ou
_kp27r71Ax3f]rl, (].SA)
and at the outer conductor,
ou
kﬂwrﬂxﬁlz. (15B)

When no heat is generated in the dielectric,
and under steady-state conditions with heat
assumed to be flowing only radially through the
dielectric from inner to outer conductor, the
flow per unit axial length has the value, inde-
pendent of 7,

duyp,

7= —27rfa,prdr

Separating the variables # and 7, and integrat-
ing between r1 and any radius 7, such as 7,

2wk,
= log (r/r) T
27k,

~log (r/0)

It follows that the temperature in the dielec-
tric is a function of r:

(16)
(u,] —uz).

log (r/r)

log (rofry’ 7

Uy =21+ (4 — 141)
when no heat is generated therein, and the flow
is radial. This is the same law as that referring to
the electrical potential as a function of .

This result can also be derived from (13B).
Since the heat flow is in equilibrium, Ag=0, and

Ay 1du,
ar +=—*F=0.

r dr
A solution of this differential equation is

Up=0a-+b log;r—-
1

Equation (17) results when the following bound-

ary conditions are submitted:

up=1t1 at r=r;, and #U,=uy, at r=ra.

Phenomena taking place at the surface of the
cable include the dissipation of the heat gen-
erated internally and the heating of the cable by
the external surroundings; radiation from the
sun, etc. If the dissipation of heat is the only
matter of concern, then, per unit length,

Aq =827 Ax(uz — o),

where &. is the surface emissivity, a constant
depending on the nature of the surface of the
cable and on the medium in which it is immersed.
The radius of the surface is r,, while u; is the
actual temperature of the outer conductor, and
uy the ambient temperature of the medium. If
the cable has a jacket of conductivity k,, inner
radius 73, outer radius 7,, and &, is the surface
emissivity of the jacket, then the dissipation per
unit length is

27k

= m% —tg) = 277 .8 5 (U3 — o),

where u; is the actual temperature of the outside
of the jacket. This may be written

q=2mr.8(Us—uo), (18A)

where & is now the effective total emissivity of
the outer conductor to the surrounding medium,
this being found by the relationship

1 7,

s
=~ log 1,—3+

& ks (18B)

1
&’
which is analogous to two resistors in series.

5. Heat Generated on Inner Conductor

According to (3B) and (S5A), the heat gen-
erated on a section of the inner conductor of
unit length is

@ =0.24R,(I2+ 12— 21.1, cos )
v (19)
=q1—¢1 cosV,

which indicates a component uniformly dis-
tributed along the conductor, and a sinusoidally
varying component. These two components may
be treated separately, since the equations of heat
flow are linear.
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Taking the uniform part of the current-
squared distribution, I2+41%, it is evident that
for a cable in a uniform medium of constant
ambient temperature, or for a part of the cable
at some distance from a variation in the medium,
the temperature of each conductor will be inde-
pendent of x, and there will be no heat flow
parallel to the axis in either the dielectric or the
conductors. The dielectric becomes a simple
medium with heat conduction in accordance
with (16). At the surface, by (18A),

q =277 8 (12— ty) (20)

per unit length. The rates ¢ and ¢; in (19) and
(20) are equal to each other, being the rate of
heat generation per unit length of the inner con-

ductor;
g1 =0.24(1Z+I7)R..

Therefore, the temperature rise of the outer con-
ductor above ambient is

(21A)

By (16), the temperature rise of the inner con-
ductor is

(21B)

The variation of temperature with radius in the
dielectric is given by (17).
The part of (19) which is a function of x is

—qicosy=—0.48R I, I cosy, (22A)

which is the rate of generation of heat per unit
length. This is equivalent to a sinusoidal heating
and cooling of the conductor with a wavelength
N\/2, since Y =4wx/A. Maximum heating occurs
at the current-crest point of the standing waves
on the cable, and maximum apparent cooling
(relative to the heating caused by qi1) at the
current trough. )

In a uniform medium, this can be expected to
give a periodic temperature variation on the
inner conductor,

wh=3.Un cos (my+¢a),

where n is any positive integer. The tempera-
tures of the dielectric and of the outer conductor
will vary periodically with the same period, and
the temperatures therein can be expressed as
summations similar to that for 4.

(22B)

If the conductor were not in a cable, but iso-
lated and simply immersed in a medium of
ambient temperature #o, then by (8B) and (18A),

2,
kcA%xi;—i—%rrS@(uo—u,) —qglcosy=0. (23A)

That s, the heat generated in a section Ax of the
conductor, plus that flowing along the conductor
into the section, plus that from the surrounding
medium is equal to zero.

It may be pointed out that all heating and
apparent cooling of the conductor causes a tem-
perature change with respect to the ambient
temperature and independent of the ambient.
This follows from the linear nature of the equa-
tions, as pointed out before. In the present case,
as a result of the ambient acting alone, there is
a temperature distribution #;, in the conductor;

2
kcAl%—Zrné(um—-ug) =O,
where %o may be a function of x. The tempera-
ture #1, because of the electrical heating of the
conductor in the ambient temperature #,=0, is

2
kcA 1dd::2n - 27”’38%1] —g’{ CcOoS ~¢ =(),

Adding,

dz(ulo‘}‘ 1411)
dx?

keAy — 277 :E(Ur0+ U1 — Uo)

—qgicosy=0. (23B)

By substituting w%+w#;;=u;, equation (23A)
results, and so the two effects may be treated
separately and the resulting temperature rise
due to the heating added to the temperature
distribution caused by the ambient. Throughout
the investigation below it will be customary to
set #y=0 in the equations and then to add that
rise due to the ambient (the latter is U, for some
distance in the vicinity of the point in question
when the ambient is constant) to the final rise.

Solving (23A) with #,=0, the complementary
function is the solution of

2
kcA1dd—;t2};2Wngu1=0,

which is

wy=Ge*+He =, (24A)
where i

2urs b\t
= £28 4
a ( 4, kc> , (24B)
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and G and H are arbitrary constants. This would
give the ‘space transient”’ condition in the
vicinity of a change of medium, or termination
of the cable in a fitting or open end. As a uniform
medium is stipulated above, G=0 and H=0 in
the present case.

For the particular integral of (23A), change

the wariable:
()2t
dx? \dx) dy? \ A

Then the temperature distribution %! along the
conductor is determined by

kcA1< 2y

The particular integral is of the form (22B)
which may be verified by substitution.*Since
any value may be assigned to ¢, the equation
must be satisfied independently for each argu-
ment #y. Then (U;=0 and all values of ,U;=0
except for z=1, which may be written Uy There-
fore,

d2M1

FAE R CALY

du1

W (25B)

— 2wy 6ul =q{ cos ¢.

uly= Un cos ¢, (28B)

where

2
h&(‘%) 21,8
2wk,

10g71 .

Ull = U?l 1+
The temperature at any point in the dielectric is
found by means of (17).

6. Heat Generated on Outer Conductor

For heat generated on the outer conductor,
the steady-state temperature rise above am-
bient resulting from the constant component
g5=0.24(I24+I3)R, of (3B) and (5B) is the same
for both the inner and outer conductors:

’
gz
27t

Ui =1Uzy = (29)

For the component of the heat that is a func-
tion of x or ¥, g5=0.481.1; cos ¥, the equations

P —qi cos ¥ h dal fl in the dielectric i
w{=U,cos y= i (26) are, where axia ow In the lelectric 1s
kcAlQi—r) 4 2n7,8 negligible,
. . dzul{z 27I'k
To this must be added the ambient u, and the |k.As 7t Tiog (s /r )( be—e) =0, (30A)
temperature rise u; resulting from the constant g
component g; of the generated heat. BA ?%_{t%z T Zz;k/ - s —sly
In the complete cable, two simultaneous equa- * og r ”
tions must be satisfied, one for each conductor. *2‘”*”8”’22 gz cos ¥ =0. (30B)
These follow from (16) and (23A), neglecting at
present any axial flow in the dielectric Solving:
42 ull 22k u’2/2= Uzz COos ¢, (3 1A)
(a2, ) )
X 0g \re2/7 w1z = Uys cos ¢, (31B)
—qicosy=0, (27A)
] where
a2 'I«tzl Zﬂ'k ”
AT g G ) U= =
—27r8us,=0. (27B a '
L TV s0U2; ( ) 27r7’8+kcA< >+ 1 _
. . . log (/1)) | 1 (X2
Proceeding as before, the integration constants 2k, +kc 1<Er
of the complementary function or ‘‘space tran- 31C
sient’” equal zero, and there remains the par- (31C)
ticular integral
s =Un cos ¢ = _ql cos ¥ (28A)

- g+< )k (Ai+4

(4;) [kA( ) + 2778 Jlog;f’
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and

2wk, 1 _ U
Uu]og (re/11) BA < ) + 2rk, ~1+kcA1 ir 21 ﬁ. (31D)
log (7'2/7‘1) 27rk,,< ARG "

7. Heat Generated in Dielectric

When the heat conductivity of the dielectric is
small compared to that of the conductor ma-
terial, and for usual cross sections of cable, the
axial heat flow in the dielectric can be neglected
to a first approximation, as was done in the cases
treated above. Then by (3A), (6), and (13B), the
differential equation for the temperature dis-
tribution in the dielectric is

d u, , du,
dr? T +21rk log (ra/11) =0, (324)
where
g,=0.24(pf)wC(E24E;+2E.E, cos )  (32B)
=g, +¢; cos ¥.

A solution of (32A) is

q 2
————(log > (334A)
47k, log—

up=a-+>b log ML—

1

The boundary conditions are u,=u, at r=r; and
Up=1uz at ¥ =r;, whence

v
=wut (10g (1’2/1’1) +47rkp> log 71

— d» r 2
41rkp log (72/1’1) <10g 7’1> : (338)

It is to be noted that (33B) is general; it in-
cludes the temperature distribution resulting
from heat generated externally to the dielectric,
as well as that generated internally. It reduces to
(17) when ¢,=0, and to (37C) when ¢;=0, pro-
vided that only the heat generated in the dielec-
tric is considered.

This result may be drived also by simple
integration. The heat generated in a section of
the dielectric of unit axial length, between the
limits 7y and r is determined by integrating (6),
and is found to be:

0.24(p0)wCE 1 g ,
log (r2/11) log r1 log (ra/r1) log n

To this must be added 7 the heat flowing into
the section from the conductor at radius 7y
giving the total heat flowing outward from the

section at radius 7. By (11A), the sum of these is
equal to

du, *

dr’

The result of this equality is

—2xrk,

— Dy, T 2=+ (34)

9» r
log (1’2/1‘1) IOg "1

Separating variables, and noting that
fdu,,=u,;, fgl;=log r,

1 1 2
f; log rdr = 2(log 7)

and

plus an arbitrary constant, there results a solu-
tion which can be written in the form (33A).
Dividing (34) through Ly 7 and differentiating
yields the differential equation (32A).

For the distribution of temperature along the
conductors resulting from heat generated in the
dielectric, it is noted that in the steady state
the net heat flow into an element Ax of the con-
ductor is zero. For the inner conductor, by (8B)
and (15A), and for the outer conductor by (8B),
(15B), and (18A), letting uy=0:

k Ala R &2 ] =0, (5A)

kcA;9 tzy ~21r7’2kp%’—]r2——27r1'38ugp=0. (35B)
Differentiating (33A) or (33B),

TGy e R (350)

Which, substituted in (35A) and (35B), gives

92 ulp —U1p
P log (r2/1)
—Usp Qp
P Iog (r2/11)
— 27rr 6oy =0.

kcAl + (36A)

+27k

kod, & ”2”+21rk

(36B)

Note that the heat entering the dielectric, the
negative of the second plus third terms of (36A),
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plus the heat g, generated therein is equal to
that leaving the dielectric, which is the second
plus third terms of (36B).

Taking first the constant part ¢, of (32B), a
reasonable supposition is that u;, and us, are
independent of x, as was the case for the constant
part of the heat generated on the conductors.
It follows that du,,/9x =0 and dusp/9x=0. From
(35A), or from the fact that conditions are in
equilibrium (no heat flow into or out of the inner
conductor), it follows that

ar |,
Whence, from (36A)
Uiy =iy or 91’ log (37A)

and from (36A) and (36B), or from elementary
considerations

(37B)

When (37A) is substituted in (33B), it is found
that the temperature distribution due to g, act-
ing alone is

@ r\?
dnk, log (ry/11) (10g r1> (37C)

When ¢,=0, (36A) and (36B) naturally reduce
to the same equations as do (27A) and (27B),
and also (30A) and (30B) when ¢:=0 or ¢.=0:

’ —_ ’
Upp=U1p—

a2 U1 27I'k

@ ThAlog ()™ =0 (383)

d*up 1 27k, 2wr.8

dx? k4, log (72/7’1)( 1 —Up) — m—%z=0. (38B)
This gives the ‘‘space transient’’ condition,

similar to (24A), from which may be determined
the temperatures in the cable resulting from a
change of medium or end effects, such as the
presence of fittings.

The variable part of g, which is gy cos ¥, when
substituted in (36A) and (36B), gives equations
of a type similar to (27A) and (27B) and also
(30A) and (30B). The solution is

why= Uspcos ¥,
U1p= U cos y.

(394)
(39B)

It can be readily shown that for g,=gj cosy,
(36A) and (36B) are not satisfied by any terms
w3y =nUsp cos ny, except (39A), in which n=1.
Similarly for uf,.

The coefficients Uy, and U, are determined
by substituting (39) into (36A) and (36B):

27k,
[k A(S )+ o <r2/71>] o
27k, s

fog (r/ry U=~ (404)
2k, ( > 2k,
Tog (ra/r0) U7~ [k 4 Tiog (ra/r)
+ 277, g] Usp= —%’1- (40B)

The simplest means of solving (40A) and (40B)
is to substitute the numerical values in the
coefficients from the dimensions and constants
of the cable. Then solve the resulting linear
simultaneous equations for U;, and Us,.

The temperature distribution in the dielectric
is given by (33B).

8. Example

As an example of the practical application of
the equations developed in this paper, consider a
Type RG-19/U cable delivering 5 kilowatts
continuously to a load, the frequency being
100 megacycles per second. Two cases will be
considered: A. where the cable is ‘“flat,” or
standing-wave ratio=1; B. where the standing-
wave ratio is 2.0.

This cable is made up as follows:

Inner conductor: solid plain copper, 0.250-inch
diameter.

Cable core: solid polyethylene, 0.910-inch out-
side diameter.

Outer conductor: single-layer braid, 48 X9 30-
gauge (Brown and Sharpe) plain copper wires.
Maximum (allowable but not necessarily ac-
tual) diameter is 0.990 inch.

Jacket: synthetic resin, outside diameter 1.120
inches.

The specified nominal characteristics are:

Surge impedance = 52 ohms.
Capacitance =29.5 micromicrofarads per
foot.
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Attenuation = 0.68 decibel per 100 feet at

100 megacycles.

Then, the various constants of the cable are:

r1=0.318 centimeter.
r,=1.16 centimeters.
73=1.21 centimeters (estimated average value).
r;=1.42 centimeters.
A,=0.317 square centimeter.
A2=0.220 square centimeter.
k.=1.0calorie per second per square centimeter
for one degree centigrade per centimeter.
k,=8X10"* calorie per second per square
centimeter for one degree centigrade per
centimeter.
k;=4X10"* calorie per second per square cen-
timeter for one degree centigrade per
centimeter (estimated).
8:=3X107* calorie per second per square cen-
timeter for one degree centigrade tem-
perature difference (estimated; depends
upon conditions of installation).

€=2.3 (dielectric constant of core).
(pf)=4X10"*
C=0.97 X102 farad per centimeter.
Zo=152 ohms.

From these constants other derived parameters
are found:

&=2.6X10"* calorie per second per square cen-
timeter for one degree centigrade tem-
perature difference; by equation (18B).

R;=1.48 X102 ohm per centimeter.
R,=0.525X10"% ohm per centimeter.

The values of R; and R; are taken to be slightly
higher than the ideal theoretical values for 100
megacycles, but together with the power-factor
value listed, when used to calculate® the attenua-
tion of the cable, result in the specified value of
0.68 decibel per 100 feet.

For the given frequency, power, and standing-
wave ratio, the following quantities are found:

A=198 centimeters.
2 “Reference Data for Radio Engineers,” Federal Tele-

phone and Radio Corporation, New York, New York,
2nd Edition; 1946: p. 206.

A. For the “flat” line, standing-wave ratio=1:

Enae= 510 root-mean-square volts. (4B)
I110¢=9.80 root-mean-square amperes. (1E)
¢1=34.1X1073 calorie per second per
centimeter. (5A)
@2=12.1X1072 calorie per second per
centimeter. (SB)
g»=15.2X1073 calorie per second per
centimeter. (7)

B. For the line with standing-wave ratio=2.0:

E, =540 root-mean-square volts. (4D)
E»=180 root-mean-square volts. (4D)
I.=10.4 root-mean-square amperes. (1E)
I, = 3.46 root-mean-square amperes. (1E)
qy=42.5X1073 calorie per second per
centimeter. (19)
q7=25.6 X103 calorie per.second per
centimeter. (19)
gs=15.1 X103 calorie per second per
centimeter.
gs= 9.1X10-3 calorie per second per
centimeter.
g»=19.0 X103 calorie per second per
centimeter. (32B)
¢»=11.4X1073 calorie per second per
centimeter. (32B)
Note that
D_B_Ihq 5 (4E)

For the “flat” cable carrying 5 kilowatts at
100 megacycles, the total heat generated is
@1+q:+g,=61.4X10~3 calorie per second per
centimeter, as tabulated above. The specified
attenuation of the cable at 100 megacycles is
0.68 decibel per 100 feet, which is equal to
0.223 X102 decibel per centimeter. This attenu-
ation acting on 5 kilowatts results in a loss of
0.258 watt per centimeter, or 61.7 X10~* calorie
per second per centimeter, which closely checks
the total heat generated.
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Fig. 6—Temperature rise of the dielectric, computed

for a Type RG-19/TU cable, carryingS kilowatts continuous-
wave at 100 megacycles, with standing-wave ratio =2.0.

For use in. applying the formulas, certain
quantities which occur several times are here
evaluated:

log—:—j=1.29,

2rr,6=2.32 X103,
27ks _ 3 9010~
log T2

4}

4k, =10.1X10"%,

4rk, log ;3= 13.0 X103,
1
2
(%) =4.05%10-3,

N
kc(A1+A2)<4)\——7r> ~2.18% 10,

kcA2<4{->“=o.89>< 10-2,

2
kcA1<4>\—7r> =1.28 X103,
kcAl 47T 2_
27rk,,<T> =0.258.

The principal temperature rises are given in
Table I and Fig. 6. The data and curves are the
result solely of computation from the specified

dimensions and construction of the cable, and the
published physical characteristics of its com-
ponent parts. No experimental tests have been
made in this connection to confirm the data.
Some of the tabulated temperature rises for the
5-kilowatt power value probably exceed the safe
limit for this cable.

The column headed “If k. were 0 gives
hypothetical values which, when compared to
the “Actual” column, show the effect of axial
flow in the conductors in reducing temperature
variation along the cable.

9. Correction for Axial Heat Flow in Dielec-
tric
As explained in the introduction, the heat flow
encountered in the dielectric in most practical
cable problems is principally radial. All the
results so far obtained are based on this assump-
tion, the term d2u/dx? in (13A) always being
neglected. With the additional condition of circu-
lar symmetry (13B) is obtained. The tempera-
ture distribution in the dielectric at any point x
is a function of 7 given by (17) for heat generated
in the conductors:?
log z
=ty (g — ) —2

V2
log y

(17)

and by (33B) for heat generated in the dielectric.
For sinusoidal distribution of heating produced
by standing waves on the cable, it was found
that with axial flow in the dielectric neglected

(28A)

(28B)

us=Us cos ¢,
#y= U cos ¢,

and therefore by substitution in (17) it follows

that
u=U cos y,

where U is a function of 7 only.

The radial temperature distribution (17) is a
first approximation to the actual distribution.
However, a temperature distribution (41) will
produce a resulting flow in the x or y direction.
The net axial heat flow out of any element of the

(41)

3 In this section, # and U (without subscripts, or with
subscripts A or AA) refer to the temperature rise of the
dielectric due to heat sources external thereto, the use of
subscripts being reduced to the greatest practicable extent.
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dielectric (Fig. S) must be offset by an additional
net radial heat flow into the element. This can
be accomplished by an increment of radial tem-
perature distribution #, which supplies only the
heat required by each element of the dielectric
to offset the axial flow resulting from the dis-
tribution #. The term #, may be most readily
determined on the assumption that it in turn
produces negligible axial low. Then after having
determined %4, and as it actually does produce a

small axial flow, a second correction term waa
may be determined in the same manner, and so
on. The resulting actual temperature atany point
becomes the sum of series u—+ua+u4aa . . . .,
in which the terms may be expected to diminish
rapidly in magnitude, and are alternately posi-
tive and negative. Thus the series converges
rapidly. Each term is a function of 7 and y,Yand
all terms exeept u are equal to zero for r=r;
and for r=r,.

TABLE 1
TypE RG-19/U CaBLE CARRYING 5 KiLewaTTs AT 100 MEGACYCLES
Standing-Wave Ratio = 2
Heat Source Effect (I;I:;)L;nel T Part Function of x Egl:ggon
e Actual If ke Were 0
Inner Conductor @ 34,1103 42.5%X1073 (19)
us 14.7° 18.3° (21A)
un 23.4° 29.2° (21B)
U o (17)
a 25.6 X1078 T (19)
Ua — 4.6° —11.0° (28A)
Un —13.0° —28.5° (28B)
Un -
Outer Conductor qs 12.1X1073 15.1X1073
Uy 5:22 6.5° (29)
Uiy 5822 6.5° (29)
Upa 5822 6.5° 17)
q7 9.1X1073
Un —2.2° —3.9° (31C)
U —1.6° —-3.9° (31D)
Up ¥ (17)
Dielectric a» 15.2X1073 19.0X 1073 (32B)
Usp 6.6° 8525 (37B)
Uip 8852 10.6° (37A)
Upp b 37C)
a 11.4X1073 (32B)
Usp +2.4° +4.9° (40A)
U +2.9° +6.4° (40B)
Upp 3 (33B)
Inner and Ofer a+ai+q, 61.4X1073 76.6X 1073 By Addition
Conductors u3 22.8° 28.6° =~(18A)
and Dielectric, us 26.4° 33.0° (18A)
Combined uy 37.1° 46.3° By Addition
%y (Fig. 6.) 4
a'+qs'+qp 46.1 1073 4«
U, — 4.4° %
Uy —11.7° 5
U, (Fig. 6.) &

* Calculated for Fig. 6, but individual components are not recorded here.
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Having determined the series, the simultane-
ous equations for heat flow in the cable, similar
to (27A) and (27B), are set up using (8B), (15A),
(15B), and (18A) as was done before. The result
will naturally be that the heating of the cable
will be slightly less than it appeared to be when
axial flow in the dielectric was neglected.

By (13A) and (25A), the equation for heat
flow with circular symmetry is

()
AL
If, to a first approximation, the temperature is

given by (41) where U is a function of 7 only,
then, by differentiation, .

02u , 10u

K _ —_—— =

ar? ' ror (42)

%
Tyt

which is proportional to the heat flowing out of
an element at coordinates r and y. With distribu-
tion according to (41) there is a maximum of
heat flow out of the element at maximum u,
where ¢y=0. Thereisno'flow through the element
at exactly ¢ =0, the heat flowing equally in both
directions. On the other hand, at ¢ =90 degrees,
where u=0 for all values of 7, there is no net
heat flow into the element, but a maximum
axial flow through it. Since there is no net flow

e (e

=Ucosy=u, (43)

since #, is assumed to be small compared to «,
it is omitted from the right side of (42). Then
by (42), (43), and (17),

s 1%_<4_7r>2
a® T rar \ M

47\ 2 Ug — Uy 7
. 2 1 —1- (44
< A > [u1+log (r2/11) log 1'1] (44
As was indicated in connection with (39A) and
(39B), since u=U cos ¢, etc., from (28A), (28B),

and (41), equation (44) will be satisfied by
ua= Up cos ¢. Then :

d2Ux
dr?

+%%=g+h log :—1

where g and % are functions of Uy and U,, etc.,
from the right side of (44). Inspection indicates
that dU,/dr probably should contain a term
7 log (r/r1). Following this through, the solution
becomes

72 & 7
UA=a+Z(g—h)+<b+h4—> g -, (454)

where a and b are arbitrary constants deter-
mined by the boundary conditions Us=0 at
r=r;, and at r=r,. When the constants and
boundary conditions are substituted,

into an element at =90 degrees, the correction
term u#a is zero at this coordinate. All these
results become obvious upon consideration of
the physical picture.

The left-hand side of (42) gives the net heat
flow radially into the section to compensate for
the right side, which is the heat flowing out
axially. When (17) is substituted into the left
side of (42), it gives zero, because (17) is the
solution with the left side set equal to zero.
There remains the first correction term #, to be
used in the left side. By the reasoning above,

= Ui o0 71
+<ﬁ) P logrl} (45B)

It is to be noted that U, and U, in (45B) are
temperature rises, as indicated by their defini-
tion in (28A) and (28B), and not actual tem-

. peratures referred to an arbitrary zero.

"~ For most practical cases, the factor (2z7/\)?
is a small quantity of the order of 0.1 at 3000
megacycles, 0.001 to 0.01 at 600 megacycles, and
0.001 or less at 100 megacycles. That part of Ua
within the braces is of the same order as the
principal temperature term U. Determination of
the second correction term #,5 by substitution
of u, in the right-hand side of (42) instead of «
will give a quantity with an over-all multiplying
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factor of (2wr/N)* which will be entirely negli-
gible.

As an example, suppose (2mr;/A\)?2=0.01,
U1=435 degrees, U, =15 degrees, and r/r;=2.72.
Then, by (17),

U=45—230 log. ;1 ,
and by (45B),
Ua=0.75[(r/r)2—1]
—[2.584-0.30(r/r1)] loge (r/r1).

When these equations are evaluated, the re-
sults are as shown in Table II.

TasLe II
13 U Ua
1 In Degrees In Degrees
1.00 45 0.00
1.40 35 —0.34
1.95 25 —0.38
2.72 15 0.00

It is evident from these results that Ua, and
consequently #a= Uja cos ¢, may be neglected
in most practical cases.

When #=Ucosy in accordance with (41),
equation (42) may be solved directly by a series,
the form of which is suggested by the nature of
the terms #a, %#aa, etc. By (42) and (43),

d%u  10u__  [4w\?
art "ror <T> o

The series solution is
il r\2n 7
u=y, <—> (an-l—b,, log —> ,
0 71 71

where # has only the values 0 and positive in-
tegers. The coefficients @y and b, may be con-
sidered to be the arbitrary constants. Substitut-
ing (46) into the differential equation, there
results

(46)

® y2(n—1)
4 [(ﬁzdn-l-nbn)-l-n?b,. log _r_]
o 71 4]

4r\2 2 rn 4
= <_>\_> Zulr_%;‘<a"+b" log r—1>

To satisfy this for any value of 7, the coefficient
of 7?* must equal 0, and also, independently, the
coefficient of r2*log (r/r), giving the relation-
ships

2
(B+1)? aat (4 D= (2572 a,
(k+1)2 bk+1=<21r;\l>2bk. .

From these, the various coefficients can be found
in terms of the arbitrary constants @, and b,
which latter are then found by the fact that u =u,
at r=r, and u=u, at r=rs. As the factor
(27r1/X\)? appears again, the coefficients evidently
diminish rapidly as # (or k) increases. If only
the terms for =0 and #=1 are retained, com-
putation of the coefficiernits should yield a result
very nearly equal to the sum of (17) and (45B).
As different approaches were used in the two
solutions, there will be a very slight difference in
the results when the higher-order terms are
neglected.

For heat generated in the dielectric, the first
approximation to the temperature distribution
is given by (33B), which is of the same form as
(17) but with a term [log (r/r1)]? added. When
the process of determination of U is carried
through, the general form of the expression for
U is the same as (45A) with an added term

7 Io 7 \2

71 gh
The coefficients of the terms are different from
those given in (45B), but the net result is the
same: that axial heat flow in the dielectric can

be neglected for practical purposes in most cable
problems.

The assumption that the temperature of the
conductors is a function of x only and not of »
could be justified by reasoning, similar to that
above for neglecting axial flow in the dielectric,
on the basis of the shortness of the radial dimen-
sions of the conductors compared to a wave-
length.
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Exact Design and Analysis of Double- and Triple-Tuned
Band-Pass Amplifiers *

By MILTON DISHAL

Federal Telecommunication Laboratories, Incorporated, Nutley, New Jersey

VERNON D. Lanpon:! Dishal has written an
excellent summarizing paper on band-pass am-
plifier design. I believe it is slightly misleading,
however, as to the value of Q required for opera-
tion of triple-tuned circuits.

On page 366, in speaking of a band-pass filter
utilizing three tuned circuits, Dishal says:

“To obtain a flat-topped response with three
peaks of equal amplitude in the pass band, all
the loading must be removed from the middle
tuned circuit. . . . Otherwise, as will be shown
later, the outer two peaks of the response will
be lower in amplitude than the middle peak.”

In the next paragraph he elaborates: “To
approach the ideal triple-tuned response curve,
the Q of the middle tuned circuit must be of the
order of 10 times (or more) the Q of the input
and output circuits.”

The experimental facts are somewhat at vari-
ance to the above, as will be explained. Given
three tuned circuits with Qi=Q; and with
Q2=10Q,, the circuits may be coupled to obtain
the ideal triple-tuned response curve to which
Dishal refers. If, for economy, or other reasons,
the value of Q; must be reduced to only 3 or 4
(1, the outside peaks will have lower amplitude
than the middle peaks (as he states), providing
no other circuits constants are changed. How-
ever, if at this point Q; is reduced somewhat
and Q3 is increased (or the reverse), the equality
of the three peaks may be restored. This fact is
rather important, as it permits the use of three
coupled circuits without having to meet quite
as stiff a Q requirement as that proposed by
Dishal. ,

The smallest value of Q that may be employed
in the circuit having the highest Q may be found
by making use of Dishal’'s mathematics. In (28),

* The full paper appeared in Electrical Communication
v. 24, pp. 349-373; September, 1947, as a reprint from
Proceedings of the I. R. E., v. 35, pp. 606—626; June, 1947.

1 Radio Corporation of America, RCA Laboratories,
Princeton, N. J.

if the coefficients of F* and F? are set equal to
zero, we have the condition for ‘‘maximal flat-
ness’’;? that is to say, the flattest curve without
multiple peaks. This gives the two equations:

2K?— (n?+n2+ng?) =0 (1)

K*— K*(n2+ng? — na(n1+ns))
+ it +nltnt+nint=0 (2)

where K = the coupling coefficient, and 4, n,, %3
=the inverse of the Q’s of the three circuits.

From (1) it appears that, if one of the #’s is
increased, another must be decreased. Then the
largest value, 7o, required for the smallest #,
will occur when the two smaller #'s have the
same value.

Assuming the two smaller #'s are #; and #s,
we have n=ns=n;, and

2K —nl2—2n=0 (3)

K*— K2(1:2 — nomy) + 2n:21,° +ne* = 0. (4)

Of the three unknowns, K, 71, and 7, any one
may be assumed fixed, and the other two may be
solved for in terms of that one. Cut-and-try

methods yield the following solution, which may
be checked by substitution:

Nno= 023611,1
K =07457L1

In Dishal’'s (28), the last term of the poly-
nomial under the radical is

{25 ]
and is equal to »
(7)
fo

where fi=the bandwidth at 70 percent (for the
condition of maximal flatness), and f, = the reso-

2V. D. Landon, “Cascade Amplifiers with Maximal
Flatness,” RCA Review, Pt. I, pp. 347-363; January, 1941:
Pt. I1, pp. 481-498; April, 1941.
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nant frequency. Then.

1/3
:];‘b <K2n1+n°+n - >
-—0.737711.
Now, for Dishal’s assumed conditions of

ni1=mns
n2=0,

we find K =m=fs/fo for tile maximally flat con-
dition. Dishal assumes that

1 fe
'rL2=T(—)%
is required.

The present discussion indicates that, when
N2 = Nz = No,
10=0.2367;
_0.236 f»
~0.737 fo

Jo
=0.32
fo
is sufficiently small. In other words, the triple-
tuned circuit is operable if tuned circuits are
available having a Q as high as about

Jo
3fb

MirToN DisHAL: I would like to take this
opportunity to thank Landon for pointing out
the fact that it is possible to obtain a triple-
tuned response curve having three peaks of equal
amplitude and two valleys of equal amplitude,
even though the Q of the middle resonant circuit
is not infinite. This fact is practically of great
importance and I think it is safe to say that
when triple-tuned band-pass circuits are used,
and a symmetrical band pass is desired when the
circuits are correctly resonated, the ““Q distribu-
tion” pointed out by Landon, i.e., Q:=Qs=A40,
should be used rather than the Q distribution
mentioned in my paper of Q;=Q; and Q,= .
(4 is a number whose value depends on the type
of response desired.)

In discussing this matter, I think it is im-
portant to separate clearly the two types of
useful responses which can be obtained, in the
following manner: (a) the type of response having
»n maxima of equal amplitude and (#—1) minima
of equal amplitude within the pass band where

n is the number of resonant circuits used; and
(b) the type of response having a single maximum
which occurs at the middle of the pass band.

Response Type (a)

It should be realized that my paper considered
this type of response only. The main reason why
I was led to consider the Q distribution Q;=Q;
and Q;= o was that this seemed to be the only
distribution which would allow exact design
equations to be obtained which were not hope-
lessly complicated. Unfortunately, this still
seems to be the case, and it should be realized
that Landon’s discussion gives no solution for
this type of response. Thus, insofar as the re-
sponse-having peaks and valleys within the pass
band is concerned, we have only the qualitative
fact that this response can be obtained without
the necessity for having Qa= .

However, insofar as practical design is con-
cerned (where exact final values must be experi-
mentally determined), Landon’s equations can
be used to obtain the transitional shape condi-
tion, and the coefficient Hf coupling can then be
increased very slightly’to produce a multiple-
peaked response. (It will also be necessary to
make Q;=(Q; more than 4.24Q;; the greater the
peak-to-valley ratio desired, the greater will be
the required ratio of Q2= Qs to Q1.)

It may be pointed out here that the following
procedure may possibly allow an exact solution
to be obtained for the multiple-peaked response,
for conditions other than my assumed conditions
of O1=Qs and Q;= «. As pointed out by Landon,
the transitional-shape condition or condition of
maximal flatness is obtained when, in my (28),
the coefficients of F* and F? equal zero and when
the constant term equals (Afsas/fo)®. When the
multiple-peaked response is desired, the coeffi-
cients, rather than equaling zero, must equal
some specific value. These specific values can be
obtained by substituting, in my (28a), the re-
quired values of K and # as obtained from (34),
(35), and (36). We can then set the more general
coefficients given in (28) equal to the above
values obtained through the medium of (28a).
It is possible that a usable solution may then
be obtained from the three resulting simultane-
ous equations. Thus, to obtain a certain per-
centage bandwidth between outside peaks of
(Afp/fo) with a certain peak-to-valley ratio
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defined by v of (35) we find that the coefficient of
F* must equal 2(Af,/fo)?; the coefficient of F?
must equal 1(Af,/fo)*; and the constant term
must equal [v(14+v2)(@Afp/fo)*]%. Thus, using
Landon’s Q distribution, it will be necessary to
solve the three simultaneous equations below in
order to find the required ratio of

Y K e and S -
(Af/fo) ' (Afo/fo)’ (Afp/fo)

to obtain a resulting peak-to-valley ratio whose
value is determined by «.

K2~ (14 2m") =2 <Af—{”>2

4 2, Afp 4
Ki— K2 (n~ np) +n2(n2+-2m2) = 1 T
¢

#1110
K= 2

2 g —7(1+72)<ff”>

Response Type (b)

In his discussion, Landon has given the exact
solution for the constants required to give the
limiting case ef this single-peaked type of re-
sponse. (It should be noted that the required
conditions for maximal flatness could also be
obtained by equating simultaneously to zero the
two parts of (30).)

As mentioned previously, Landon’s solution
is of great practical importance because of the
relatively small value of Q required in the two
high-Q circuits. When identical circuits are cas-
caded, the required Q; for a given (Afsas/fo) will
be even smaller than 0.737(Afsas/f0), and, there-
fore, the high-Q circuits (Qz=(Q;) whose Q must
equal 4.240, will require a necessary Q even less
than 3(fo/Afsas). For example, for five cascaded
triple-tuned circuits, the required Q: is

01=0.54(fo/Af3as)

and, therefore, the required Q:=(Q; is only
Qz,3=2.3(fo/Af3an).

Since the equations are quite simple, I think
it would be helpful to tabulate the equations
that enable the complete and exact design to be
accomplished for cascaded single-, double-, and
triple-tuned band-pass circuits using the maxi-
mally flat type of response.

N Cascaded Triple-Tuned Circuits

0= Qs=4.240Q;
_0.745
==
O =0.737[2V¥ —17]s

Jo/Afsav
peerm-n(gh) ™

of 1 Vo\ 2!V ) 1/6
Afadb=[21/N—1]1/6|:<7> - ]

_Gaingerstagd __ 1 o3rguw 1
gn/4mAfsasVCiCs

tan 6 (per stage)

— (2}:{) [(A?'deb)z_ [21/1%211]1/3]
- 193 /Af\* 1 '
[EZI/N — 1]1/6<Af3db> [21/1\7 — 1]1/2]

N Cascaded Double-Tuned Circuits

or

Q1=Q2

1

£=0
f/—AQf-=1'414[21/N_1]1/4

flor-afgy ]

ot (7))

Gain (per stage)

gn/4nAfsaN C1C,

- [(A?il)z - [21/N1— 1]1/2]

tan 0 (per stage) = . &_( Af >] ’
[2VN — 1714\ ™" Afsas/ |

or

=1.414[ 21N —1 s

N Cascaded Single-Tuned Circuits

Q — 1/N _ 1/2
fn/Afsdb_[Z/ L

el

A?:;b = [21/N1_.1:|1,2[<%>2/N _ 1]1/2

Gain (per stage)
el (perstage) _ mo1/ N _ {2
gm/27lf3a5C C ]

A
tan 0 per stage = <:t_i> (2N — 1],
Afs::lb

or
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