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SOME APPLICATIONS OF PERMANENTLY 

MAGNETIZED FERRITE MAGNETOSTRICTIVE 

RESONATORS* 

By 

W. VAN B. KoBERTst 

Formerly with Research Department, RCA Laboratories Division, 
Princeton, N. J. 

Summary—There are many cases in which the reaction of a sharply 
resonant mechanical body upon an electrical circuit can be advantageously 
employed. Probably the most familiar of these involve quartz crystals as 
frequency control of oscillators, elements of lattice filters, and the like. 
The use of magnetostrictively coupled resonators is less well established, 
probably because in the past such resonators have seriously reduced the Q 
of their actuating coils and have usually required a magnet for "bias." 
The advent of the so-called ferrite material has eliminated these drawbacks 
and makes the magnetostrictive resonator a practical device of negligible 
cost compared to a crystal, at least for frequencies of the order of a mega- 
cycle or less. The discussion in this paper is limited largely to ferrite 
resonators of toroidal form permanently magnetized with closed lines of 
biasing flux. 

A FAMILIAR magnetostrictive resonator is shown in Figure 1. 
A nickel rod R is maintained in a partly magnetized condition 

- by a horseshoe magnet, and alternating current in the winding 
alternately increases and decreases the magnetization of the rod. This 

results in a corresponding decrease and increase in the length of the 
rod because a nickel rod shrinks in proportion to its magnetization. 
If the frequency of the alternating current is made the same as the 
natural frequency of longitudinal vibration of the rod, the amount 
of motion produced by a given amplitude of current is greatly in- 
creased. The "mechanical Q" of the rod may be defined as the ratio 
of the natural frequency of the rod to the difference between the two 
frequencies (one a little above and the other a little below the rod 

* Decimal Classification: 538.11. 
f President, Applied Science Corporation of Princeton, Princeton, N. J. 

General Discussion 

R 
Fig. 1—Magnetostriction rod resonator. 

3 

www.americanradiohistory.com

www.americanradiohistory.com


4 RCA REVIEW March 1953 

frequency) at which the rod motion is equal to its maximum value 
divided by the square root of two. 

The resonator described has the merit that if the rod is thin com- 
pared to its length, it retains enough magnetization to continue to 
operate even after the magnet is removed. However, it has the draw- 
back that eddy currents in the nickel, even if the rod is laminated, cause 
losses which make the apparent Q of the coil low. Furthermore, the 
mechanical Q of a nickel rod is not very high, being only of the order 
of two or three hundred. 

Ferrites as Magnetostrictive Kesonators 

If, in Figure 1, a rod of a suitable ferrite is substituted for the 
nickel, the Q of the coil is not only not lowered but may be greatly 
increased, because the resistivity of the ferrite is so great as to 
preclude eddy currents. Furthermore, the mechanical Q of the ferrite 
is quite high, of the order of several thousand, the exact value depend- 
ing on the composition used and to some extent on the amplitude of 
vibration, the intensity of magnetization and various other factors. 
Unfortunately, however, the coercive force of the ferrites best suited 
for resonator use is so small that even in the case of very thin rods, 
the free poles developed at the rod ends by magnetization are sufficient 
to demagnetize the rod if the magnet is removed. 

Permanent Magnetization of Ferrites 

If, instead of a rod, a torus of ferrite is magnetized (by direct 
current flowing in a toroidal winding), no free poles are created and 
a considerable residual magnetization remains in the torus after the 
magnetizing current ceases. In some ferrites the intensity of this 
residual magnetization is very near optimum for magnetostriction 
purposes. The number of ampere turns required to produce this mag- 
netization is small, so that the torus can be magnetized by passing a 
single wire through it and connecting the wire momentarily to an 
ordinary storage battery. The circuit can be completed by the very 
short duration contact of a hammer against a block of metal. 

It is also possible to produce the same kind of magnetization of 
the torus, although of lesser intensity, by means of a magnet, as shown 
in Figure 2. Here, pole pieces P of iron are placed on the poles of the 
magnet to provide a narrow gap in the magnetic circuit. The ferrite 
torus R is placed against this gap as shown, and then pulled straight 
away. Due to the easy saturation of ferrite, more magnetic energy is 
stored in the form of clockwise lines of flux going around the larger 
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MAGNETOSTRICTIVE RESONATORS 5 

Pig. 2—Magnet arrangement for circularly magnetizing a ferrite x'od. 

portion of the torus which is remote from the pole pieces, than in the 
short portion adjacent to the pole pieces in which the flux lines run 
counterclockwise. When the torus is pulled away, there remains a 
circular magnetization of intensity determined by the difference in 
path lengths through the ferrite between pole pieces. If the gap is 
small compared to the torus diameter, the residual magnetization is 
of the order of one half that produced by the direct-current method 
of magnetizing. This method is, therefore, of value only when it is 
necessary to magnetize a solid cylinder or disc or other body which 
has no hole in it through which to pass a wire. 

Bias and Driving Fluxes Not in the Same Direction 

The basic method for producing mechanical forces in a magneto- 
strictive material is to superpose a "driving" magnetic field upon a 
constant or "bias" flux in the material. If the driving field is colinear 
with the bias flux, the result is a simple contraction or extension of 
the material along the common direction of the bias and driving fields, 
as in Figure 1. If, however, the driving field is at right angles to the 
bias flux, a shearing force is produced. Figure 3 shows a small square 
sample of magnetostrictive material in which magnet poles N and S 
produce a bias flux indicated by the vertical vector, while current in a 
driving coil L wrapped around the sample produces a driving flux 
indicated by the horizontal vector. Each of these vectors can be 
thought of as composed of two components at right angles, as shown 
in Figure 4. It will be seen that along one diagonal of the sample the 
driving flux component adds to the bias component, while along the 
other diagonal they oppose. The result is to shorten the one diagonal 
and elongate the other, so that the sample becomes slightly diamond 

Fig. 3—Magnet and driving fields for producing shear. 
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shaped. But such a deformation of a square constitutes a shearing 
strain of the material, and the axis of the shear may be defined as being 
perpendicular to the plane of the sample. If the driving field had not 
been taken as at right angles to the bias, only its component at right 
angles would create shearing stress, so that finally the shearing stress 
may be defined as proportional to the vector product of the bias and 
driving fluxes. That is, its magnitude is proportional to the scalar 
product of the two fluxes multiplied by the sine of the angle between 
them, and its direction is perpendicular to the plane containing the 
bias and driving fluxes. 

Some Combinations of Bias and Driving Fluxes in Toroids 

In a toroid (or disc or cylinder) the three coordinates may be 
called radial, circumferential, and axial. The nine combinations of 
bias and driving fluxes along these three coordinates are shown in 
Table I. 

In Table I, the first column shows a pair of bar magnets with like 
poles together to produce radial bias flux, the third column shows the 
torus between unlike poles to have axial bias flux, while the middle 
column shows no magnet because the torus can be permanently mag- 
netized in the circumferential direction. The same types of vibration 
are found in squares symmetrically located with respect to the main 
diagonal of the table, as interchanging the bias and driving fluxes 
makes no difference except to the practicability of the arrangement. 
The various types of vibration are: 

"Radial Vibration with Node," where the inner part of the ring 
moves radially while the outer part moves in the opposite direction, 
although also radially. 

"Radial Vibration," where all parts of the torus move radially and 
in the same sense. It is the "fundamental" of which the preceding 
mode is the first overtone. 

"Longitudinal Vibration" implies simple longitudinal motion as 
in Figure 1, although, due to Poisson's ratio, there is some concomitant 
radial motion just as in the radial vibrations there will be some axial 
motion. 
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MAGNET0STR1CTIVE RESONATORS 7 

Concentric Shear," where the outer part of the torus moves 
circumferentially in one sense while the inner part rotates in the 
opposite sense. 

"Torsion" is a simple twisting of the torus on its axis, the ends 
turning in opposite senses. 

Coaxial Shear" is axial motion of concentric shells, the outer ones 
moving in opposite sense to the inner ones. 

Of the various arrangements of Table I, the middle column is of 
special interest as no magnets are required. The arrangements in the 
other columns, however, are not necessarily less desirable for some 
L- i _ 
f — 
Table I—Various Combinations of Driving Coil Arrangements and Bias 

Fluxes for Toroidal-Ferrite Resonators. 

BIAS FLUX    
RADIAL circumferential axial 

IS N ll N SI 

o| |o 
RADIAL WITH NODE 

CONCENTRIC SHEAR 

■ □ 
,s N [n S ; 

□ 

COAXIAL SHEAR 

o 
CONCENTRIC SHEAR 

□ 
R AD! A L 

□ 

□ 
TO R SION 

or 

o. 
COAXIAL SHEAR 

0 
TORSION 

□ 

□ 

LONGITUDINAL 

applications. For example, a stronger coupling can be obtained by 
using the torsion drive shown in column 3 than that in column 2. The 
frequencies of vibration in these three modes are given in the Appen- 
dix. It may be noted, however, that the torsion frequency depends only 
on axial length, the concentric shear only on radial dimensions, while 
radial frequency depends on all the dimensions, although very little 
on axial lengths. The radial and torsional modes are generally the 
most useful, as the "winding" for the radial mode may consist of a 
single conductor passing through the torus, while the torsional mode 
may be used for driving a torsion mechanical filter. 
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Coefficient of Coupling 

In any magnetostrictive resonator, the efficiency of operation de- 
pends upon the magnetostrictive activity of the resonator material. 
From the point of view of circuit analysis and design, however, the 
most useful measure of efficiency is what may be termed the coefficient 
of coupling between a given coil and the resonator with which it is 
associated. If the coil is tuned by a condenser to the same frequency 
as the resonator, the system will be found to have two natural fre- 
quencies, one above and one below the resonator frequency. The 
difference between these two, divided by the resonator frequency, is 
the coefficient of coupling. (The same definition gives the coefficient 
of coupling between the coils of any pair of like-tuned electrical 
circuits.) This coefficient can be readily measured with a Q-meter. 
The coil, with resonator in place, is connected to the Q meter and the 
condenser thereof is adjusted until the coil is tuned to the same 
frequency as the resonator as evidenced by equality of the two 

responses observed when the frequency alone is varied. The difference 
between the frequencies at which the response peaks occur, divided 
by the mean frequency, is very closely equal to the coefficient of 
coupling. The coefficient depends on how closely the winding can be 
associated with the resonator. With a toroidal winding and the radial 
mode of vibration, coefficients up to about 10 per cent are obtainable. 
The combination of coil and resonator can be replaced, for purposes 
of circuit analysis, by the equivalent circuit of Figure 5, where L is 
the inductance of the coil with resonator in place, and K is the coeffi- 
cient of coupling (expressed as a fraction of unity, not as a percentage). 
The antiresonant frequency of the divided circuit is the same as the 
natural frequency of the resonator, and its Q the same as the mechani- 
cal Q of the resonator. 

(1) Perhaps the simplest application of a permanently magnetized 
ferrite torus is in frequency control of an oscillator. Figure 6 shows 
a simple circuit for the purpose which requires only one winding on 
the resonator, and this may consist of only a single wire passing 
through the torus. In the absence of mechanical vibrations of the 

Fig. 5—Equivalent circuit for magnetostriction resonator. 

Applications 
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MAGNETOSTRICTIVE RESONATORS 9 

ring, the circuit between junctions a and h is inductive, so that oscil- 
lation cannot occur. But this circuit can become nearly purely capaci- 
tive at a frequency slightly above the natural frequency of the reso- 
nator if the Q of the resonator is high and the coefficient of coupling 
sufficiently large. Then oscillations will occur when the circuit L-C 
is tuned to approximately the resonator frequency if the transductance 
of the tube exceeds a value determined by the circuit impedances. A 
6J6 tube with 90 volts or more on the plate has been found sufficient 
with a reasonably high Q coil at L. The non-oscillating plate current 
is limited to 4 milliamperes by the cathode bias resistor. By varying 
the tuning of L-C, higher frequency oscillations at resonator modes 
other than the simple radial mode can often be produced. To give an 
idea of resonator size it may be noted that a torus of 0.82 centimeter 
outer diameter and a hole of about 0.15 centimeter diameter gives 
radial frequency oscillations at 380 kilocycles. 

Fig. 6—Oscillator circuit employing magnetostriction resonator. 

Oscillations are more easily obtained if a toroidal winding of 
several turns is put on the ring. Or, equivalently, if the primary of 
a transformer with very small leakage inductance is connected between 
points a and b, the secondary of the transformer being a single turn 
linked with the torus. 

The oscillator circuit is, of course, not limited to radial vibrations 
of the torus, but may be operated in any mode where sufficient coeffi- 
cient of coupling is obtainable; in particular, the torus may be arranged 
for torsional operation as shown in the lower middle square of Table I. 
In this case the coupling is improved, if the torus is short, by putting 
inert magnetic core material on each side of the torus. The oscillator 
described is intermediate in frequency stability between a tuned-circuit 
oscillator and a quartz-crystal oscillator, but the cost of the ferrite 
element is negligible. 

(2) A simple three-circuit filter may be made by employing a long 
torus (a pipe or cylinder) as an intermediate "circuit" between a pair 
of tuned circuits. See Figure 7. In this case the resonator R operates 
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in torsion and is preferably three or more half-waves long. It passes 
through a metal pipe P and shielding ^ which prevents direct coupling 
between coils Lj and L2. Current in drives the resonator in torsion, 
and, by the inverse process, torsional vibrations in the output half 
wave length induce voltage in L2. The band width obtainable in this 
filter is limited by the coefficient of coupling, and this in turn varies 
inversely with the square root of the number of half waves in the 
resonator. Figure 8 shows the transmission characteristic of a filter 
of this sort, operating at the third harmonic of the rod and adjusted 
to give a Tchebyscheff characteristic with 1.3 decibels peak-to-valley 
ratio. 

(3) Another way to eliminate direct coupling between input and 
output coils is to provide auxiliary mutual inductance to buck out the 
undesired coupling. Figure 9 shows such an arrangement using a 
toroidal resonator in the radial mode. To avoid winding many turns 
on the torus, a step-down transformer arrangement is used. The 
bucking mutual is adjusted by a movable magnetic core M. Figure 

Fig. 7—A three-circuit filter with a ferrite rod as middle circuit. 

10 shows the performance of such a filter. The dotted curve shows the 
effect of incomplete bucking. The output falls to 0.06 millivolt at 298 
kilocycles, then rises again to a maximum of 0.067 at 303 kilocycles. 

(4) If, for the bucking transformer in the above circuit, another 
resonator torus is used, and the two have suitably different frequencies, 
a differential type of filter results. Figure 11 shows a curve of such 
a filter. 

Lattice filters with more than two ferrite rings can be readily 
designed and easily constructed by putting the rings on thin wall tubes 
through which only two wires need to be run. Figure 12 shows, for 
example, how eight rings, each of a different frequency, are arranged 
to form a lattice equivalent to a cascade of eight tuned circuits. The 
chief difficulty encountered in this type of filter is in obtaining a selec- 
tion of rings each having the required coefficient of coupling as well 
as the proper frequency. 

(5) A somewhat different way to add a ferrite resonator to an 
ordinary pair of tuned circuits is shown in Figure 13, and its perform- 

s 
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Pig. 8—Performance curve of the filter of Pigure 7. 

ance curve in Figure 14. Here all coils are tuned by their correspond- 
ingly numbered condensers to the (torsion) frequency of the ferrite 
ring in L^, which is flanked by cylinders of unmagnetized ferrite to 
increase the coefficient of coupling. This is particularly necessary if 
the rejection points are to be pushed far apart, since the separation 
of these points divided by the mid-band frequency is equal to the 
coefficient of coupling between L& and the ring. From the equivalent 

Pig. 9-—Another three-circuit filter. 
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12 RCA REVIEW March 1953 

circuit (Figure 5) it will be seen that this is a "mid-series-terminated 
m-derived constant K" filter section. The broken curves of Figure 14 
show the performance of the same end circuits {L1C1 and LM2) 
coupled by simple mutual inductance, as in an ordinary intermediate- 
frequency transformer. The narrow curve is for loose coupling, and 

260 270 260 290 300 310 
KILOCYCLES 

Fig. 10—Performance curves of the filter of Figure 9 
with different adjustments. 

the wide curve is for critical coupling. It is seen that considerable im- 
provement is obtained by the addition of the ferrite and its circuit. 

The inherent frequency constancy of the ferrite resonator makes 
it possible to tune this filter in a radio receiver without requiring a 
signal generator to provide the proper intermediate frequency. The 
input and output circuits are first detuned, and any strong signal is 
tuned in. This will peak up sharply at the ferrite frequency, so that 
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MAGNETOSTRICTIVE RESONATORS 1.3 

the desired intermediate frequency is known to be impressed on the 
filter. Next, the junction of C1 and C., may be shorted to ground so 
that input and output circuits are only very loosely coupled by the 
inductance of the shorting lead. They may therefore be peaked inde- 
pendently. On removing the short, the filter is in tune except for C3, 
which must be adjusted so that the rejection points fall outside the 

001 
270 

__J 1 I L 
280 

KILOCYCLES 
290 

Fig. 11—Performance curves of a lattice filter employing 
two ferrite resonators. 

transmission band, preferably at approximately equal distances on 
each side. The spacing between rejection points is not adjustable 
except in the original construction at which time the coefficient of 
coupling is fixed. 

(6) Multisection torsion filters of high efficiency (low insertion 
loss) and great selectivity can be made if the end mechanical resonators 
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+ B 
o 

Fig. 12—A lattice filter employing eight ferrite ring-shaped resonators. 

are ferrite tori. Provided the band width is not too great (not over 
approximately 5 per cent), the tuned circuits associated with the fer- 
rite can act as the end circuits of the filter, the required terminating 
resistances being in the form of the electrical resistances in the tuned 
circuits. Inherent resistance in the electrical circuits sets the lower 
limit of the band width. The ferrite can be cemented to the metal part 
of the filter very satisfactorily with polyvinyl acetate. 

Velocities in Ferrites 
In a homogeneous infinite medium, compression waves travel with 

a velocity which will be called Vo. ancl shear (or torsion) waves with a 
velocity V^ which is roughly half of V2. In a thin rod, the compression 
(or longitudinal) waves travel with a velocity Vn which is a little less 
than Vo, while in a thin infinite sheet, the compression wave velocity 
Vs is between Vr and Vo- Wave lengths corresponding to these velocities 
will be indicated by X with corresponding subscripts. In every case 
V = Xf, where / is the frequency. 

The velocities in ferrite depend considerably upon its composition 
and heat treatment, and to some extent upon intensity of magnetization 
and temperature. As to temperature, the frequency of a longitudinally 
vibrating rod falls about 30 parts in a million for each degree centi- 
grade rise in temperature. The frequency increases somewhere in the 
order of 1 per cent in going from weak to strong bias magnetization. 

Appendix 

Fig. 13—An "m-derived" filter employing a ferrite torsion resonator. 
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MAGNETOSTRICTIVE RESONATORS 15 

Typical values for the velocities in a strongly magnetostrictive ferrite 
are: 

Fj = 3.33 X 105 centimeters per second, 

V2 = 5.7 X 10® centimeters per second, 

Vr = 5.25 X lO5 centimeters per second, 

Vs = 5.4 X 105 centimeters per second. 

PERCENT OFF FROM 456 Kc, 
Fig. 14—Performance curve of the filter of Figure 13; dashed curves are 

for ordinary coupled circuits for comparison. 

Frequency Formulas for Toroids 

The fundamental frequency of a longitudinally vibrating thin rod 
is Vr/2L where L is its length in centimeters. 

A torsion rod (or pipe or torus) has frequency Vi/2L. 
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2.166 
A thin disc with no hole has lowest radial frequency Vs, where 

2-iTa 
a is the radius, if Poisson's ratio for the material is 1/3, which is 
approximately the case for aluminum. 

The formula for the radial frequency of a long solid cylinder is the 
same except that V2 is used in place of Fs. 

The presence of a hole in a disc lowers the radial frequency by an 
amount not readily given by any simple formula. However, if the hole 
in a thin disc is so large that a thin ring results, the perimeter of the 
ring is one wave length at Vr, so that / = Vr/2Tra. 

A long thin-walled pipe has the slightly higher radial frequency 
Vt/2Tra. 

A solid disc of any thickness vibrates in concentric shear according 
Aj 2tt 5.135 Fj 

to the relation — = at its lowest frequency, i.e., / = . 
a 5.135 2t7 a 

If there is a large hole, the frequency approaches V1/2W where 
W is the radial thickness of the wall. 

Ferrites for Magnetostr-iction 

Almost any ferrite exhibits some magnetostriction, but best results 
have been obtained with a simple nickel ferrite (74.69 grams of NiO 
plus 159.68 grams of Fe.O,,) heated to 1300o-1400°C for approximately 
an hour and a half, and cooled slowly. 
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FACTORS IN THE DESIGN OF POINT-CONTACT 

TRANSISTORS* 

By 

B. N. Slade 

Tube Department, RCA Victor Division, 
Harrison, N. ,F. 

Summary—Electrical characteristics of point-contact transistors depend 
essentially on four main factors: (1) the materials used for the point 
contacts, (2) the spacing of the point contacts, (3) the resistivity of the 
germanium, and (U) the electrical forming process. Control of these four 
factors during transistor fabrication makes possible the control of equiva- 
lent circuit resistances, current amplification factor, static characteristic 
curves, and frequeny response and, therefore, permits the design of 
different transistors each suitable for use in a specific type of circuit 
application. This paper discusses the design of point-contact transistors 
for use in radio-frequency amplifiers, oscillators, and switching or counter 
circuits, and the effects of electrical forming on the electrical characteristics. 

Transistors for Eadio-Frequency Amplifiers 

TRANSISTOKS designed for use as amplifiers at radio frequen- 
cies must be electrically stable when no appreciable external 
impedances are present in the emitter or collector circuits. This 

requirement, known as "short-circuit" stability, is particularly impor- 
tant in radio-frequency stages having parallel-tuned circuits in both 
the input and output of the transistor, because the impedance of the 
tuned circuits approaches zero in the off-resonance condition. For 
transistor stability under these short-circuit conditions, the following 
condition must exist: 

re re rm 
 + + 1> —, (1) 
n rc rc 

where re is the emitter resistance, rh is the base resistance, rc is the 
collector resistance, rm is the transfer resistance, and rm/rc is approx- 
imately equal to acl,, the collector to emitter current amplification 
factor.12 

* Decimal Classification: R282.12. 
1 B. N. Slade, "Control of Frequency Response and Stability of Point 

Contact Transistors," Proc. I.R.E., Vol. 40, p. 1382, November, 1952. 
2 R. M. Ryder and R. J. Kircher, "Some Circuit Aspects of the Tran- 

sistor," Bell Sys. Tech. Jour., Vol. 28, pp. 317-401, July, 1949. 
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The effect of various equivalent-circuit resistances on transistor 
stability may be analyzed by the substitution of typical values in this 
expression. For example, typical equivalent circuit resistances for a 
transistor having germanium resistivity of 5 ohm-centimeters and a 
point spacing of 0.002 inch might be 

re = 180 ohms, 

rh = 200 ohms, 

rc = 20000 ohms, 

arc = 2.0. 

If these values are substituted in Expression (1), it is seen that the 
specified condition is not met, and, therefore, the transistor would not 
be stable under "short-circuit" conditions. Although either the ger- 
manium resistivity or the point spacing may be varied to achieve the 
resistance values required for stability, variation of the point spacing 
has a decided effect upon the frequency response of the transistor. 
From available design data for point-contact transistors,1 it is possible 
to select a combination of germanium resistivity and point spacing 
which provides stability at a desired frequency of operation. 

Before the resistivity and point-spacing values are selected, the 
value of equivalent base resistance required for stability must be 
determined from the expression given above. The term re/rc can be 
neglected in these approximations because it is very small compared 
to the other terms of the expression. Since forming techniques allow 
control of acl,, as will be shown later, a typical value of 2.0 may be 
assumed for this term. A value of rb greater than that of re, therefore, 
causes instability, and a value less than that of re results in stability. 

The value of rb used in these expressions refers to only one direct- 
current operating point. Figures la and lb show the feed-back char- 
acteristics of two developmental point-contact transistors. The slope 
of this curve at any point indicates the value of the equivalent base 
resistance. Since the slope increases as the collector current increases, 
the transistor may be stable at one value of collector current, but 
unstable at another. If the value of rb in the above example should be 
less than that of re at 2.0 milliamperes, for instance, but greater than 
that of re at 2.5 milliamperes, it would be necessary to limit the opera- 
tion of the transistor to 2.0 milliamperes or less to avoid unstable 
operation. Because of the nonlinearity of the feed-back characteristic, 
it is desirable to provide a value of rh low enough to assure stability 
regardless of the direct-current operating conditions of the point- 
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contact transistor. With few exceptions, a value less than 120 ohms 
for rb assures short-circuit stability in a common-base amplifier circuit. 

1 
EMITTER MILLIAMPERES =2.0 
     

- =10 

= 0 5 

i 4^ -2 -2 
COLLECTOR MILLIAMPERES 

0 

(a) 

Pig. 1—Feedback characteristics of two developmental 
point-contact transistors. 

If stability is extremely important, an additional safety factor of 
approximately 20 ohms is desirable. Within the range of resistivities 
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discussed here, the value of re is usually sufficiently large to assure 
stability if the value of ace is approximately 2.0. As the value of ace 

increases, however, the transistor tends to become unstable, and the 
value of rh must be decreased even further. 

When transistors are designed for operation at specific frequencies, 
the curves given in Figure 2 may be used to determine values of point- 
spacing and resistivity which will provide the equivalent base resist- 
ance necessary for stability at the desired frequency. These curves 
represent a composite of design curves given in a previous paper.1 The 
dashed line shows the variation of cutoff frequency (3 decibels down 
in current amplification factor) with point spacing for transistors 

cn {/) 
If) w uj z 

-FREQUENCY CUTOFF (3db DOWN IN CURRENT 
AMPLIFICATION FACTOR) FOR TRANSISTORS 
HAVING RESTIVITY OF 1.2 TO 4 0 OHM- _ 

CENTIMETERS 
20 < 

5 2 
I □ 
R x 
u < 

POINT SPACING-MILS 

Fig. 2—Effect of variation of point spacing and germanium resistivity on 
frequency cutoff and equivalent base resistance. 

having a resistivity ranging from 1.2 to 4.0 ohm-centimeters. In a 
transistor having a resistivity of 1.2 ohm-centimeters, a spacing of 
1.0 mil, and an equivalent base resistance of 70 ohms, for example, a 
frequency cutoff of 15 megacycles can be obtained. If, for reasons to 
be discussed later, it is desirable to utilize a higher value of germanium 
resistivity, such as 3.3 ohm-centimeters, stability can be achieved at a 
spacing of 2.0 mils with a 100-ohm value of rb, but the frequency cutoff 
would be only about 3.0 megacycles. 

Although the curves included in this paper cannot be used as exact 
design data, their general shape serves as a guide to transistor design. 
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The curves were obtained by careful measurement of the resistivity 
of individual germanium specimens, and by variation of the spacing 
on each specimen to attain the separate resistivity curves. It is quite 
difficult, however, to maintain accurate point spacings, and measure- 
ment of the germanium resistivity is subject to some error. Because 
the transistors had to be formed electrically for each point on the 
curves, some error also arises due to the difficulty in reproducing the 
same forming conditions for each point. 

For most amplifier applications, it is necessary to consider power 
gain and current amplification as well as frequency response and 
stability. A point-contact transistor usually should have a low- 
frequency power gain of at least 17 decibels and a current amplification 
factor of at least 2.0. It is possible to achieve a 17-decibel power gain 
using practically any value of resistivity within the range from one 
to 15 ohm-centimeters provided appropriate point spacings are used. 
If germanium having a resistivity of 10 ohm-centimeters is used, power 
gains greater than 17 decibels can be obtained at spacings greater 
than 10 mils.3 When smaller resistivities are used, smaller spacings 
must be used to provide power-gain values of approximately 17 decibels 
or greater. When resistivities ranging from 1 to 5 ohm-centimeters 
and spacings of less than 3 mils are used, power-gain values greater 
than 17 decibels can usually be obtained for any combination of point 
spacing and resistivity. The small-signal power gain for radio- 
frequency applications, therefore, is not a serious consideration in the 
selection of a value of point spacing and resistivity. 

Transistors for Switching Circuits 

In the design of point-contact transistors for switching or counter 
circuits, the selection of point spacing and resistivity involves addi- 
tional considerations. Figure 3 shows the output characteristics of 
several typical developmental point-contact transistors. Collector 
current is plotted as a function of collector to base voltage for varying 
values of emitter current. The current amplification factor may be 
computed from the curves of Figure 3 by dividing an increment of 
collector current along a line of constant collector voltage by the cor- 
responding increment of emitter current. For most switching applica- 
tions, Ico, the collector current when there is no emitter current, should 
be as low as possible. In addition, the transistor should be capable of 
drawing a large amount of collector current at a low value of collector 
voltage when the emitter current is high. ace should be as constant 

3 B. N. Slade, "A High-Performance Transistor with Wide Spacing 
Between Contacts," RCA Review, Vol. XI, No. 4, p. 517, December, 1950. 

www.americanradiohistory.com

www.americanradiohistory.com


RCA REVIEW March 1953 

COLLECTOR MILLIAMPERES 
(0) 

COLLECTOR MILLIAMPERES 

RESISTIVITY « 40HM-CENTIMETERS SPACING =.002 INCH 
FREQUENCY CUTOFF s A MEGACYCLES 
f* =130 OHMS 

(b) 
COLLECTOR MILLIAMPERES -7-6 -5 -4 

RESISTIVITY = 2.7OHM -CENTIMETERS SPACING >.002 INCH 
FREQUENCY CUTOFF » 4MEGACYCLES rb= 90 OHMS 

(C) 

RESISTIVITY »l.4 OHM-CENTIMETERS 
SPACING =.001 INCH 
FREQUENCY CUTOFF . 12 MEGACYCLES 
rb =80 OHMS 

(d) 

RESISTIVITY =.4 OHM - CENTIMETERS 
SPACING = .001 INCH 
FREQUENCY CUTOFF » 12 MEGACYCLES 
rhr 40 OHMS 

3—Output characteristics of several developmental point-contact 
transistors: (a) before forming; (b), (c), (d), (e) after forming. 
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as possible over the entire range of collector voltages, and should 
generally be on the order of 2.0 or more. If the germanium resistivity 
is too low (on the order of 1 to 2 ohm-centimeters), it is difficult to 
obtain a high current amplification factor and still maintain a low 
value of collector current when there is no emitter current. This diffi- 
culty is due in part to the electrical forming treatment, which will be 
discussed later. 'Values of germanium resistivity greater than 3 ohm- 
centimeters permit higher current amplification factors with fairly 
low values of Ico. 

For switching circuits, it is not essential that the transistor be 
short-circuit stable. Eelatively small point spacings, therefore, may 
be used with germanium having higher resistivities. Even in switching 
circuits, however, the value of the equivalent base resistance is subject 
to some limitations. If extremely narrow spacings are used with very 
high resistivities, the value of rb may increase rapidly with increasing 
collector current because of the nonlinearity of the feed-back charac- 
teristic. In some cases, of a transistor may vary from a few hundred 
ohms to a few thousand ohms over a collector-current range of three 
milliamperes, as evidenced by the shape of the curves in Figure lb. 
The nonlinearity of the feed-back characteristic is much less pro- 
nounced when wider spacings or lower resistivities are used. If the 
speed of the switching circuits is not too high, therefore, wider point 
spacings and germanium having a higher resistivity may be used to 
achieve a low value of equivalent base resistance together with a high 
current amplification factor, and a low value of Ico. As shown in 
Figure 3, a transistor using germanium having a resistivity of 4.0 
ohm-centimeters and a point spacing of 2 mils would have an equivalent 
bafe resistance of approximately 120 ohms and a frequency cutoff of 
3 megacycles. A higher value of resistivity could also be used at the 
same spacing without the equivalent base resistance becoming excessive 
for this type of application. 

Transistor Oscillators 

Transistors normally will oscillate at frequencies much higher than 
the so-called "cutoff" frequency. For instance, a transistor having a 
frequency cutoff of 4 megacycles may oscillate at frequencies as high 
as 10 megacycles or more because the current amplification and the 
power gain at these higher frequencies is still sufficient to enable 
oscillations to occur. By utilizing point spacings of less than 0.001 
inch, it is possible to achieve cutoff frequencies of 30 megacycles or 
more, and thus make possible oscillations at even higher frequencies. 
With spacings of approximately 0.0005 inch, transistors can be made 
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which will oscillate at frequencies well above 100 megacycles.4 Ger- 
manium resistivities less than 2 ohm-centimeters can be used at these 
narrow spacings if low equivalent base resistance is desired. 

The material used for the point contacts greatly affects the tran- 
sistor characteristics. The use of phosphor bronze for the collector 
contact is desirable because this material responds well to the electrical 
forming process. In the transistors discussed in this paper, phosphor 
bronze was also used for the emitter contacts. Because the emitter is 
not electrically formed, however, other point materials such as tung- 
sten, steel, or berryllium copper can be used for the emitter without 
appreciably affecting major transistor characteristics. 

The electrical forming treatment is very important in the fabrica- 
tion of point-contact transistors. In a typical circuit used in the form- 
ing of transistors, as shown in Figure 4, a capacitor is charged to a 

voltage of approximately 200 volts and then discharged between the 
collector and base. The resulting surge of current causes a reduction 
in the collector resistance and an increase in the current amplification 
factor. Output characteristic curves for an unformed transistor are 
shown in Figure 3a and the output characteristic for the same tran- 
sistor after it has been formed, is given in Figure 3b. The value of 
Ico increases slightly after forming, and the current amplification 
factor increases considerably. The shape of the curves also changes, 
and ace becomes fairly uniform over the entire range from low voltages 
to the higher voltages. When the emitter current is zero, the collector 
draws only a few tenths of a milliampere; when the emitter current 

4 G. M. Rose and B. N. Slade, "Transistors Oscillate at 300 Mc," 
Electronics, Vol. 25, p. 116, November, 1952. 

5 J. Bardeen and W. G. Pfann, "Effects of Electrical Forming on the 
Rectifying Barriers of n- and p-Germanium Transistors," Phys. Rev., 
Vol. 77, pp. 401-402, February, 1950. 

Electrical Forming5 

— 200 
-f- VOLTS 

Fig. 4—Forming circuit for point-contact transistors. 
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is 2 milliamperes, however, the collector draws approximately 5 milli- 
amperes at a voltage of only 10 volts. 

This type of characteristic may be achieved by the repeated pulsing 
of the transistor by the capacitor-discharge method until the desired 
transistor characteristics are obtained, as observed on the oscilloscope 
of a curve tracer. The curve tracer may be switched in and out of the 
transistor circuit between discharges of the capacitor. The transistor 
can be pulsed to a desired operating point on the output characteristic. 
A calibration mark on the oscilloscope of a curve tracer can be set to 
this operating point. If, for example, a transistor is to be formed to 
the following operating point: emitter current = 2 milliamperes, col- 
lector voltage =—10 volts, collector current = —4.0 milliamperes, the 
calibration marker on the oscilloscope is set to this opei'ating point, 
as shown in Figure 3a. The output characteristic is then plotted as 
the collector is swept with an alternating-current voltage while the 
emitter current is varied in steps from zero to 2 milliamperes. As the 
capacitor in Figure 4 is charged and discharged, the zero-emitter- 
current curve rises slightly while the constant-emitter-current curves 
begin to spread out. The value of the capacitor or charging voltage 
may be increased as additional pulses are applied until the 2-milli- 
ampere emitter-current curve passes through the —10-volt and —4.0- 
milliampere point marked by the calibrating marker. 

The shape of the output characteristic obtained during the pulsing 
operation depends to some extent upon the germanium resistivity. If 
resistivities of about 2 ohm-centimeters or more are used, the shape 
of the characteristic curve approaches that of the plate characteristic 
curve of a pentode-type vacuum tube. When larger values of resistivi- 
ties are used, Ico may be decreased. When resistivities much smaller 
than 2 ohm-centimeters are used, it is often difficult to achieve values 
of ace much greater than 2 and maintain low values of Ico. A "short- 
circuit-stable" transistor having a cutoff frequency of approximately 
15 megacycles would have the output characteristic shown in Figure 
3d, because germanium having fairly low resistivity would be used. 
Figures 3b through 3e indicate types of output characteristics that 
can be obtained with different germanium resistivities. Typical values 
of frequency cutoff and equivalent base resistance are given for each 
curve family. 

Effect of Ambient Temperature 

An important consideration in the design of point-contact tran- 
sistors is the dependence of transistor characteristics upon variations 
in ambient temperatures. As ambient temperatures are increased, the 
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equivalent circuit resistances decrease, in some cases to an intolerable 
degree. The amount of change that may be tolerated depends upon 
the application. As the ambient temperature increases from room 
temperature (250C) to 60oC, rc, rb, and rc tend to decrease while ace 

tends to increase. rc changes most rapidly, and becomes very low at 
temperatures greater than 60 0C. At elevated temperatures, however, 
the increase in ace tends to compensate for the decrease in rc, and the 
power gain is kept fairly constant. For small-signal applications, there- 
fore, changes in ambient temperatures may not be too serious up to 
temperatures of 50 or 60 0C. For large-signal applications, however, 
large changes in Ico are very serious, particularly in switching circuits. 

The temperature problem in small-signal circuits is alleviated some- 

DEGREES CENTIGRADE 

Fig. 5—Effect of variation of ambient temperature on collector 
current when there is no emitter current. 

what because the temperature dependence of point-contact transistors 
decreases as the germanium resistivity decreases. Figure 5 shows a 
curve of Ico versus ambient temperature for three different values 
of resistivities. When germanium having low resistivity is used, Ico 

is less dependent upon temperature changes and the temperature at 
which the transistor may satisfactorily operate is extended beyond 
600C. The curves of Figure 6 show the variation of gain, re, and 
with ambient temperature for developmental transistors having vary- 
ing values of germanium resistivity. The dependence of the low- 
resistivity transistors on temperature is considerably less than that 
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RESISTIVITY (OHM-CENTIMETER ) = 4.7 

40 60 80 100 
AMBIENT TEMP—DEGREES CENTIGRADE 

RESISTIVITY (OHM— CENTIMETER)^ 1.1 

40 60 80 100 
AMBIENT TEMP-DEGREES CENTIGRADE 
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RESISTIVITY (OHM-CENTIMETER) = 4.7 
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AMBIENT TEMP-DEGREES CENTIGRADE 

Fig. 6—Effect of variation of ambient temperature on current amplification 
factor, power gain, rb, and rc of developmental point-contact transistors. 

of high-resistivity units. Thus, the temperature characteristics of the 
device may also be controlled to some extent by the proper choice of 
germanium resistivity. 
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TERMINOLOGY AND EQUATIONS FOR LINEAR 

ACTIVE FOUR-TERMINAL NETWORKS 

INCLUDING TRANSISTORS- 

By 

Summary—With the advent of transistors, considerably greater usage 
has been made of linear active four-terminal network theory. Some of this 
usage has been complicated because of differences in terminology. In this 
paper a unified system of nomenclature is developed for a linear active four- 
terminal network, and this system is then applied to transistors. It is 
hoped that this paper will serve as a step towards a standard system of 
nomenclature. 

Section I deals with the general properties of a linear active four- 
terminal network. Section II is devoted to a tabulation of circuits associated 
with transistors. Several quantitative examples of the application of mate- 
rial in Sections I and II to transistor circuits are given in Section III. 

Section I—Linear Active Foue-Terminal Networks 
and Equations 

IN GENERAL, any linear active four-terminal network (Figure 1) 
is characterized by two equations which interrelate the currents 
and voltages at its input and output terminals. These equations 

may be written in either nodal or loop equation form. 

A. Circuit ivith Associated Generator and Load, and Equations 

L. J. Giacoletto 

Research Department. RCA Laboratories Division, 
Princeton. N. J. 

I 2 
O 

ACTIVE 
TRANSDUCER 

O 

Fig. 1—General active transducer circuit. 

Notlal Equations 

h = 2/ii^i + Vi-'V, 

l-i = 2/21^1 + VT-V-J 

Loop Equations 

V1=zuIl +zvJ.2 

V-j = z.2lIi + z2.J., 

* Decimal Classification: R282.12. 
28 
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B. Definition of Transducer Parameters 
The above circuit equations, which completely describe the small- 

signal operation of the transducer, also serve as a guide to defining 
the parameters. Thus, for example, if V., = 0, i.e., the output is shorted, 
then yu = I^/\\ defines as the input admittance when the output 
is shorted. Continuing in this manner all of the parameters may be 
similarly defined. 

Nodal 

V\i = 011 + i&n 
= input admittance with out- 

put shorted 

V12 = S,J2 + ib12 
= reverse transfer (feedback) 

admittance with input 
shorted 

Vi\ = On + ^21 
= forward transfer admittance 

with output shorted 

2/22 = f 22 + ib22 
= output admittance with in- 

put shorted 

z,,, = 

Loop 
: rn + ixn 
input impedance with output 
open 

: r12 "t" ^12 
: reverse transfer (feedback) 
impedance with input open 

7*21 + 3X21 
forward transfer impedance 
with output open 

»"22 + ix22 
output impedance with input 
open 

C. Transformation Equations 
In general, the parameters within each pair of equations are inde- 

pendent of each other. The two sets of parameters, however, are related 
by the following transformation equations; 

Nodal 

2/11 = Z22/&z 

2712 = —Z12/A. 

2/21 = —«2l/A2 

2/22 = ^llA: 

I ^21 ^22 

lzll *^12 
A. = 1^'22 ^12^21 

Loop 

Zn = y22/\ 
z12 = 2/12/ 

221 = —y2i/\ 

222 = 2/11 Ay 

i2/ii 1/12 

2/21 2/22 
: 2/112/22 —2/122/21 

D. Definition of Amplification Factors 

In addition to the parameters already discussed, it is convenient 
to define various amplification factors which serve as indexes of 
performance. Since the network may, in general, be bilateral, each 
factor must be defined in the reverse as well as in the forward direction. 
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Current Amplification Factors—The current amplification factor 
is defined as the ratio of the negative current at one pair of shorted 
terminals to the current introduced at the other pair of terminals. 

"21 = forward current amplification factor 

= ratio of the negative current at the shorted output terminals to 
the current introduced at the input terminals. 

"12 = reverse current amplification factor 

= ratio of the negative current at the shorted input terminals to 
the current introduced at the output terminals. 

Voltage Amplification Factors—The voltage amplification factor 
is defined as the ratio of the voltage at one pair of open terminals to 
the voltage applied to the other pair of terminals. 

^21 = forward voltage amplification factor 

= ratio of the voltage at the open output terminals to the voltage 
introduced at the input terminals. 

,u12 = reverse voltage amplification factor 

= ratio of the voltage at the open input terminals to the voltage 
introduced at the output terminals. 

Power Amplification Factors—The power amplification factor is 
defined as the maximum power amplification in a given direction when 
the transfer impedance or the transfer admittance in the opposite 
direction is zero. These factors are introduced here for the first time. 
It is believed that the forward power amplification factor in particular 
may be more useful than either the forward current or the forward 
voltage amplification factor as a single index of performance. 

4>2i = forward power amplification factor 

= maximum power amplification from the input to the output 
terminals when the reverse transfer (feedback) impedance or 
the reverse transfer (feedback) admittance is zero. 

4>i2 = reverse power amplification factor 

= maximum power amplification from the output to the input 
terminals when the forward transfer impedance or the forward 
transfer admittance is zero. 

E. Equation for Amplification Factors 
The amplification factors can be readily determined in terms of 

the impedance or admittance parameters already defined. 
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Nodal 

a21 = —V2\/Vl\ 
a12 ' ' 2/l2/2/22 

^21 = " 2/2l/ 2/22 

^12 — 2/l2/2/ll 

l2/2l|2 
f/)21 

t/)^ = • 

Loop 

^21 ==: Z2l/Z11 

/i12 = ^12/^22 

0^21 - ^21/^22 

<*12 ~ ;2:12/^11 

!^2il2 

4fl,ll9,22 

I2/12I2 

4^11.922 

^>21 

<^>12 : 

4rnr22 

N12I2 

4r1jr22 

F. Input and Output Impedances 

The input and output impedances of the transducer under circuit 
conditions are, of course, dependent on the actual load and source 
impedances respectively. These impedances are readily determined 
by conventional analysis and are given by 

Nodal 

lit = 91 + jbf = input admittance 

2/122/21 
= 2/11  

2/22 + Yi 

Vo = ffo + foo = output admittance 

2/122/21 

loop 

: rl + jxt = input impedance 

^12^21 

— y22—' 

Z22 + Zj 

zo~ ro + ixo = output impedance 

212*21 
= Zn 

2/ll ^ll + Zg 

G. Amplification under Arbitrary Conditions 

The values of amplification for arbitrary values of generator and 
load impedances are given by the following equations. Note that volt- 
age amplification as defined in Reference (7) is only the magnitude of 
voltage amplification defined below. 

Nodal 

Forward Current Amplification 

2/21^ 

2/11 (2/22 + ^i) — 2/122/21 

Loop 

Forward Voltage Amplification 

Z2lZl 

*11 (*22 ^0 *'12^'21 
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Reverse Current Amplification 

  

fe(2/ll + Y!l) —2/1-2/21 

Reverse Voltage Amplification 

222(2ll + Z,,) — Zy.Z.,x 

Forward Voltage Amplification Forward Current Amplification 

2/21 Z21 

2/22 + Yi 

Reverse Voltage Amplification 

2/12 

2/11 + Y,, 

Forward Power Amplification 

2/21 I 2 G, 

2/22 + ^1 

Reverse Power Amplification 

2/12 

2/ll + 

2 G„ 

So 

Z22 "f- Zi 

Reverse Current Amplification 

2io 

5:ii + Zg 

Forward Power Amplification 

J ^21 \2 R, 

1 222 + I '"i 

Reverse Power Amplification 

I 2,0 I- /?„ 

I ' r„ 

/f. Equation for Conjugate Impedance Match 

The maximum power amplification is obtained when the generator 
and the load impedances are the conjugate of the input and output 
impedances respectively. 

Let 

Gs 

Bn = 

Nodal 

312921 — ^12^21 

011022 

^12021 — &2l£'l2 

2011022 

Then 

Input Admittance 

Let 

R* 

x. 

Then 

Loop 

r12r2l — ^12^21 

7'l 1^*22 

^12^21 — ^21^*12 

^rllr22 

= (Jm\/^ — Gn — By2 

+ }(bn — 9iiBn) 

Input Impedance 
+ /On — ■'•nA.v) 

— riiV/l Rn 
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Output Admittance 

= GN BN- 
+ j (^22 922^11) 

Forward Power Amplification 

I3/21I2 

C1102212 + 2\/l Gn Bn
2 Gy] 

Reverse Power Amplification 

|2/l2|2 

(J i\9'2'2 + 2\/l Gn Gx] 

Output Impedance 

—' A,/1 ^ ,V ' A 
+ } (%2 — »'22^.v) 

Forward Power Amplification 

lZ2l|2 

^'ll^22 [2 ~1~ 2 v/1—/v y '--V y~ -Ky] 

Reverse Power Amplification 

f'i 1^*22 [2 ~1~ 2\/l—s' A'v^ Ba' I 

/. Equations for htmge Impedance Match 

The transducer is image impedance matched when the generator 
and load impedances are equal to the input and output impedances 
respectively. 

Nodal 

Input Admittance 

= 2/llVl — «12«21 

Output Admittance 

Loop 

Input Impedance 

= ^nVl — «i2«2i 

Output Impedance 

= 2/22V1 — «12«21 

Forward current amplification = • 

= 222X1 — Q:12a21 

a21 

1 + VI — a12a21 

Reverse current amplification = ■ 

Forward voltage amplification = 

Reverse voltage amplification 

"12 

1 + VI — a12a21 

^21 

1 + VI — «12a!21 

P-12 

1 + \/l — «12a21 

If all transducer parameters are real, 
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Forward power amplification 
«2i^21 

Reverse power amplification = 

(1 + \/l — a12a'2,i )2 

«12Ml2 

(1 + \/l — <X\2a2\ ) 2 

J. Equations for Iterative Impedance Match 

The transducer is iterative impedance matched if it is an element 
of an infinite number (or the equivalent thereof) of cascaded identical 
transducers. 

Nodal 

Let 

y 11 + 2/22 
Vm = — 

2 

Then 

Input Admittance 

= — y-22 + Vm 1 ± 

Output Admittance 

2/122/21 

= —2/u + 2/w 1 ± 
V1' 

2/122/21 

2/„ 

Loop 

Let 
zii +222 

2 

Then 

Input Impedance 

222 + 2,, 1 ± 
zv.z.., 

Output Impedance 

1 ± 
V 

1 —- 
212221 

The equations in Section I-G may be used to obtain the various 
circuit amplifications. 

K. Equivalent Circuits 

While formal manipulation of the admittance and impedance param- 
eters of a network will result in the correct algebraic expression for 
whatever quantity is desired, it is, nevertheless, convenient to be able 
to express the basic relationships of Section I-A in terms of an equiva- 
lent circuit. 

Two-Generator Equivalent Circuits—When two generators are 
used, as shown in Figure 2, the circuit follows directly from the 
equations of Section I-A. 

Single-Generator Equivalent Circuits—It is often desirable to 
express the network in terms of a single-generator equivalent circuit. 
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Ij nopal 12 Ij loop i2 

Fig. 2—Two-genei"atov equivalent circuits. 

This may be done in several ways. For example, may be separated 
into two parts: 

z.n = zv. + (z2l —Zy.). 

The basic equations then become 

Fl =2ii /j + 2,2 1-2 

V.=z12I1 +z.2.2I^ I + (z.n ~ Zj.) I, . 

The expressions to the left of the vertical line represent a passive net- 
work with a common mutual impedance. This network is representable 
by a T network. The remainder of the expression represents a voltage 
source. Hence the corresponding loop network (Figure 3) can readily 
be drawn. For an indication of the numerous other equivalent circuits 
that can be derived, see Eeference (3). 

Measurement of the actual parameters of a given network may be 
made by the methods outlined in References (4), (6), (8), and (9). 

NODAL LOOP 

Fig. 3—Single-generator equivalent circuits. 

Section II — Equivalent Circuits of Transistors 

A compilation of the more useful transistor equivalent circuits is 
given in the four charts on pages 36-39. Included with the circuits 
are the amplification factors and the transformation equations which 
enable one to go readily from a nodal- (or loop-) derived equivalent 
circuit to any other nodal- (or loop-) derived equivalent circuit. How- 
ever, in order to go from a nodal to the corresponding loop-derived 
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NODAL-DERIVED EQUIVALENT CIRCUITS 

(/) z o 
COMMON EMITTER COMMON BASE COMMON COLLECTOR 

^b"ybbe^be"^ Vbce^ce 
I = v V + v V c 'cbe be 'cce ce 

"Veeb ^eb"^" yecb^cb 

Ic "Vceb ^eb"^" Vccb ^cb 

^b "ybbc^bc"^ ^bec ^e< 

"^ebc ^bc^^eec ^ec 

0 
1 

O 
\— 

IN 2N 3N 

FORWARD REVERSE 

a: 
o \- 

< 

d'cb = Ycbe 
Vbbe 
Vcbe 

/Xcb= Ycce 

^cb-* 
1 Ycbe' 

^hi 

Ybce 
Ycce 
Ybce 
Ybbe 

2 
__l^bce|_ 
^bbe ^cc« 

dbc=~ 

Mbc" 

^cgb 
ce" Yeeb 

Yceb 
/ice= Vccb 

2 
lypebl 

Ce'4%Ph 

^ec= 

^ec i 

_ Vecb 
Yccb 
Yecb 
Yeeb 

2 
1 Yecb' 

<ieb = 

^■eb" 

Ye be 
Ybbc 
Ye be 
Yeec 

2 
I Yebc' 

' 4%bc ge. 

^be" 

Mbe = " 

*be=. 

Ybec 
Yeec 
Ybec 
Ybbc 

2 
' Ybec' 

^9bbc ^eec 

01 
z o 
I- < 3 
o 

Ybbe= eYbe^ eYbc 
^bce" e^bc 
Ycbe" 6^111 e^bc 
Ycce= e Yce"^" e Ybc 

(5N)-^(2N) 
Yeeb" bYeb "'"bYec 
Yecb" bYec 

Yeeb" b ym byec 
Yccb" b Ycb^ b Yec 

(6N) —(3N) 
Ybbc" cYbc ^ cYbe 
^bec' c^be 
Yebc" c Ym - cYbe 
Yeec " c Yec"'" c Ybe 

2N 
Vbe=-Veb ;Vce=Vcb-Veb 

Ybbe ~ yeeb^yecb^ yceb^yccb 
Ybce " — ^ Yccb"^" Yecb^ 
ycbe ~ ^ yeeb^ yceb^ 
Ycce' yccb 

(3N^(2N 
vAh=vAr-v, eb"vec vbc' ^cb~ ^bc 

Yeeb " Yeec 
Yecb " ^ yeec ^ yebc ^ 
Yeeb " ^ yeec ^ ybec ^ 
Yccb " Ybbe^ybec^yebc^yeec 

^N)-(3N) 
Vi. =Vi. -V 'V = -v ybe be ce » Yec ce 

Ybbc " ^bbe 
Ybec " ~ ^ Ybbe ^ Ybce ^ 
Yebc' ^ Ybbe"'" Ycbe ^ 
Yeec ' ybbe"^ebe^bce^ ece 

3N IN 

Ybbe " ^bbc 
Ybce " Ybbc Ybec ^ 
Ycbe" ^ ybbe^ yebc^ 
Ycce " Ybb^Ybec^Yebc^Y eec 

Veb=-Vbe ■.Vcb=VCe-Vbe 

Yeeb " Ybbe^Yebe^ybce^ycee 
Yecb" Ycce^ Ybce ^ 
Yeeb~ ^ ycce^" ycbe ^ 

2N 3N 

Ybbc yeeb ^yecb^yceb^yccb 
Ybec" —^ Yeeb^Yceb ^ 
Yebc" ^ Yeeb^ Yecb ^ 
yeec " yeeb 

Chart 1—Transistor Circuits and Equations 
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NODAL-DERIVED EQUIVALENT CIRCUITS 

COMMON EMITTER COMMON BASE COMMON COLLECTOR 

^■b^Vbe^e Vbc^be eVbc ^ce 

'^eyrrTe ybc^Mje^^yce^e^bc^c* 

^e~^b Veb"^ bVec ^eb bYecVcb 

byec^Veb^^bycb^byec^X:b 

^b= (cYbc^c Vbe^M^c cybeVec 

~ y m-c Vbe* Mjc^" ^cVec^c V hef^ec 

REVERSE REVERSE 

^b2 e^bc 
e^be^e^c 

(*'txr+' eVbc bym'bVec 

__ e^m e^bc 
eice^eybc H*c=' 

^be^e^bc 
e ^bc 

6^36^6^)0 

b^eb^b^ec 
__ b^m~b^ec 

bycb^bVec 

byec 

Mce"' HtxT 

b ^cb^b^ec 
b^ec 

- 

b^eb^bXec 

^bc^c^be 
., c^m'c^be 

cyec^c^be 

^be=+- 

H-be1 r + 

•   * eVm "eVbc* 
Cb 4(e9be',-e9bc"egce+

e9bc 

'bym byec' 
^bQab^bQecX b9cb^'b9 ec^ 

^bc" 
I e y be' 

^U^b^c^bc^e^ce^e^bc^ ^ec" * bysc1 

ec ec ^ 

cybe 
^ec^c^be 

c^be 
Vec4- c^be 

A* - *cym~cybe^2 

,   lc Vbsl2   
'^e_i(£qbdl-cgbe)(cqe(i cgbe) 

< 
q: O 

^N)^(4N) 
e^be ~ ^bbe ^bce 
e^bc * ^bce 

e^ce " ycce "^ybce 
eym " Ycbe "Ybce 

(2N)—(5N) 
b^eb "^eeb Xecb 
b^ec ~ ^ecb 
b^cb " yeeb ^ ^ecb 
bym " yceb ~ yecb 

(3N)—(6N) 
c^bc "^bbc ^ ^bec 
c^be ^bec 
cYec = Yeec "^ybec 
cym " Yebc "Ybec 

(SN) —(4N) 
vbe= "Veb ; Vce = Vcb-Veb 

e^be ~ byeb^bym 
eYbc " bycb 
eyce " byec 
eym ~""bym 

(6N) 
V,K=V„-V, 

5N) 
,eb~vec~^bc' M:b ~ 
b^eb " c^be- c^m 
b yec= cyec^cym 
b Ycb" cybc 
b Ym " cym 

(4Nj —(6N) 
Vu — Vu -V 1 vbc vbe vce V = -V 

c^bc" e^bc 
c^be" e ^be 
cyec= eYce^e Ym 
cym" "eym 

(6N)---(4N) 
v. =vw -v : v = -v be be ec ' ce ec 

eybe "cybe 
eybc " cybc 
eYce " c^ec cym 
e^m 

(4Nj —(5N) 
/ = -V • > eb be » 

bYeb " eybe^eym 
bYec "eYce 
bXcb " eybc 

b^m e^m 

(5N)^(6N) 
Vbc=-Vcb-.Vec=Veb- 

cYbc " bycb 
cYbe "bYeb ^m 
cYec = bYec "bym 

c^m " b ^ m 

Chart 2—Transistor Circuits and Equations 
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LOOP-DERIVED EQUIVALENT CIRCUITS 

CO 
z o 
H- < 3 O UJ 

COMMON EMITTER COMMON BASE 

^eb~ ^eeb ^'zecb^c 

^cb~zceb ^zccb^c 

COMMON COLLECTOR 

O 
5S 

(/) 
en 
o 
o < 

2L 3L 

1 zbbe< ^'•cce 
Vbe +T T+ Vc< 
| Zbce^c^] i^cbe^-b ] 

^ Zeeb ^ < ̂Zccb J 
^eb [+ vc 

1 zecb^ci? s r^ceb^e | 

p—V 
v- t * r: > zbec^ej|^ ^jjfebc^b | 

c^cb 
zcbe 
zcce 
Zcbe 

I Zcbe1 

dbc= 
zbce 

_ , bee 
Zcce /^ce 

'Zbce' 

'xeb 
+ 

zceb 
zeeb 

2 
'zcebl 

be 4r. . ce"4reeb rccb 

Mec" 

zecb 

zecb 
Zccb 

2 
' Zecb' 

d-elf + " 

/^eb" 

<^ec ^reeb rccb 

Zebc 
zeec 
zebc 
zbbc 

2 
' ZphrJ 

yeb 4rhl 

, zbec 
"zT.r ^bbc 

zbec 
Atbe-+ ~z ^ ^eec 

2 
I Zbec' 

^rbbc reec 

en 
2 O 
h- 
< 
3 O 

o 
h- < 
5 
cr 
o Li- en 
z < cr 

^bbe" ezb eze 

zcbe" ezm«ze 

(5L)^(2L) 
zeeb-bze ^'bzb 
zecb"bzb 
zceb~ bzm bz b 
Zccb21 bzc bzb 

(6L)^(3L) 
zbbc c zb "■ czc 

ebc'cm c c 
zeec= cze ''"czc 

0^0 
VK.= -V,h ; V, vbe veb » ^ce'^cb ^eb 

zbbe ~ zeeb 
zbce ' zeeb - zecb 
zcbe~zeeb ceb 
zcce ~ zeeb'zecb~zceb+zccb 

QL)-(2L) 
Veb=Vec-Vbc; Vcb=-Vbc 

zeeb ~zbbc~ zbec zebc zeec 
zecb' zbbc-zebc 
zceb "zbbc~z bee 
zccb = zbbc 

©^0 
bc"^be_^ce » ^ec~~^ce 
zbbc =zbbe~zbce~zcbe+zcce 
zbec "zcce—zbce 

'eec ^cce 

@-0 
Vbe" ^bc Vbc ^ce " ^ec 

zbbe " ^bc'^bc ^ec^^ei 
zbce "zeec~zbec 
zcbe~zeec zebc 
*-cce ^-eec 

0^0 
Veb—Vbe Vcb-Vcf-Vbt 

zeeb" zbbe 
zecb~ zbbe zbce 
zceb" zbbe_zcbe 
zccb= zbbe~zbce~zcbe+zcce 

vbc=-vcb ; v =v, ec" eb cb 
bbc ccb 

zbec = zccb ~zceb 
zebc " zccb ~zecb 
zeec = zeeb~zecb~zceb"t2ccb 

Chart 3—Transistor Circuits and Equations 
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LOOP-DERIVED EQUIVALENT CIRCUITS 

COMMON EMITTER COMMON BASE COMMON COLLECTOR 

V^bVeVVe ^ 
Vce=(ezm+eze)Ib+(ezcVe)Ic 

%b'^bze ^bzb^e'^bzb 
Vcb=(bzm-+-bzb'Ie+(bzc+bzb'Ic 

V(CZb+CZC)Ib+CZC ^ 

^ec"^m^ czc^b^tze"'"czc^e 

FORWARD REVERSE 

ezc + eze ezb'^ eze dci bzm"^ bzb 
bzc + bzb dec" b^b 

bz0+ bzb 
czm"^c zc 

ezm^eze 
eZb+eZe ezc + eZe 

bzm^bzb 
bze + bzb 

_ bzb 
^ bZc+ bZb 

_ cm1 c c 
aeb' cZe+cZc 

czm"^c zc 

, _ c zc ibf cZb+cZc 

czc 
^ cZe+cZc 

i 1 cZm^c Zc 1  
eb 4(crb+crc)(cre+crc) 

I  'cZc I  

ezm'^e z e ' 

^bc 

rb "^"e "^"e re ^ 
I eze I2 

4(erb VeVc+ere) 

lbzm'^ bz b' 

_ c^m ■ c c 
^ CZb+cZc 

4(bre','brb'(brc+brb' 
'bZb I 

■VeVbVcVb' 

C/) 
z o 
Y— < ID O 

ezb = zbbe z bee 
e ze :: zbee 
e zc " zcce _ zbee 
ezm = Zcbe -zbee 

(2L)^(5L) 
bze = zeeb - zecb 

= z« b b eeb 
Zr =Zrru-Z, bzc eeb ^eeb 

bzm "zceb zeeb 

(3L)~(6L) 
czb _zbbc zbec 
cze =zbee 
cze =zeee —z bee 
czm =zebe —zbee 

(5L)^(4L) 
Vbe

=-Veb 1 Vce=Vcb-Veb 
ezb " bzb 
eze ~ bze 
ezc = bzc "t^m 
ezm= ~ bzm 

(6L)^(59 
Veb-Vec-Vbc'- Vcb=-Vb, 

bze " cze 
bzb = czb~czm 
bze ~ czc^czm 
bzm ' c zm 

(4L)^(6L) 
= v. -v : v =-v be be ee 1 ee c« 

czb " czb_ezm 
ezc = ezc 
cze " eze 
czm = ~e zm 

(6L)^(4L) 
Vbe=Vbc-Vec ; Vce = -Vei 

(4L) 
V„K= -v, 

5L 
V.h=v,„-vh be > veb vee 

ez b "czb czm bze eze 
eze =cze bZb = ezh 
eZe =cz e e = e zc 
e zm cz m bzm ""ezm 

(5L)^(6L) 
Vbc^-Vcb'. vec=veb-ycb 

czb ~ bzb'''bzm 
cze " bze—bzm 
eze = bze 
ezm"b z m 

Chart 4—Transistor Circuits and Equations 

www.americanradiohistory.com

www.americanradiohistory.com


40 RCA REVIEW March 1953 

equivalent circuit, or vice versa, the transformation equations of Sec- 
tion I-C are required. 

The notation used in this tabulation was chosen in order to avoid 
ambiguity among the various circuit parameters. When applied to 
the two-generator equivalent circuits, this notation basically consists 
of the conventional two-letter subscript. To this conventional notation 
a third subscript has been added which designates the common terminal 
between the input and output circuit. Thus z^,. is the base self im- 
pedance of the transistor in a common-emitter circuit, and is the 
transfer admittance to the collector from the emitter in a common- 
base circuit. If only one circuit connection is being considered, or if 
no ambiguity arises, the last subscript designating the common elec- 
trode may be omitted. 

When applied to the single-generator equivalent circuit, a pre- 
subscript designates the common electrode between the input and out- 
put circuits. For the 7r-equivalent or nodal-derived network, admit- 
tances are used with the two postsubscripts designating the terminals 
between which the admittance is located. Thus cybe is the admittance 
between the base and the emitter in a common-collector circuit. For 
the T-equivalent or loop-derived network there is one node in common 
with all the elements of the T. Thus only one postsubscript is necessary 
to designate the terminal to which the impedance is connected. Ac- 
cordingly 620 is the impedance in a common-base circuit between the 
collector and the center of the T. In both the tt and T networks, the 
generator parameter is designated by the subscript m. If only one 
circuit connection is being considered, or if no ambiguity arises, the 
presubscript designating the common electrode may be omitted. 

When it is desirable to use admittances in place of impedances, or 
vice versa, ambiguity may be avoided by using reciprocal notation. 
Thus, l/yeeh is the emitter self impedance in the two-generator, com- 
mon-base, nodal-derived, equivalent circuit, and l/e2m is the generator 
admittance in the single-generator, common-emitter, loop-derived, 
equivalent circuit. 

Section III — Illustrative Calculations 

Consider a junction transistor in a common-base circuit for which 
the following low-frequency, open-circuited, impedance measurements 
have been made: 

Zn = zeell — 199 ohms, 
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zi2 — zecb = 182 ohms, 

2l;i = zcci> — 0.503 megohm, 

z2-> = zccb — 0.5145 megohm. 

Ie| 

t eo , | Oc +■ 
zccb = 0.5l45M^ 

1+ ^eb 
'ecb Ic= 182 IcCJ (^)zcebIe=0 503 «l06Ie 
 O _ 

Fig. 4—Two-generator, loop-derived, common-base equivalent circuit. 

The two-generator equivalent circuit (2L) of Section II is shown 
in Figure 4. Using the values shown in Figure 4, the amplification 
factors can be computed from Section l-E. 

/'•21 l^ce zceb/zecb — 2,530, 

lJ-)2 = IJ-ec = zecb/zccb = 354 X 10-B, 

<X'2i zceh/zccb 0.97T, 

tti2 ocec 
Zecb/Zeeb ' 0.915, 

\zceb\2 

SPai = fee :  = 020, 
^ ^ eeb ^ccb 

\zccb\2 

912 = fro =   = 81 X 10-«. 
^ ' ecb ^ rcb 

Since all elements are real, the image match equations of Section 
I-/ can be used. Thus the input and output match impedances are 

Input Impedance = zeeb \/l — aec ace = 64.8 ohms, 

Output Impedance = zccb \/l — aec. ace = 167,000 ohms, 

and the amplification values for the image-matched condition are 
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Forward current amplification =  — —0.737, 
1 ~l" \/l aec ^ce 

^ec 
Reverse current amplification = ~ = —0.690, 

1 "f" \/l Wee ^ce 

Mce 
Forward voltage amplification —  = 1,910, 

1 "I" \^1 (*!;<• ace 

f-cc 
Reverse voltage amplification =  - = 267 X 10-6, 

1 + VI — ace 

l^ce 
Forward power amplification =  -— — 1,408 

(1 "}- \/l oi.ec &ce) 

= 31.5 decibels, 

aec l^ec 
Reverse power amplification =  -—= 1^4 X 10- . 

(1 "h \/l ^ec 

The one-generator equivalent circuit can be obtained by using the 
(2L) —>- (5L) transformation equations of Section II. Thus, 

b^e — ^eeh ^ecb ohms, 

hzb = zecb = 182 ohms. 

hze = zccb - zecb = 0.5145 megohm, 

bzm = zceb - zecb = 0.503 megohm. 

so that the equivalent circuit (5L) of Section II is that shown in 
Figure 5. 

Ie L z _ = 17 -A- b2c = 0.5I45M -rL 

+ e 
DC L) ^ -v 
-WWA j— vwws/ ^v_y+ 'i0 + 

bzinV0-503* 106 re 

-o - 

Fig. 5—Single-generator, loop-derived, common-emitter equivalent circuits. 
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If the common-emitter, one-generator, equivalent circuit is desired, 
the (5L) (4L) transformation equations of Section II are used. 
Thus, 

^be V eb> 

Vce = vcb-veb, 

0zb — hzb =182 ohms, 

eze --- hzc = 17 ohms. 

ezc = )/'c — hZM = 11.5 K ohms, 

A, = ~bzm = —0.503 megohm, 

so that the equivalent circuit (4L) of Section II is that shown in 
Figure 6. 

A. 
+ b O- 

l 
\ 

- O  

ezb = 
-wvwv  -ra -O c 

2m 1^-0.503x106 1, 

-O — 

Fig. 6—Two-generator, loop-derived, common-emitter equivalent circuit. 

If the common-collector, one-generator equivalent circuit is desired, 
the (5L) ->- (6L) transformation equations of Section II are used. 
Thus, 

^bc Vch* 

^ec V eh F cbf 

czb = bzb + hzm = 0.503 megohm, 

czc = bzc — hzm = 11-5 K ohms. 

cze = bze = 17 ohms, 

czm = bzm — 0.503 megohm, 
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so that the equivalent circuit (6L) of Section II is that shown in 
Figure 7. 

lb 
+ bO- -vwwv  o -O e + 

6 

'be -~vcb 
c2 m lb50 503 ^ 10 Ib 

vec" veb ~ vcb 

 O - 

Pig. 7—Single-generator, loop-derived, common-collector equivalent circuit. 

The amplification factors and the circuit amplifications for the 
common-emitter and the common-collector circuits will of course be 
different from those values computed above for the common-base cir- 
cuit. The appropriate equations can be used to compute the new values. 

If a nodal-derived equivalent circuit is desired, the transformation 
equations of Section I-C must be used. Thus, suppose that the common- 
emitter, one-generator, equivalent circuit (4N) of Section II is desired. 
There are several different successive transformations that can be 
employed to arrive at circuit (4N). The following successive trans- 
formation will be employed: (2L) -> (1L) (IN) (4N). Thus, 
(2L) (1L) 

Vbe Vehf 

v = y . — y , v ce v cb r coy 

Zl,be = Zecb = iSS ohms, 

Zbce = zeeb — = 17 ohms. 

zcbe = zeeb ~~ zceh = —0.503 X 10° ohms, 

zcce = zeeb — zecb — zccb + zecb = 11.5 X 103 ohmS, 

and (1L) -> (IN) 

= zbbezcce — zbcezcbe = 10-84 X 1 0° ohm-, 

Vbbe = zooe/Az = 1-06 X 10-3 mho, 

Vbce = —zbCe/Az = —1-568 X 10-c mho, 

Vcbe = —zcbe/^ = 0.0464 mho. 
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Vcce = Zbbe/&z ~ 18.37 X lO"6 mho. 

Finally, (IN) —>- (4N) 

eVbe = Vbbe + Vbce = i-059 X lO"3 mho, 

eVbc = —Vbce — 1-568 X 10-° mho, 

■Vce = Vcce + Vbce = I6-8 X 10-c mho. 

eVm = Vcbe — Vbce = 0.0464 mllO: 

so that the equivalent circuit (4N) is that shown in Figure 8. 

Fig. 8—Single-generator, nodal-derived, common-emitter equivalent circuit. 
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THE UNIAXIAL MICROPHONE :: 

By 

Harry F. Olson, John Preston, and John C. Bleazey 

Research Department, KCA Laboratories Division, 
Princeton, N. J. 

Summary—A small unidirectional microphone has been developed with 
the following features: maximum sensitivity along the axis of the micro- 
phone; a high ratio of electrical output to size; a sharper directivity pattern 
than a cardioid; a directivity pattern that is independent of the frequency; 
a hlastproof vibrating system. The high discrimination which this micro- 
phone exhibits to sounds which originate from the sides and rear makes 
it particularly suitable for long distance sound pickup in radio, television, 
sound motion pictures, and sound reinforcing systems. 

Introduction 

THE general trend in microphones for use in television is in the 
direction of smaller and more unobtrusive units. One of the first 
high-quality units of this type was the small "Bantam" velocity 

microphone.1 Another example is the "Starmaker," a nondirectional 
pressure ribbon microphone.2 However, for boom use and other long 
distance pickup applications a directional microphone is required. The 
"77D" unidirectional microphone is almost universally used for these 
applications. This microphone was developed almost ten years ago. 
Over this period, research and development work has been carried on 
with the objective of improving the acoustic and magnetic systems of 
microphones. An example, incorporating some of these developments, 
is the "Starmaker" microphone referred to above. A review of the 
unidirectional microphone indicated that it would be possible to reduce 
the size and improve the directivity. Furthermore, a new requirement 
was a blastproof vibrating system capable of withstanding blast from 
guns, pistols and small explosions. This review also indicated that a 
blastproof feature could be incorporated. The vibrating system which 
appeared to be the most suitable for obtaining the above enumerated 
features was one similar to that used in the Starmaker. In the uni- 
directional form this system has been termed the uniaxial microphone 

* Decimal Classification: R385.54. 
1 L. J. Anderson and L. M. Wigington, "The Bantom Velocity Micro- 

phone," Audio Eng., Vol. 34, p. 13, January, 1950. 
2 H. F. Olson and J. Preston, "Unobtrusive Pressure Microphone," 

Audio Eng., Vol. 34, p. 18, July, 1950. 
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Fig. 1—Front and side views of the motor of the uniaxial microphone. 

because the maximum sensitivity corresponds to the axis of the system. 
It is the purpose of this paper to describe the uniaxial microphone. 

Theory 

The motor selected for this microphone is shown in Figure 1. 
Among the advantages of this motor is the simple and efficient mag- 
netic structure. Simplicity is accomplished by the use of a small 
number of easily machined parts. High magnetic efficiency is obtained 
due to the small leakage inherent in magnetic designs of this type. 

The next consideration is a blastproof system. A typical sound 
wave produced by the firing of a gun is shown in Figure 2. The total 
time depends upon the type of gun. It appears to range from 1/20 to 
1/40 of a second from a .45- to a .22-caliber gun. The low-frequency 
components of this wave are not reproduced through the complex chain 
of elements which constitute the sound channel in recording or broad- 
casting. However, these low-frequency components in the blast pulse 
produce the large deflections in the ribbon and stress it beyond the 
elastic limit and thereby introduce a permanent deformation in the 

Pig. 2—A graph of the sound wave produced by the firing of a gun. 
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ribbon. What is required is a system which will reduce the low-fre- 
quency amplitude of the sound pressure delivered to the ribbon. 

The sound pressure delivered to the ribbon in the low-frequency 
range can be reduced by the use of an acoustical resistance placed over 
each side of the ribbon as shown in Figure 3. The acoustical circuit 
is also shown in Figure 3. The components of the acoustical impedance 
of the elements of the system shown in Figure 3 are shown in Figure 4. 
These components are as follows: 

The acoustical resistance is 

fA ~ ^A1 + rA2 , (1) 

SECTIONAL VIEW 

rAj M Ca ^A2 
Pi —vw——I hwv— P? 

ACOUSTICAL CIRCUIT 

Fig. 3—Sectional view and acoustical circuit of a simplified vibrating system 
of a uniaxial microphone to show the effect of the blast baffles. In the 
acoustical circuit: p1 is the sound pressure on the front of the microphone; 
rn and ni;. the acoustical resistances of the blast baffles; M and C.i the 
inertance and acoustical capacitance of the ribbon; and Pz the sound pres- 

sure on the back of the microphone. 

where rA1 = acoustical resistance of the screen on the front of the 
ribbon, 

rA2~ acoustical resistance of the screen on the back of the 
ribbon. 

The positive acoustical reactance of the ribbon is given by 

XAM = 2-KfM, (2) 

where M -= inertance of the ribbon. 
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The negative acoustical reactance of the ribbon is given by 

1 
Xac— > (3) 

27rfCA 

where CA = acoustical capacitance of the ribbon. 

The volume current in the system of Figure 3 is given by 

Pi — Jh 
X = ; ; , (4) 

rA + ixAM + jxAC 

FREQUENCY IN CYCLES PER SECOND 

Fig-. 4—The components of the acoustical impedance of the system of 
Figure 3. ta is the total acoustical resistance, xm the positive acoustical 

reactance, and x,ic the negative acoustical reactance. 

where pi = pressure on the front of the ribbon, and 

p.^ = pressure on the back of the ribbon. 

The driving pressure, 'p1 — p2, is proportional to the frequency. 
The reason is as follows: The magnitudes of i}1 and Po are the same. 
However, the phase dilference between p1 and P2 is proportional to the 
frequency. Therefore, in the frequency range in which the distance 
between the front and back is small compared to the wave length, the 
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Fig. 5—Response frequency characteristic of the system of Figure 3: 
A. Without acoustical resistance; B. With acoustical resistance. 

difference in pressure between the front and back will be proportional 
to the frequency. 

Referring to Figures 3 and 4 it will be seen that the low-frequency 
response will be attenuated by the addition of the acoustical resist- 
ances. The response-frequency characteristics with and without the 
acoustical resistances are shown in Figure 5. These characteristics 
show the high attenuation in the low-frequency region due to the 
addition of the acoustical resistance. 

A sectional view of the complete vibrating system is shown in 
Figure 6. The magnetic system is similar to the one shown in Figure 
1. The ribbon is connected to the damped folded pipe or labyrinth by 
means of a connector which couples the rectangular cross-sectional 
area at the ribbon to the circular cross-sectional area at the labyrinth. 
The connector is provided with two holes, one on each small side near 

Fig. 6—A sectional view showing the elements of the motor of the uniaxial 
microphone. 
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the connection to the ribbon. These two holes provide the essential 
portion of the phase-shifting acoustical network so that the directional 
pattern will be of the unidirectional type. The front face of the 
microphone is equipped with two lobes. The lobes perform three func- 
tions: the reduction of the deleterious effects of diffraction, the ac- 
centuation of the high-frequency response, and the support of the blast 
baffles. The front of the microphone is equipped with two blast baffles 
held in place by the lobes. The side of the microphone is equipped 
with a single blast baffle. The action of the different elements and the 

400 

800 1000 2000 4000 FREQUENCY IN CYCLES PER SECOND 10000 15000 

800 1000 2000 4000 
FREQUENCY IN CYLES PER SECOND 10000 15 000 

^  — 

800 1000 2000 4000 10000 15000 
FREQUENCY IN CYCLES PER SECOND 

Fig. 7—A. The response at the center of a cylinder; B. The response of 
the uniaxial microphone without the diffraction lobes; C. The response 

of the uniaxial microphone with the diffraction lobes. 

complete microphone will be described in the discussion which follows. 
The front face of the microphone is circular. Therefore, the re- 

sponse will be nonuniform in the high-frequency range due to the 
diffraction effects produced at the face of the cylinder. The sound- 
pressure response-frequency characteristic at the center of the cylinder 
for normal incidence of the impinging sound wave of uniform sound 
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pressure in free space is shown in Figure 7A. The response-frequency 
characteristic of the system shown in Figure 6 operating as a pressure 
microphone and without the lobes is shown in Figure 7B. The devia- 
tion of this response-frequency characteristic from that of Figure 7A 
is due to the fact that the ribbon covers a length of about one inch 
on the surface rather than a single point at the center. The response- 
frequency characteristic of the system of Figure 6 operating with the 
lobes is shown in Figure 7C. The addition of the lobes reduces the 
effects of diffraction. The net result is a smoother response-frequency 
characteristic. The lobes also act as a small horn which accentuates 
the response in the extreme high-frequency range. 

A sectional view and acoustical network of the complete microphone 
are shown in Figure 8. It is of the single-ribbon type in which the 
back of the ribbon is coupled to a damped pipe and an inertance in 
the form of an aperture in the pipe. 

The action of the microphone can be obtained from a consideration 
of the acoustical network. The sound pressure on the open side of the 
ribbon may be written 

Pi = Po ^ . (5) 

where = amplitude of the pressure, in dynes per square centimeter, 

(a = 27rf, 

/ = frequency, in cycles per second, 

t = time. 

The sound pressure acting upon the air load of the aperture and 
the aperture may be written 

p2 = p0el^
t + ^ , (6) 

where (f>1 = phase angle between the pressure p1 and the pressure p.2. 
Referring to Figures 6 and 8 it will be seen that there is a cavity 

between the magnets filled with damping material. This cavity is 
coupled to the aperture as shown in the acoustical network. This 
cavity is also acted upon by a sound pressure which may be written 

p, = p0 e + «»=> . (7) 

The phase angles </)j and (j>2 are a function of the angle of the 
incident sound as follows: 

(j)1 = <J>j cos 9, (8) 
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M2 M2S rA2 rA2S 

SECTIONAL VIEW 

ACOUSTICAL NETWORK 

Pig'. 8—Sectional view and acoustical network of a uniaxial microphone. 
In the acoustical network: pi is the sound pressure on the front of the 
microphone; M.u and Taai the inei-tance and acoustical resistance of the air 
load on the front of the microphone; Mm, Vabi, M'm, and r'jfii the inertances 
and acoustical resistances of the blast baffles on the front of the microphone; 
Caci and C'aci the acoustical capacitances of the volumes between the blast 
baffles; Ms and vas the inertance and acoustical resistance of the slit 
between the ribbon and pole pieces; M*, vak, and Car, the inertance, acous- 
tical resistance and acoustical capacitance of the ribbon; Zab the acoustical 
impedance due to the electrial circuit; pa the sound pressure at the apertures 
in the labyrinth connector; M.k and r,i 12 the inertance and acoustical resist- 
ance of the air load at the apertures cf the labyrinth connector; Mb* and tab* 
the inertance and acoustical resistance of the blast baffles on the side of the 
microphone; Cacz the acoustical capacitance of the volume behind the blast 
baffle; M^s and the inertance and acoustical resistance of the screen 
covering the hole in the labyrinth connector; M2 and tai the inertance of 
the hole in the labyrinth connector; tap the acoustical resistance of the 
labyrinth; pa the sound pressure at the damped cavity between the magnets; 
Mas and taas the inertance and acoustical resistance of the air load upon 
the damped cavity; Mbs and tabs the inertance and acoustical resistance 
of the blast baffle over the damped cavity; Cacs, vacs and t'acs the acoustical 
capacitance and acoustical resistances of the cavity between the magnets; 
M the coupling between the cavity and the apertures. 
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and 02 = *2cos (^9) 

where 6 = angle between the normal to the surface of the ribbon and 
the direction of the incident sound wave, 

= constant phase angle for the pressure p2, and 

= constant phase angle for the pressure Pg. 

The coupling M between the aperture and the damped cavity is 
complex function of the dimensions and configuration of the cavity and 
the relation of the cavity to the aperture. In addition, the coupling is 
a function of the direction of the incident sound. Under these condi- 
tions the acoustical network of Figure 8 is extremely complex. If the 
blast baffles are removed, the acoustical network is reduced to the one 
shown in Figure 9A. A further simplification can be obtained by 
lumping the elements into the impedances as shown in Figure 9B. The 
acoustical network of Figure 9B can be reduced to the acoustical net- 
work of Figure 9C in which the pressure 

p'2 = fi (P2) fi (Pa) /s W. (10) 

and the acoustical impedance 

Z'az - fi (242) /s (^3) • (ID 

In the acoustical network of Figure 9C, the volume current in the 
acoustical impedance zA1 due to pressure is 

Vl «42 + rAp) 
X1 = . (12) 

zA1Z'A2 +zAlr.4P + z'A2rAP 

The volume current in the acoustical impedance zAl due to the 
pressure p'2 is 

P'2 Tap 
X2 —— . (13) 

ZA1Z'A2 + ZA\rAV + Z' A2rAP 

The resultant volume current in the acoustical impedance zA1 is 
the difference between the volume currents 

XK = X1-X2. (14) 

If the volume current through the slit between ribbon and the pole 
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is negligible, the volume current XR is the volume current of the ribbon. 
The velocity of the ribbon is 

Xu 

An 
(15) 

where A= area of the ribbon. 

A Mai rAA| 
r P  ^DIP-VWV— 

MA2 rA A 2 
P -^5Tv-ywv— 

MA3 rAA3 
p3-^m-wv—i 

—v^v— 
MR rAR CAR 

2 A2 2S A 2S 
—\^v-n!RP—wv— 

A C3 
-AAA  

Fig-. 9—A. Acoustical network of Figure 8 with the blast baffles removed; 
B. Acoustical network of A with the equivalent lumped acoustical imped- 
ances; C. The approximate equivalent acoustical network of B with the 
mutual coupling system and associated acoustical impedances replaced by 

a single pressure and acoustical impedance. 

The voltage generated by the motion of the ribbon is given by 

e = Blx]i, (16) 

where B = flux density in the air gap, and I = length of the ribbon. 
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The performance of the microphone can be predicted from Equa- 
tions (5) to (16) inclusive. The directivity pattern of the uniaxial 
microphone shown in Figure 6, under a given set of constants, can be 
approximately expressed as 

^.3 + .7cos 0 cos —(17) 

where K = sensitivity constant of the microphone. 
The directivity pattern of the uniaxial microphone obtained from 

Equation (17) is shown in Figure 10. 

o° 

It is interesting to compare the directional patterns of the uniaxial 
microphone with the conventional unidirectional microphone. If the 
damped cavity is omitted, then the microphone becomes the conven- 
tional unidirectional type with the acoustical network of Figure 11A. 
The acoustical network of Figure 11A can be reduced to the acoustical 
network of Figure 11B. 

The resultant volume current through the acoustical impedance 
z.n is given by 

Vi + Tap) —P2rAP 
Xu = . (18) 

ZA1 Z"Al + ZA\ rAP + A2 rAP 
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The voltage generated by the ribbon can be obtained from Equations 
(15), (16), and (18). The directivity pattern of this microphone is 
given by 

e = K (a + b cos 6), 

where K = sensitivity constant of the microphone, 

a and b = limagon constants, a + & = 1. 

A few of the directivity patterns which can be obtained from this 
microphone are shown in Figure 12. 

Comparing Figures 10 and 12 it will be seen that it is not possible 
to obtain, in the conventional microphone, the same directivity in the 

Ms r as 

B 

Fig. 11-—A. The acoustical network of the acoustical system of Figure 9 
with the damped cavity omitted; B. The equivalent acoustical network of 

A with the equivalent lumped acoustical impedances. 

front hemisphere as that in the uniaxial microphone without sacrificing 
high discrimination in the rear hemisphere. For example, referring 
to Figure 12, the directivity pattern of the unidirectional microphone 
in the front hemisphere for 3a = b is approximately the same as the 
uniaxial microphone in the front hemisphere. However, the discrim- 
ination in the rear hemisphere for the unidirectional microphone for 
the same constants is only 6 decibels for 180 degrees as compared to 
26 decibels for the uniaxial microphone. 
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a = o so = b A0 = b 30 = 6 2a=b 3 o = 2 b a=b 

able with the polydirectional microphone. 

Performance Characteristics 

The response frequency characteristics of the uniaxial microphone 
for the angles 0°, 45°, 90°, 135° and 180°, where 0° corresponds to the 
axis of the microphone are shown in Figure 13. The average polar 
directivity pattern of the uniaxial microphone is shown in Figure 14. 

In order to show the effect of the damped cavity upon the directivity 
pattern, the cavity was covered with thick sheets of copper. The 
directivity pattern obtained under these conditions is shown in Figure 
15. The directivity pattern under these conditions is slightly broader 

Fig. 13—The measured response frequency characteristics of the uniaxial 
microphone sound incident at 0°, 45°, 90°, 135° and 180°. 0° corresponds 

to the axis of the microphone. 
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o' 

Pig. 14—The average of the measured directional patterns of the uniaxial 
microphone. 

in the front hemisphere. Also, a large lobe has now appeared in the 
rear hemisphere. The directivity pattern shown in Figure 15 is not 
satisfactory as a unidirectional microphone because of the inadequate 
discrimination in the rear hemisphere. With the cavity covered, the 
holes in the connector were reduced in size until the cardioid pattern 
shown in Figure 16 was obtained. This is the typical pattern for a 

o° 

Pig. 15—The average of the measured directional patterns of a conventional 
unidirectional microphone set for the pattern e = .3 + .7 cos 0. 
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unidirectional microphone with high discrimination against sound 
coming from the rear. Now the directivity pattern is much broader in 
the front hemisphere. The response of a unidirectional microphone 
with a cardioid directivity pattern to random sounds, with all direc- 
tions equally probable and of equal strength, is Vs that of a non- 
directional microphone. The response of the uniaxial to random sounds 
is Vs that of a nondirectional microphone. This means that the re- 
sponse of the uniaxial microphone to random sounds is 60 per cent 
that of a microphone with a cardioid pattern. From the standpoint of 
sound pickup distance, the uniaxial microphone will operate at 30 per 
cent greater distance for the same reverberation or undesirable sounds 
or noise. 

Tests have been made of the effectiveness of the blastproofiing. The 

Fig. 16—The average of the measured directional patterns of a conventional 
unidirectional microphone set for a cardioid pattern. 

uniaxial microphone will stand the blast of a .45 pistol firing blanks 
at a distance of 5 feet indoors, with the direction of firing at right 
angles to the microphone. It will withstand the same blasts at a 
smaller distance outdoors. However, a distance of 5 feet should be 
ample for practically all conditions of use because the effective operating 
pickup distance of the uniaxial microphone is greater than the con- 
ventional unidirectional microphone. 

o" 
1.0 

9< 90 

Applications 

One of the applications for this microphone is the pickup of sound 
in television where the microphone is mounted on a boom and kept out 
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of the picture. The directional properties of the microphone are par- 
ticularly suitable for this application because the discrimination against 
unwanted sounds which originate at the sides and the rear is very high. 
A photograph of the cradle which has been developed for this micro- 
phone for use on a boom is shown in Figure 17. The cradle design 
provides an underslung mounting of the microphone so that the micro- 
phone is the lowest part of the system. This condition allows for 
minimum distance between the source of sound and the microphone. 

Fig. 17—The uniaxial microphone mounted in a cradle for boom operation. 

Other applications for this microphone are the pickup of sound in 
television where the microphone is seen in the picture. Either floor 
or desk stands are used for these applications. A desk stand is shown 
in Figure 18. The uniaxial microphone is particularly suited for these 
applications because the maximum response occurs on the axis. Under 
these conditions the projected area of the microphone is a minimum 
as viewed by the camera. 
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Fig. 18—The uniaxial microphone mounted on a desk stand. 

The uniaxial microphone is also useful for standard bi-oadcast and 
sound reinforcing applications where the unidirectional microphone 
has already been established as the solution for sound pickup problems. 
It has been extensively field tested, including use at the 1952 political 
conventions. 
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IMPEDANCE MATCHING WITH TRANSFORMER 
SECTIONS* 

By 
R. W. KLOPFENSTEINt 

Iowa State College, Ames, Iowa 

Summary—A new viewpoint toward impedance matching by trans mis- 
sion line sections leading to greater flexibility in transformer design is 
presented. Step capacities ivhich are significant at ultra-high frequencies 
are easily acounted for in design. 

T IS often convenient or necessary for impedance matching pur- 
poses to introduce a shunt susceptance or series reactance at a 
point in a transmission line. This is quite commonly accomplished 

by the use of an open-circuit terminated or short-circuit terminated 
transmission line stub section placed in series with or in shunt with 
the main transmission line. Unfortunately, these stub sections have 
quite large peak currents and voltages occurring in them in many 
applications. In addition to the problems that these high voltages and 
currents create by their nature, an additional problem is introduced 
by the concurrent power losses. 

Due to the problems occurring with the use of open-circuit termi- 
nated and short-circuit terminated transmission line stub sections for 
impedance matching, it is usually desirable to use transformer sections 
for this purpose where possible. Quarter-wave transformer sections 
for matching one resistance to another and transformer sections an 
integral number of half wave lengths long are in common usage. How- 
ever, it is also possible to simulate any given shunt susceptance or 
series reactance by the use of a transformer section. It is the object 
of this note to devise an equivalent circuit for any transmission line 
section which will display this equivalence and to discuss the applica- 
tion of the equivalence to several impedance matching problems. 

All impedance and admittance values will be considered to be nor- 
malized to the characteristic impedance or admittance of the main 
transmission line. The symbolization to be used is as follows: 

* Decimal Classification: R117.12. 
t On leave of absence from the Engineering Products Department, 

RCA Victor Division, Camden, N. J. 

Introduction 

Notation 

64 

www.americanradiohistory.com

www.americanradiohistory.com


IMPEDANCE MATCHING 65 

I7,, /?] = characteristic admittance and impedance, respectively, 
of the main transmission line, 

Y2, 7j2 — normalized characteristic admittance and impedance, 
respectively, of the transformer section, 

B, X — normalized equivalent shunt susceptance and series 
reactance, respectively, 

Bn = normalized susceptance introduced due to discontinuity 
effects at the beginning and end of the transformer 
section, 

Yl = normalized load admittance, 

Yl* = complex conjugate of normalized load admittance, 

I = physical length of transformer section, 

Fig. 1—Circuit diagram representing transformer section of length I and 
normalized characteristic admittance ¥2 with negligible end effects. 

d — physical spacing in units of length between load and 
transformer, 

P = phase constant of transmission line, 

tr = voltage-standing-wave ratio. 

Relations of Equivalent Circuits 

As is well known, it is possible to match an arbitrary load admit- 
tance with a simple shunt susceptance or series reactance. This is 
accomplished by inserting a sufficient length of transmission line that 
the input conductance or resistance has the desired value. The suscep- 
tance or reactance part of the input admittance or impedance is then 
removed by a suitable shunt or series element (see Equation (5)). 
The same result can be obtained by using a transformer section de- 
signed in accordance with the equivalent circuit developed here. 

As shown in Figures 1 and 2a, a short transformer section of 

www.americanradiohistory.com

www.americanradiohistory.com


66 RCA REVIEW March 1953 

length I and normalized characteristic admittance Y2 is equivalent to 
a length of transmission line of characteristic admittance Y, and 
length I + Al with a lumped shunt susceptance B at the center of the 
section. Alternatively, the short transformer section may be considered 
equivalent to a length of transmission line, I + Al + A/2, of character- 
istic impedance with a lumped series reactance X at the center 
of the section as shown in Figure 2b. 

The equivalent shunt susceptance and series reactance are given 
by the relation 

B = X=^Y2-—\ sin (jSZ). (1) 

Proof of this and the other relations in this section is deferred to 
the Appendix. Inspection of Equation (1) shows that Yo and I may 
be selected in many different ways to obtain a given equivalent sus- 

(o) (b) 

Fig. 2—Equivalent circuits for the transformer sections shown in Figures 
1 and 3. 

ceptance, B. This leads to the practical advantage that transformers 
may be limited to several standard sizes and different values of B can 
be obtained by cutting them to the proper length. In case the electrical 
length of the transformer is set equal to ninety degrees, it can be 
verified easily that Equation (1) reduces to the usual quarter-wave 
transformer relation. 

An interesting feature of this approach to transformer design is 
that it can be extended readily to include the end effects occurring at 
the transition between the main line and the transformer section.1 

Figure 3 shows a transformer section with the parallel susceptances 
due to these end effects. 

1 J. R. Whinnery, H. W. Jamieson, and T. E. Robbins, "Coaxial Line 
Discontinuities," Proc. I.R.E., Vol. 32, pp. 695-709, November, 1944. 
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Fig. 3—Circuit diagram representing transformer section of length ? and 
normalized characteristic admittance Fa with end effects represented by Bd. 

In this case, the equivalent shunt susceptance and series reactance 
are given by the relation 

1 4- ~ 
B = X — I Y2-   — ) sin (131) + 25;)cos (Jll). (2) 

Several interesting conclusions can be drawn from Equation (2). 
The end effect susceptances are usually quite small (BD«1), and, 
in the case of a quarter-wave-length transformer, it is seen that they 
nearly compensate for each other. The length of a transformer of 
characteristic admittance Fo and end effect susceptances BD which has 
the same equivalent susceptance as a quarter-wave-length transformer 
of characteristic admittance F2 without end effects is given by 

cos (/?/) = ■ 
2F., 

(3) 

for small values of BD. The correction in length of a transformer 
which is to be electrically an integral number of half wave-lengths 
long can also be obtained conveniently from Equation (2) by setting 

Fig. 4—Circuit diagram indicating the manner in which an impedance 
matching transformer with end effects can be designed without calculating 

the length correction, AZ. 
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the equivalent susceptance equal to zero. Thus, the length of such a 
transformer is given by 

~2BIIY, 
tarn/?/) = . (4) 

YJ — B i— 1 

Figures 5 and 6 illustrate the manner in which transformer lengths 
are altered by end effect susceptances in other cases. 

LENGTH IN DEGREES 
Fig. 5—Typical design curves for impedance matching transformers with 

end effects. 

In general, the length of the equivalent circuits of Figures 2a and 
2b is not the same as the physical length of the transformer section. 
A knowledge of this equivalent length is not necessary in many cases, 
however. The positioning of the transformer can be determined con- 
veniently by a graphical procedure utilizing the Smith chart. The 
transformer dimensions can be determined from a knowledge of the 
voltage standing wave ratio, ct, on the line due to Y, . The equivalent 
B of the transformer section to be used is given by2 

(T   1 
B = . (5) 

2 T. Moreno, Microwave Transmission Design Data, McGraw-Hill Book 
Company, Inc., New York, N. Y., 1948, p. 56. 
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The transformer dimensions can then be determined from Equation 
(1) or Equation (2), and the load to transformer spacing, d, can be 
determined by examining the admittance seen from the load looking 
toward the generator as illustrated in Figure 4. 

A match will have been achieved when the distance d is such that 
this admittance is equal to the complex conjugate of the load admit- 
tance. 

The analytical expression for the equivalent lengths of transformer 
sections is quite involved. The equivalent length may be either longer 
or shorter than the physical length of the transformer section. For 

Fig. 6—Typical design curves for impedance matching transformers with 
end effects. 

the configuration of Figure 1, the length correction is given by 
tun (A/31) = 

21 2—Y^- ~Z.j) sin2j8/+ ( Y.j—Z.,) sin/31 \2+Z.1+Y^+ (2—Y2—Z.,) cos 2f3L\ 

(2—Y.2-~Z2) (Y.,-Z..)sm/3lsm2/3l-2 [2+Z..+Y..+ (2—Y.-Z..)cos 2/31] ' 

(6) 

An approximation of the relation of Equation (6) valid when the 
length of the transformer section in wave lengths is small is 

taniA/Sl) — \ . (7) 
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Equation (7) is the first term of a Maclaurin series expansion of 
tan (A/??) as given by Equation (6) in powers of /3/. 

The corresponding expression for the configuration of Figure 3 is 
not given. 

Conclusion 

An equivalent circuit for a transformer section has been presented 
which allows considerable flexibility in transformer design. Through 
this equivalent circuit, end effects are easily taken into account. 
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Only the equivalent susceptance for the configuration of Figure 3 
will be derived here since the configuration of Figure 1 is a special 
case of this in which BD is equal to zero. The equivalent susceptance 
is to be found by determining the susceptance, B, which will introduce 
the same voltage-standing-wave ratio on a matched transmission line 
as the given configuration. The fact that the same value of equivalent 
susceptance will hold for other values of terminating admittances is 
assured by network theory.3 

The input admittance of the configuration of Figure 2a at the point 
of connection of the susceptance B is 

and, hence, the square of the magnitude of the voltage reflection co- 
efficient is given by 

Appendix 

7 = 1 + jB, (8) 

(9J 
4 + B- 

The input admittance of the configuration of Figure 3 is 

¥■> — BDtan (131) +j L2Y2Bn+ (Y .r — B ri
2) tan (.pi)] 

Y = (10) 
Yo — B/jt'dn (JSl) +/tan (/3l) 

3 T. E. Shea, Transmission Networks and Wave Filters, D. Van Nos- 
trand and Co., New York, N. Y., 1929, pp. 67-71. 
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and, hence, the square of the magnitude of the voltage reflection co- 
efficient is given by 

4Y.,-Bnz + 4Y2BD(Y2
2 — BD

2—l)tan{pi) 

4Y2HBd
2 + 1) + 47,5,, — tan (fil) 

+ (Yn2—Bv
2—l)-tan2(j8;) 

+ [(y;.
2-Bfl2+1)2 + 4Bj>2] tan2 (/3l) 

(11) 

When the expressions of Equations (9) and (11) are equated and 
solved for B, it is found that 

1 + Bir \ 
^2    lsin((8/) + 2Z?y)cos(/?/), (12) 

in which the positive square root has been chosen. This is the result 
given by Equation (2). It may be readily verified in a similar fashion 
that the equivalent series reactance is given by the same expression. 
The choice of the positive square root is consistent with the use of the 
principal inverse tangent function in finding the length correction 
from Equation (6) while a choice of the negative square root would 
not be consistent with this usage. 
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THE ELECTRON COUPLER — A DEVELOPMENTAL 

TUBE FOR AMPLITUDE MODULATION AND POWER 

CONTROL AT ULTRA-HIGH FREQUENCIES* 

PART II. ENGINEERING ASPECTS 

By 

C. L. Cuccia 

Research Department, RCA Lalioratories Division, 
Princeton, N. J. 

Summary—Part I1 dealt with the theoretical and analytical aspects of 
a single-beam two-cavity Electron Coupler. This part will reconcile this 
theory with the engineering aspects which are associated with the various 
methods for modulating the power output of the Electron Coupler; actual 
developmental tubes utilizing these aspects are described in other papers. 

In the single-beam or basic Electron Coupler, modulation of the output 
power is possible only by use of beam-current control or output-cavity 
transit-time control. Only the latter method is of engineering value if the 
Electron Coupler is to operate as a unilateral impedance; it does, however, 
require an exceedingly high modulation voltage which may be reduced in 
magnitude by utilizing a specially biased collector. 

For applications of the Electron Coupler when used as a modulator, 
criteria of linearity and depth of modulation (85 per cent) make it expedient 
to employ a more elaborate method of modulation — auxiliary beam modula- 
tion. In a tube employing this method, auxiliary spiral beams are installed 
in the output cavity; these beams both shunt the output load and produce 
a mismatch. For depths of voltage modulation up to 85 per cent, it may 
be necessary in such a tube to employ auxiliary beam currents of consider- 
able magnitude. The design and operation of a 1-kilowatt, 800-megacycle, 
multi-beam Electron Coupler which employs coaxial cavities and which is 
capable of 85 per cent depth of modulation, a band width in excess of 
5 megacycles, and excellent linearity characteristics is described. 

~ ultra-high frequencies, power is obtained in a different manner 

compact and capable of working at very high power levels; such 
generators may be frequency stabilized during continuous wave or 
pulse transmission by using signal injection, spiral electron beams, 
or external cavities. Although high power can be generated at ultra- 
high frequencies, its control presents difficult problems. It is for the 

* Decimal Classification: R385.4. 
1 C. L. Cuccia, "The Electron Coupler — A Developmental Tube for 

Amplitude Modulation and Control at Ultra-High Frequencies," Part I, 
RCA Review, Vol. X, pp. 270-303, June, 1949. 

Introduction 

than at the low and radio frequencies. High-efficiency gener- 
ators, such as magnetrons, have been developed which are 

72 
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purpose of providing a means of electronically controlling ultra-high- 
frequency power that the Electron Coupler was developed. The tube 
has the characteristics of a nonamplifying control impedance which 
can be made to have unilateral qualities. 

The Electron Coupler is an absorption device in addition to being 
a variable-power-transfer tube. In applications where frequency sta- 
bilization is important, the driving generator will send a constant 
amount of power into the input of the tube—this power will either go 
to the output system or to a power sink such as a collector. 

Because of this, the over-all operating efficiency during a modulation 
cycle will be relatively low thereby reducing the applicability of the 
Electron Coupler in continuous-wave systems designed to yield an out- 
put in excess of 5 kilowatts. It is, on the other hand, unique in its 
applicability as a buffer stage in ultra-high-frequency systems, as an 
isolation and control impedance, and as an electronic switch. In addi- 
tion, the Electron Coupler is suitable for paralleling and multiple- 
output usage. The respective input cavities of several tubes in parallel 
can receive the ultra-high-frequency power from a single generator. 
The output cavities—each connected to a different load—can transfer 
this power to one or more of the output loads in a prescribed fashion. 

The research to be described was intended to do more than simply 
deduce and demonstrate the fundamental principles of operation of an 
Electron Coupler; it was also intended to study methods of construc- 
tion and assembly, particularly for high-power use. Because of this, 
the tubes to be described have moderately large dimensions. However, 
Electron Couplers of small geometry for low powers would, in many 
cases, be easier to design and construct, the precise design and shape 
being a function of the tube application. 

In the study to follow, only those aspects of tube construction and 
performance which fnllmv from, or bear directly on, the physical theory 
presented in Part I will he described. Extensive descriptions of the 
details of the two types of experimental Electron Couplers which were 
built and operated are presented elsewhere.- :i 

Basic Tube 

The basic Electron Coupler, whose theory is discussed in Part I, is 
a spiral-electron-beam tube which consists essentially of two adjacent 
cavities which are electron coupled by a single electron beam. Unlike 

2 C. L. Cuccia and J. S. Donal, Jr., "The Electron Coupler — A Spiral 
Beam UHF Modulator," Electronics, Vol. 21, pp. 80-85, March, 1950. 

3 C. L. Cuccia, "The Multi-Beam Electron Coupler — An Improved 
UHF Modulator Tube," Electronics, to be published. 
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Klystron cavities, which present electric fields parallel to the electron 
flow, the cavities in the Electron Coupler present alternating-current 
electric fields transverse to the electron flow. The input cavity is 
connected to the generator and the output cavity is connected to the 
load. A configuration using suitable resonant cavities is pictured in 
Figure 1, where the arrangement is seen to include a collector and a 
magnetic field parallel to the axis of the cavities. It is assumed that 
there is no electromagnetic coupling between the input and output 
cavities. Power is absorbed by the electron beam in the form of 
spiral or rotational energy in the first cavity. The rotational energy 
is in addition to the energy due to a direct-current beam potential 
which transports the electrons through the tube and determines their 
transit time; this transport energy is not given up in second cavity 
but goes to the collector. 

The resonant frequencies of the input and output cavities and 

OUTPUT RESONANT 
\ CAVITY 

ELECTRON GUN 

Fig. 1—Basic single-beam Electron Coupler structure showing the adjacent 
cavities, each of which produces a transverse electric field when excited, 
and the rotating electron coupling beam. The rotating beam configuration 
in the output cavity is illustrated for the case when all of the rotational 
energy is given up to the output load. In an operable Electron Coupler, the 

■output cavity would be rotated 90 degrees with respect to the position shown 
here in order to prevent electromagnetic coupling between this cavity and 

the input cavity. 

signal to the input cavity are adjusted to the cyclotron frequency; i.e., 
the frequency at which 

I e 
/,. = H (electrostatic units) 

'Zir m 

= 2.794 X H (practical units), (1) 

where H is the magnetic field intensity in gausses, and /,, is the fre- 
quency in megacycles. 
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The Electron Coupler has enormous power-handling capabilities. 
The following discussion will illustrate this characteristic in terms of 
tube parameters employed in the various experimental Electron 
Couplers to be described. 

The attainment of a certain spiral radius, x, by a cone-directrix 
beam in the input cavity as illustrated in Figure 1 corresponds to an 
absorption of power which is described by either of the equations 

P = 1.122 X 10 - - X fc- X /„ X x- watts, (2a) 

1 'o P = E^- ^ watts, (2b) 
i6 y,n 

where fc is the frequency in megacycles, I0 is the beam current in 
amperes, x is the maximum cone-directrix beam radius in centimeters, 
Ey is the peak value of the transverse electric field in volts per centi- 
meter, fi is the distance which has been transversed by the electron 
beam in the input cavity in centimeters, and Vh is the direct-current 
beam voltage in volts. The spiral radius is related to the parameters 
of the first cavity by 

E, I, 
x = 2.36 . (3) 

V^f,. 

Consider an input cavity passing a coupling beam of % inch 
diameter and 90 milliamperes at 800 megacycles; if a; = 1.25, the value 
of power* which can be absorbed in the input cavity of the Electron 
Coupler is 

P =1.122 X K)--X 800-X 0.090 X 1.25-= 1,010 watts. (4) 

This is not a maximum value but is one which is safely within the 
grazing limits. If the cavity pole faces are 6 centimeters long, the 

* It is seen from Equation (2) that the power which can be absorbed 
by the electron beam in the first cavity is proportional to the beam current. 
It is evident, therefore, that space-charge limitations will have an important 
bearing- on the power handling- capabilities of the tube. For example, using 
formulation due to L. P. Smith and P. L. Hartman,4 a cylindrical beam 
% inch in diameter, concentric with respect to cylindrical boundaries of 
1% inches diameter (which are closely approximated by the arcuate pole 
faces in the experimental tubes) will sustain a current of 150 milliamperes 
with a beam voltage of 750 volts. 

4 L. P. Smith and P. L. Hartman, "Formation and Maintenance of 
Electron and Ion Beams," Jour, of Appl. Phys., Vol. II, pp. 220-229, March, 
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beam potential necessary to yield the deflection of 1.25 centimeters 
when, for example, El = 2,000 volts per centimeter, is found from 
Equation (3) to be 

2.36 X 2000 X 6 

1.25 X 800 
= 804 volts. (5) 

Electron Beam Behavior in the Basic Electron Coupler 

The general behavior of the electron beam during the operation of 
the Electron Coupler may be described as follows. 

Consider first the interactions in the input cavity. In figures 2a 
and 2b it is seen that the electron trajectories in the input cavity are 
all the same, the major function of the cavity being the absorption by 

Fig. 2—Beam configuration in the Electron Coupler for two values of transit 
time or loading in the output cavity, (a) shews the case when the output 
cavity transit time and load are such that all of the rotational energy is 
extracted from the beam, (b) shows the beam configuration for increased 

loading or reduced transit time. 

the electron beam of the ultra-high-frequency power. As the electrons 
pass through the input cavity, the frequency of the input power being 
equal to the cyclotron frequency, an absorption of energy by the beam 
takes place in increments of increasing magnitude as the electrons 
progress through the tube. Since this continued absorption can only 
take place if the electrons, regardless of where they may be in the 
cavity, see an accelerating electric field at all times, all electrons will 
lie on the line-directrix of a cone as shown. The beam spins with 
angular velocity <0 = 2^ 

As the rotating electron beam passes through the output cavity, 
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an induced current is produced in the load of the output system by 
virtue of the fact that these electrons represent oscillating space charge 
with periodicity, between the pole faces. 

In general, the incremental current induced between a pair of 
parallel plane boundaries due to an oscillating charge, dq, between them 
is, for an incremental length of travel through these boundaries. 

where d is the spacing between the boundaries and v, is the transversely 
directed velocity. 

A discussion of the nature of the beam configuration in the output 
cavity as a function of transit time is particularly illuminating since 
it yields insight into the over-all operation of the Electron Coupler. 
Consider the case, illustrated in Figure 2a, when the voltage e:i across 
the pole faces of the output cavity is equal in magnitude but 180 degrees 
out of phase with respect to e1. If ^ = L and dx = d:i, the beam con- 
figuration in the output cavity will be an exact image of the beam 
configuration in the input cavity. This case represents a 100 per cent 
transfer of power to the output load with only the energy due to the 
beam voltage, Vremaining with the electrons as they reach the 
collector. 

If the transit time t, is decreased, the electrons will not remain in 
the output cavity long enough to give up all of their rotational energy 
and a truncated cone beam configuration, similar to that pictured in 
Figure 2b, will result. The rotational energy represented by the part 
of the cone which does occur between the pole faces, is, of course, 
lost to the output cavity and goes to the collector. 

It is essential at this point to discuss the role of the output load in 
terms of what shall bf. termed "match" in the output cavity. The 
Electron Coupler is said to observe "match" in the output cavity when 
all the rotational power is transferred to the output load thereby 
producing the beam configuration pictured in Figure 2a. If the 
matched output load is R,,,,, then as is shown in Part I, match is 
achieved with this load only when the following relationship is satisfied: 

dq 
d I e""''' = X v, , 

d 
(6) 

r ^ t 
= 8- (7) 

R„a 

where /„„ is the particular value of coupling beam current correspond- 
ing to the particular load Roa, Vb is the beam voltage in the output 
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cavity, and L, and describe the length and width, respectively, of 
the pole faces in the output cavity. 

The conditions represented by Equation (7) describe the special 
case when all of the power is transferred to the load. Since the primary 
function of the Electron Coupler is to control the power which reaches 
the load, it is evident that this control can be achieved by variation of 
any of three parameters: coupling beam current, output-cavity beam 
voltage, and the magnitude of the output load. Recognizing that 

and R00 are optimum parameters defined by Equation (7), it is 
convenient to represent purely arbitrary values of beam current 
beam voltage V,,,t and output load R,„ as follows: 

a = , ( 8) 
I oo 

Vh, 
p = , < 9) 

Vhn. 

where a, (3 and y represent the departures from optimum. Their 
physical significance and usefulness in a practical sense will be dis- 
cussed in detail in the sections which follow. 

Beam-Current Modulation 

Of the three methods of modulating the Electron Coupler listed 
in the preceding section, it is evident that coupling-beam modulation 
affords the least promise. Except for specialized applications it is 
immediately obvious that as the coupling beam current is varied, the 
input impedance of the tube will vary thereby preventing the tube 
from operating as a unilateral impedance; the variation of the input 
impedance during modulation will result in the "pulling" of the fre- 
quency of the signal general resulting in attendant frequency dis- 
tortion. If the driving signal frequency can be maintained constant 
however, or if frequency distortion is of negligible importance, this 
approach to modulation can be both simple and useful. Note that, it 
follows from Equation (A-8) of Part I of this paper, that if e, and e., 
represent the input and output voltages, respectively, of the Electron 
Coupler, 
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C; K a 
— = , (11) 

1 + (1 

where Z is a proportionality factor which is equal to 2 if the param- 
eters of the input and output cavities are identical. 

Transit-Time Modulation 

Transit-time control of the output power of an Electron Coupler of 
the type pictured in Figure 1 is a useful and practical method of con- 
trol since it permits the tube to function as a nonamplifying unilateral 
control impedance in which variations in output cavity beam voltage 
are not noticed by the input cavity which therefore maintains constant 
input impedance. 

Consider now the theoretically predictable modulation performance 
of an Electron Coupler employing transit-time modulation. According 
to Equation A-18 of Part I, the power transfer efficiency of an Electron 
Coupler feeding into a matched load is expressible as follows: 

Power output 4 1 
V = 1 X 100 = X 100 per cent. (12) 

Power input /3 1 
1 + - 

P. 

P may be made to vary in either of two ranges: 0</?<l and 1</?<oo. 
The range 0</?<l is impractical in an experimental tube since it 
represents the case where the output cavity voltage is reduced toward 
zero. Since the Electron Coupler is a high-current device, and since 
it is appropriate to adjust the coupling beam current to some value 
close to the maximum value which the beam space can sustain for the 
adopted input cavity beam voltage, it is evident that reducing /? to 
less than unity will mean reducing the secondary cavity voltage to a 
value which cannot sustain the coupling beam, whereupon a space 
change discontinuity will take place and the electron beam will turn 
back, thereby rendering the Electron Coupler inoperable in this region. 

It is, therefore, obvious that if transit-time modulation is to be 
utilized, only the modulation-range 1</3<c» can be adopted. 

Consider now the dark-line curve in Figure 3, which represents a 
chart of power transfer efficiency versus ft for the region l</?<^. A 
value of ft = 100 would be required to reduce the power to 4 per cent 
of peak. In order to achieve the 85 per cent voltage modulation neces- 
sary in commercial transmission, the power would have to be reduced 
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to 2.25 per cent of peak. This would require an output cavity voltage 
of tremendous magnitude. 

However, this disadvantage can be overcome by the use of a simple 
but highly successful artifice. This is accomplished by a collector at 
the exit to the output cavity which acts to decelerate and skew the 
electron beam in that cavity. Consider the output cavity geometry of 
the tube shown in Figure 1 for the case where the collector remains 
at the potential of the input cavity while the potential of the output 
cavity is varied. Figure 4(a) shows a field map of the direct-current 
space potential when a difference of potential exists between the output 
cavity and the collector. It is evident that the equipotential lines of 
voltage extend far into the coupling-beam space so that the electrons 
in the coupling beam experience two components of direct-current 
electric field—a radial component attempting to draw the electrons 

Fig. 3—Chart of /3 versus the power transfer efficiency of showing the 
theoretical performance based on Equation (12) and the experimentally 
achieved performance using a collector maintained at input cavity potential. 

to the pole faces, and a reduction in magnitude of axial electric field 
component which reduces the electron velocity as it passes through 
the final portion of the output cavity thereby increasing the total 
transit time of each electron through the cavity. 

As the electrons in the directrix beam approach the exit of the 
output cavity, a Lorentz force due to the radial field will be present 
which will cause translation of the electrons, resulting in a twisted or 
skewed beam as shown in Figure 4(b), or possibly grazing. This skew- 
ing of the coupling beam in the output cavity may be employed to dras- 
tically reduce the power to the output load. Note that for values of /? in 
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the vicinity of 3 it is evident from Figure 4(a) that the radial compo- 
nent of the direct-current field will be comparable to the axial beam 
voltage. 

In an experimental tube- of the type pictured in Figure 1, which 
utilized a value of Vh = 600 volts, the modulation characteristic curve "3o 
shows that close to 100 per cent depth of modulation was obtained for 
/3 = 2.75, corresponding to a maximum cavity voltage of 1650 volts. 
This illustrates the vast improvement afforded by the use of the fixed- 
potential collector. (Note that phase modulation due to the skewing of 
the beam, is inherent in this method of amplitude modulation.) 

COUPLING 
BEAM 

OUTPUT CAVITY 
OF ELECTRON 
COUPLER USING TRANSIT-TIME MODULATION 

87.5% 

COLLECTORl 

Fig. 4—(a) Field map of direct-current electric field in the output cavity 
of a vane-type Electron Coupler, (b) Illustration showing the skewing of 
the coupling beam in the output cavity as a result of the presence of the 

radial electric field components shown in (a). 

Auxiliary Beam Modulation of the Electron Coupler 

Transit-time modulation in the basic Electron Coupler is an effec- 
tive and simple method of modulation; however, it possesses the dis- 
advantage of requiring a high modulating voltage. From a purely 
engineering standpoint, it is much more desirable to use a method of 
modulation which uses as low a voltage swing as possible, provided 
that it does not unduly complicate the tube. 
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In general, when an electron beam of finite cross section is passed 
through a transverse electric field under conditions that grazing does 
not exist and that a magnetic field, parallel to the flow of the electrons 
be present and adjusted for cyclotron frequency, this electron beam 
will present the resistance,* 

n 
fl = 8-  

I 
(13) 

where R is measured in ohms, y6 is the beam voltage in volts, I is the 
beam current in amperes, and d and I are the width of the transverse 
field boundaries and the distance traversed by the beam in centimeters, 
respectively. By controlling the magnitude of the beam current, I, it 
is evident that such a beam may be employed as a controllable shunt 
resistance or load. 

Consider now the case when a shunt load, Ru, produced by an 
auxiliary beam is installed in the output cavity of an Electron Coupler; 
the fundamental mechanism of interaction is described as follows: 

As the auxiliary beam current is turned on and increased, the 
output cavity experiences a mismatch between the coupling beam and 
the combined load presented by the combination of the output load and 
the shunting resistance presented by the auxiliary beam; this results 
in a decrease in transfer efficiency into the combined loads. In a basic 
Electron Coupler, the power-transfer efficiency isf 

4 y 
77 = X100, (14) 

[1-+7]2 

where y = R0/R,)0. For auxiliary beam modulation, let the output 
cavity be matched to the output load at the time when the auxiliary 
beams are turned off, i.e., R0 = R00. When the auxiliary beams are 
turned on, a new output load will exist which is a combination of the 
output load, R(„ and the auxiliary beam load, Rv. y may then be 
written: 

Ru 
y = . (15) 

Rm + R0n 

* See Part I, Equation (18). 
t See Part I, Equation (A-17). 
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The reduction in transfer efficiency when auxiliary beam modulation 
is employed is due to the fact that as a result of the mismatch, the 
power goes to three sinks, namely, 

1. Output load, 
2. Auxiliary beam, 
3. Collector, 

rather than to the output load alone. As an illustration of the concepts 

THE MECHANISM OF SECONDARY 
CAVITY ABSORPTION MODULATION 

I ROTATING 

rM 
Roo 

TRANSFER 
EFFICIENCY 

% POWER 
TO 

COLLECTOR 

^ POWER TO 
OUTPUT 

LOAD. R00 

% POWER TO 
SHUNT 

LOAD,Rm 

oo 100 7 0 100 0 

1 66% 12 44 44 

1 
10 30% 70 2.72 27.28 

Pig. 5—Diagram and chart showing the mechanism of secondary cavity 
modulation. The degree of convergence of the coupling beam in the output 
cavity is illustrated for three ratios of output load to auxiliary beam load. 
The distribution of output power corresponding to these three values is 

shown in the chart. 

relating to load mismatch and output cavity auxiliary beam modulation, 
consider the beam configurations and chart pictured in Figure 5. 

When the auxiliary beam is off, iv u = oo; the beam configuration is 
that of a cone and the transfer efficiency is 100 per cent. 
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When the auxiliary beam is adjusted so that RM = R,,,,, the transfer 
efficiency is reduced to 88 per cent with 44 per cent of the power going 
to the output load, 12 per cent going to the collector, and 44 per cent 
to the auxiliary beam. 

When the auxiliary beam is adjusted so that R,u= (1/10) the 
transfer efficiency is 30 per cent. 70 per cent of the power will go to 
the collector, 27.28 per cent to the auxiliary beam, and only 2.72 per 
cent will reach the output load. This corresponds to 97.28 per cent 
power modulation or 83.5 per cent voltage modulation and demonstrates 
the capabilities of output cavity-auxiliary beam modulation method. 
It is possible to extend the discussion to the case when the coupling 
beam current is not the optimum value which corresponds to R„n. 
Figure 6 shows a set of curves derived from Figure 8 of Part I, 

R» 

Fig. 6—Voltage transfer ratio versus Roo/Rv as a function of <* = /„//..„ 
Rm is the auxiliary-beam resistance, Io« is the optimum value of coupling 

beam current, and /» is an arbitrary value of coupling beam current. 

illustrating the general behavior of the output voltage, expressed as a 
D f ^00 m 

1 <1 
percentage of the input cavity voltage, , for various values of . 

Rm 

Directrix Beams in Coaxial Cavities 

In order to make provisions for auxiliary-beam currents of large 
magnitude, consider now the use of a cavity of the closed half-wave 
coaxial-line variety. Such a cavity can be designed to accommodate 
many electron guns for either coupling or modulation, provided that 
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the center conductor is correctly shaped to provide transverse field 
regions of adequate rectilinearity. 

Beam Deflection 

The deflection x experienced by a directrix beam traveling through 
a transverse alternating electric field, E e>Wct, which is uniform along 
the 2-axis (which is the axis of beam travel) is described by Equation 
(3). Consider the case in a coaxial cavity where the transverse alter- 
nating field is a function of z, i.e., 

2iTrZ 
e(z) = E sin e>w'', 

L 
i ]()) 

L 
where — is the length of the cavity. Letting 

2 

x = k 6, 

it follows from Equation (3) that 

2ttz 2.36 E, L 
0= , k- 

L TT Vblifr 2 

(17) 

(18) 

According to the superposition integral theorem, as described in Ap- 
pendix A, using here the distance parameter 0 rather than z, 

f" x = k I Z (0 —0)e'(0) d(?. (19) 

where, for the field configuration described by Equation (16), 

6' = cos (9, (20) 

and (f> is an arbitrary angle such that, 0 < c/) < v. When (f> — w, z = —. 
2 

Upon integration, 

2.36 E) L 

TT V^if,. 2 

277 2 ' 
1 — cos • 

L 
(21 ) 

A beam having a deflection as described by Equation (21) is "milk- 
bottle" in shape. (See Figure 7.) 
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Beam Power 

Consider now the power into the beam when the beam passes 
through a coaxial cavity such that the transverse electric field varies 
sinusoidally along the a-axis as described by Equation (16). Let the 
power be expressed 

P = k' 02. 

From Equation (26) it follows that 

1 E r h 2it Z 
0 = and k' 

L 16 V bl 

■ L 

2,77 

(22) 

(2.3) 

Then, according to the superposition integral theorem, 

-A 
0'\ - cos 0 dO, (24) 

where the length of the cavity is L/2, corresponding to the limit, tt, 
used in the integral, and cos 0 is the time derivative of the variation 
of transverse electric field along the z axis. Solving the integral. 

1 E{-1„ 

Stt Vt.. 

r L 

9 
(25) 

For equal peak field strengths, the power absorbed in a coaxial cavity 
is 2/n- times that absorbed in a cavity with uniform field and length L/2. 

If power as a function of final deflection is desired. Equation (25) 
can be written in the following way (compare with Equation ( 2)) : 

P = 1.768 X 10-2 X f," X /„ X x~ 

where /,,, and a- are defined in Equation (2). 

(26) 

Beam, Resistance 
The resistance presented by a directrix beam which absorbs power 

P in a coaxial cavity is 

dr E- 

2 P 
(27) 

where d] is the distance between field boundaries in centimeters and E 
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is the peak value of the alternating-current transverse electric field. 
Substituting Equation (25) into Equation (27) yields 

di- Vfji 
R = Att  (28) 

In Ei2 l- 

r COUPLlNG BEAM 
'ELECTRON GUN 

Fig. 7—Shape of the directrix coupling beam in a coaxial-cavity Electron 
Coupler (a) when the coupling beam is matched to the output load, (b) 

when an auxiliary electron-beam is introduced into the output cavity. 

where I =L/2, /„ is the beam current, and V,n the beam voltage. 
Equation (29) shows that the resistance presented by a directrix beam 
in coaxial cavity is the same as that presented by a cone directrix beam 
in a uniform-field cavity whose length is \/2/tt times the length of 
the coaxial cavity. 

Effect of Modulating Beam 

The behavior of the coupling beam in the coaxial output cavity 
as a result of a change in output load by the introduction of an auxiliary 
beam is pictured in Figure 7. Figure 7a shows the case when the 
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output cavity is matched to the output load. Here the directrix beam 
in the output cavity is an exact image of the directrix beam in the 
input cavity, the apex of the directrix beam being at the exit of the 
output cavity. Figure 7b shows the configuration of the directrix beam 
resulting when an auxiliary beam is turned on in the output cavity. 

Multi-beam Electron Coupler Design 

Consider the multi-beam Electron Coupler3 whose fundamental 
structure is shown in Figure 8. The structure consists of two coaxial 
cavities laid end to end with two apertures, through which coupling 
beams may pass from the input into the output cavity. These apertures 

COUPLING BEAM ELECTRON GUN 

INPUT CAVITY 
MODULATING BEAM EMITTED A-SCREEN GRID OF 
FROM SMALL PORTION OF MODULATING BEAM 
GUN SURFACE B - INTERCAV1TY DECOUPLING 

CYLINDER 

Fig. 8—Structural features of a two-cavity coaxial-type Electron Coupler 
showing provisions for two coupling beams and three of the five auxiliary 
modulating beams in the output cavity. The coupling loops are not shown. 

are of sufficient length to discourage any electromagnetic coupling 
between the cavities. The beam-region structure is capable of utilizing 
two coupling beams that pass between specially shaped pole faces which 
maintain the rectilinearity of the transverse field. The output cavity 
is seen to be easily capable of utilizing a plurality of auxiliary beams 
which are confined to this cavity alone. The input and output coupling 
loops are not shown. 

Consider first the power handling capabilities of a coupling beam 
in a tube utilizing the structure shown in Figure 8. Let it be specified 
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that two electron guns are present, each capable of yielding 200 milli- 
amperes without space-charge discontinuities, and that these guns will 
produce a beam % inch in diameter which will travel between pole 
faces 1% inches apart. The power handling capabilities of such a tube 
at 800 megacycles using 400 milliamperes of coupling beam current 
with a practical grazing limit set at 1.25 centimeters, may be calculated 
from Equation (26) as follows: 

P = 1.768 X 10-- X 800-' X 0.400 X 1.252 = 7040 watts. (30) 

This demonstrates the power handling capabilities of such an Electron 
Coupler; however, other considerations will place severe limitations 
on any value of peak power, these considerations being a function of 
both the input match of the input cavity and the modulation charac- 
teristics of the output cavity. 

Consider the input cavity and the general problem of matching 
this cavity to the transmission line from the generator. It is easily 
shown that if the coupling beam presents a shunt resistance R, across 
the pole faces, the transformed resistance Ra as seen at the input to 
the coupling loops by the transmission line is 

R„ K- Rt, 
Lo 

(31) 

where K is the coupling coefficient and L, and Lo represent the lumped 
inductances of the coupling loop and the input cavity, respectively. It 
then follows from Equation (28) that 

R., = 4tt K- 
L] V,, 

L. In 

(h 

L h 
(32) 

Table I yields a typical series of system parameters for which the 
input cavity with a coupling coefficient of 0.12 will terminate a 50-ohm 
transmission line with its optimum termination*. Note that for each 
value of /„ there corresponds a value of beam voltage and maximum 
power. 

* Actually, an optimum termination of the transmission line by the 
input cavity may not necessarily be desirable. If the driving generator is 
a magnetron, for example, the magnetron will have region of high efficiency 
on its Rieke diagram which will exceed those values of efficiency which 
occur when the magnetron sees a matched line; it may be desirable to 
operate in such a region. 
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Table I—Calculated Electron Coupler Operating Parameters 

/. K LJU d,/k Vn Ra Praax (Watts) 

0.060 0.12 1 0.2 420 50 1060 
0.100 0.12 1 0.2 700 50 1786 
0.130 0.12 1 0.2 910 50 2290 
0.165 0.12 1 0.2 1150 50 3910 
0.200 0.12 1 0.2 1400 50 3520 

Consider now a reconciliation of these figures with the practical 
depth-of-modulation requirements which are specified for modulation 
systems, i.e., that such modulation systems be capable of 85 per cent 
voltage modulation. Two cases which reveal the pertinent aspects of 
auxiliary-beam design are presented. 

Case I—Figure 6 shows that if the coupling beam is matched to 
the output load (a: = 1), a value of /,„ = 12 I0 will be required to yield 
85 per cent voltage modulation. This will limit the value of coupling 
beam current to one twelfth of that which can be accommodated in the 
output cavity. If I0 = 0.200 is adopted, this beam being capable of a 
peak power of 3520 watts, = 2.4 amperes may be a formidable 
amount of auxiliary-beam current to produce. If I0 = 0.060, thus 
reducing the power to 1060 watts, 720 milliamperes will be needed in 
the output cavity. 

Case II—The output circuit is sufficiently versatile to make rela- 
tively unnecessary the possible stringent auxiliary-beam requirements 
described in Case I. Let the coupling beam be deliberately mismatched 
to, say, a = 0.5. Note that this drops the voltage at full output to 96 
per cent of its value at a = 1. However, this has reduced by almost 
one third the amount of auxiliary-beam current necessary for com- 
mensurate modulation (taking into consideration the reduction in 
peak voltage). Some improvement may also be realized by the appro- 
priate change of beam voltage to increase the mismatch as described 
in Appendix C. 

Band Width Considerations in the Multi-Beam Electron Coupler 

Band width considerations in a multi-beam Electron Coupler are 
derived from two output-cavity parameters, i.e., the transit-time of 
the directrix beams through the cavities, and the Q of the output 
cavity system. 

One consideration based on the transit-time through the cavity 
involves possible distortion should the modulation rate become too 
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rapid. Smith and Shulman3 have discussed the general aspects of this 
problem for general values of frequency, different from the cyclotron 
frequency. However, in the Electron Coupler operating at cyclotron 
frequency, the electrons are all properly phased and only the effect 
due to electron bunches being formed along the directrix beam or 
beams need be considered. It is evident that if, for an extreme case, 
the modulating rate approaches to the frequency of the resonant cavity, 
certain electrons as they issue from the cathode will not have time to 
reach the collector before a new quantity of electrons, as prescribed 
by the modulation rate, issue from the cathode. This resultant varia- 
tion in electron density along the directrix beam will manifest itself 
in the form of different absorption characteristics as compared to a 
directrix beam with uniform axial constancy of electron density and 
considerable distortion may result. However, this type of distortion 
is easily discouraged by making the electron transit time through the 
tube very small compared to the period of the highest frequency modu- 
lating wave component, i.e., 

t « T, (33) 

where t is the transit time through the tube and T is the period of 
the highest frequency modulating-wave component. In general, the 
inequality specified by Expression (33) is easily satisfied. 

The other band width consideration is based on the Q of the output 
system. If the cavity is considered to be a system comprised by a 
lumped L, lumped C, and a resistance Rs, all in parallel, then the Q 
of the cavity is 

Rs 
Q=- . (34) 

o>c L 

As long as the maximum value of J?, during a modulation cycle yields 
a value of Q compatible with band width requirements, it is evident 
that the performance of the modulation system during modulation will 
be commensurate with these requirements. 

Experimental Tube Performance3 

An experimental multi-beam Electron Coupler was built with an 
internal structure similar to that shown in Figure 10. It contained 

5 L. P. Smith and C. I. Shulman, "Frequency Modulation and Control 
by Electron Beams," Proc. I.R.E., Vol. 35, pp. 644-657, July, 1947. 
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two coupling beams, each capable of 200 milliamperes, and 5 auxiliary- 
beams capable of a total modulating current of 650 milliamperes at a 
beam voltage of 750 volts or more, this current being subject to com- 
plete control of a grid in the range of 0 <E,j <. —50 when the beam 
voltage is 750 volts. 

The tube was operated at the one-kilowatt level and exhibited a 
power transfer efficiency of 50 per cent at match, with no auxiliary 
beams turned on. This is lower than the value of 70 per cent achieved 
in tubes utilizing the geometry shown in Figure 3. The decrease is 
attributable to the fact that the great length of the tube (18 inches) 
made it difficult to achieve over-all rectilinearity of magnetic field as 
produced by solenoidal magnets. 

Consider now the obtainable depth of modulation as predicted by 
the preceding theory. This information is contained in the curves in 
Figure 6. 

The ordinate R()0/RM in Figure 6 is too cumbersome for direct use. 
By employing Equations (7) and (13), however, it follows that 

•"■oo ' M ' (;-j0 
—, (35) 

Rm I no V h:ul 

where /„„ and V,,.^ are the optimum values of coupling beam current 
and beam voltage in the output cavity as prescribed by the output load. 
/,, is the auxiliary beam present in the output cavity and Vh<tw is the 
beam voltage experienced by this beam as referred to the auxiliary 
beam cathode. 

Consider now three cases which illustrate both the theoretical and 
the practical considerations which are germane to the problem. 

Case 1—Let = 0.060 and Vb3o = Vh,tu = 420 volts (See Table 1). 
It then follows from Figure 6 that the magnitude of auxiliary beam 
current necessary to produce 85 per cent voltage modulation is = 12 
I,,,, = 720 milliamperes. (Since the optimum values of Itw and Vh?n are 
employed, a = 1.) It is evident that this is more current than that 
which is available from the auxiliary beam guns (650 milliamperes 
max) ; however, practically speaking, it is not possible to produce even 
450 milliamperes in the experimental tube at this low voltage. 

Case 2—Let /„„ = 0.165 and Vh.^ = F,„{); = 1150 volts. Following 
the same procedure as in Case 1, a total of IM = 1.920 amperes is re- 
quired. This is three times the current available from the auxiliary 
beam guns. The beam voltage, at least, will be more than sufficient to 
maintain the available auxiliary-beam current. 
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Case 3—The situation in Case 2 may be redeemed by mismatching 
the coupling beam current and the output load as follows; First, let 
the optimum values, /,, = 0.165 and VhXn— 1150 volts, be set up. Note 
that according to Table 1, this corresponds to a peak power of 3910 
watts. Then reduce the coupling beam current to 0.060, and, adjusting 
Vi,„ir to 750 volts, bias the auxiliary-beam guns to deliver the full 
650 milliamperes. Thus, 

0.060 
- = 0.37, 

0.165 

y,^ 1150 

750 

/v 0.650 

1.532, 

: 3.94, 
loo 0.165 

Ru 
= 3.94 X 1.532 = 6.04. (36) 

R,.n 

Using these values for a and RM/Rlt0, it is found from Figure 6 that 
the output voltage is reduced to 15 per cent of the value corresponding 
to I,, = 0. Note that the maximum power which can be carried by a 
coupling beam of 0.060 milliampere in a tube of these dimensions is, 
according to Table I, 1060 watts. 

The figure for voltage-modulation depth which was deduced in 
Case 3 was very closely corroborated in the experimental tube. The 
linearity as a function of auxiliary-beam-grid voltage was found to 
be excellent and the band width was measured to be in excess of 5 
megacycles. 
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Appendix A—The Superposition Integral Theorem 

Consider the case in which an electron enters a transverse electric 
field whose instantaneous field strength is uniform along the path 
traversed by the electron. Let a magnetic field exist parallel to the 
path of the electron and let the magnetic field and the transverse 
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alternating-current field be adjusted to the cyclotron frequency. The 
path of the electron is illustrated in Figure 9a; the step-function 
nature of the transverse field is pictured in Figure 9b, where it is seen 
that the step function starts at z = z^. The electron will yield what 
will be termed an electron-response function as a result of its encoun- 
tering this step-function field. If the response is one of deflection, 

ELECTRON 
PATH 

.ELECTRON 
■ -®-- (O-) 

MAXIMUM 
TRANSVERSE 
ELECTRIC 
FIELD STRENGTH 

E LECTRON 
RESPONSE 
FUNCTION 

(DEFLECTION) 

GENERAL FIELD 
F U NC TION 6(2) 

STEP-FUNCTION 
REPRESENTATION 
OF 6(2) 

DISTANCE TRAVERSED- 
THRU FIELD 

LINEAR CURVE 

 (b) 

Pig. 9—(a) Path of electron traveling in the Z direction; (b) Diagram 
showing the step-function nature of axially-uniform transverse electric 
field as seen by an electron traveling in the Z direction; (c) Electron re- 
sponse function-deflection (linear) ; (d) Electron response function-power 
(square law) ; (e) General function denoting axial variation of transverse 
electric field; (f) Step function summation which simulates the curve in (e). 

then the electron-response function is a linear-response function (see 
Equation (3)) as pictured in Figure 9c. If the response is one of 
power, then the. electron-response function obeys a square law (see 
Equation (2)) as pictured in Figure 9d. This electron-response func- 
tion is written symbolically as Z (z) which is a function of the transit 
angle of the electron. 
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Now consider the axial variation of transverse electric field strength 
to be a general curve described by e (z) e'^J, as pictured in Figure 9e. 
This curve can be decomposed into a set of step-function components 
as pictured in Figure 9f. 

Let the first of the step-function components in Figure 9f have the 
amplitude, Ae. The electron response to this particular step-function 
component will be 

Ae 
response = ZO) ( )(37) 

It follows that the sum of the responses in distance z is 

a Ae 
response = s Z [z — A] AA, f38) 

AA 

where A is a convenient change of variable. Letting AA approach d\ 

Ae 
and letting approach the derivative of e with respect to A, we get, 

AA 
as a summation of the responses from 0 to z, the integral 

response• 
/ 

Z [z — A] e'(A) dX, (39) 

which is recognized as the integral comprising the superposition 
integral theorem. 

Appendix B—Directrix Beam Frequency Multipliers 

If a cavity of the magnetron type is used for the output system of 
an Electron Coupler, and if its frequency is tuned to some integral 
multiple of the input cavity, frequency multiplication will take place. 
A directrix beam is formed in the input cavity which, when passed 
into the cavity-magnetron resonator close to the vane type as shown 
in Figure 10(a), will interact with the traveling fields of the resonator 
resulting in the extraction of rotating-beam power by the output cavity 
system. 

Power transfer can only take place if the rotating electron beam 
sets up a traveling azimuthal electric field E0 (.r,6,t) whose angular 
velocity is that of the rotating beam and whose phase is such that the 
rotating field sees a retarding field. 
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An important difference between the interaction process in a fre- 
quency multiplier and the Electron Coupler is that, in the Electron 
Coupler, the transverse electric field extends throughout the interpole 
face region. In the frequency multiplier, the traveling electric field 
decreases rapidly along a radius from the vane tips to the center of 
the interaction space. It can be shown that* 

E0(r,e,t) C„ 
m= — oo 

cos (nmO — (o„i), (40) 

TIP SPACE 
(C) 

Pig. 10—(a) Vane tips and electric field configuration in a cavity-magnetron 
anode; (b) Variation of Eo as a function of radius for the first Fourier 
component when the number of cavities is large, and the mode of operation 

is the Tr-mode; (c) Directrix-beam power as a function of radius. 

where Cm is the mth Fourier component of the traveling field, ra is 
the radius of the interaction space, 9 is the azimuthal angle of the 
traveling field, and n is the mode number such that o g w ^ N/2, 
where N is the number of cavities. The Tr-mode rotating electric field 
will interact with the m = 1 component of correct direction described 

* C. L. Cuccia, Harmonics Sidebands and Transients in Communication 
Engineering, McGraw-Hill Book Company, Inc., New York, 1952, p. 417. 
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by an electric field expression of the following form: 

" A' 
COS   0 — u}„t 

r 
Eg, m=i — C±i (41) 

r, 2 a 

The precise value of C±l is not important since it is evident that 

(r/r„) - is the controlling factor as far as the variation of the 
electric field component along a radius is concerned. 

Any power extracted from the rotating field will be described by 
the general expression 

where J is the current density. However, it is not necessary to pursue 
further the general formulation describing power extraction since the 
behavior of the output system follows from considerations of the mag- 
nitude of the fundamental azimuthal traveling-wave component as a 
function of radius. 

As is predicted by Equation (41), the magnitude of Ee m=l will 
fall rapidly as a function of radius as measured from the vane tip 
toward the central axis. This is illustrated in Figure 10(b). It is 
evident therefore that interaction between the traveling wave and the 
directrix beam will take place chiefly near the vane tips. If this inter- 
action causes a reduction in directrix-beam radius to, say, r,,, rh will 
not be very much smaller than r0 and the power transfer efficiency will 
at best be 

If rb < ra, it is evident that the power-transfer efficiency will be very- 
low. This case is illustrated in Figure 10(e) where the vertical dash 
line denotes rh and the power available for extraction from the directrix 
beam is Pa. 

The preceding discussion is, of course, based on the proposition 
that there is no interaction from the radial component of field Er (9, 
r, t), that the cross section of the directrix beam is very small com- 
pared to the thickness of the vane tips, and that the directrix beam 
enters the output cavity nearly grazing the vane tips. Failure of these 
aspects to prevail will result in an even lower power-transfer efficiency. 

x 
 1 

n - 
r/= 1 X 100. (43) 
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An experimental frequency multiplier was built; the input cavity, 
tuned to 800 megacycles, was identical to the type used in the basic 
Electron Coupler in Figure 1; the output cavity was an 8-vane resonant 
cavity tuned to 3200 megacycles giving a frequency multiplication 
factor of 4. The distance between vane tips is the same as that between 
pole faces in the input cavity, or 1.5 inches, and the length of the vane 
is 2.4 inches. A beam .05 inch in diameter was used (as compared to 
the %-inch-diameter beam used in the Electron Coupler). 

Using cavity voltages of 600 volts, a beam of 45 milliamperes carry- 
ing an input radio-frequency power of around 100 watts was sent 
through the tube. The maximum output power obtainable from this 
tube was found to be 1.5 watts showing the transfer efficiency to be 
in the neighborhood of 1.5 per cent, thereby demonstrating the inherent 
inefficiency of a directrix-beam frequency-multiplier system. 

Appendix C—Auxiliary Beam Modulation Using 
Inverse Feedback 

There is a potentially important method, not yet used experimen- 
tally, for increasing the depth of modulation to a full 100 per cent. 
This method employs directrix-beam inverse feedback; an auxiliary 
beam of magnitude not exceeding that of the coupling beam is used 
for the modulation. 

A directrix-beam inverse-feedback Electron Coupler is pictured in 
general form in Figure 11. The tube is seen to have a third resonant 
cavity added after the output cavity. (Note that the output loop 
remains in the second cavity.) The tube, without the auxiliary modu- 
lating beam, is a straightforward two-cavity Electron Coupler. 

The principles of operation of this tube are described as follows: 
Let the output load be matched to the output cavity when the 

auxiliary modulating beam is not on. All of the rotating beam power 
will go to the output load from the second cavity and the coupling beam 
will pass through the third cavity with only the direct-current energy 
due to the beam accelerating voltage remaining. 

Let the auxiliary modulating beam be turned on slightly. The beam 
will pass through the third cavity into the second (output) cavity 
where it will cause mismatch between the directrix coupling beam 
and its effective load. The power transfer efficiency will be reduced 
resulting in some rotating beam power remaining in the coupling beam 
as it enters and passes through the third cavity. This rotating beam 
power is absorbed by the modulating beam in this third cavity. (Note 
that the directrix of the modulating beam will be 180 degrees out of 
phase with respect to the directrix of the third-cavity coupling beam.) 
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Fig. 11—Diagram of a three-cavity Electron Coupler using directrix-beam 
inverse feedback. Note that the output loop is in the middle cavity. 
(Although coaxial cavities are depicted, cone-directrix beams rather than 
"milk-bottle" beams are pictured in order to avoid undue complexity.) 

The modulating beam will enter the output cavity and the rotating 
beam energy in the modulating beam will serve to further reduce the 
amount of power extracted from the coupling beam by the output load. 
As the auxiliary modulating beam is turned on further, more and more 
rotating beam energy enters the third cavity to be returned by the 
auxiliary modulating beam to the output cavity, 180 degrees out of 
phase, until, when the auxiliary modulation beam equals the coupling 
beam in magnitude, both electron beams will form cylinder-directrix 
beams of identical radius and no energy will reach the load. 
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ISRAEL INTERCITY VHF 
TELECOMMUNICATION SYSTEMS::: 

By 

L. C. Simpson 

Engineering Department, RCA International Division, 
New York, N. Y. 

Summary—Two 12-channel VHF relay systems which ivere recently in- 
stall'id to interconnect the cities of Jerusalem, Tel Aviv and Haifa are 
described. Frequency-modulated equipment operating in the 250-megacycle 
hand is used with frequency-division multiplexing and toll dialing. Sources 
of noise and. cross talk in relay systems of this type are discussed, and 
over-all performance figures are given. The system performance complies 
with CCIF recommendations. 

if ^HE establishment of the State of Israel in 1948 coincident with 
the termination of the mandatory regime and followed by an 
almost three-fold increase in population, created many com- 

munication problems demanding rapid solution. As the result of 
immigration, increased industrial, agricultural and commercial opera- 
tions, and the administrative activity incident to the formation of the 
new state, the requirements for national and international communi- 
cations were multiplied many times. 

Not the least important of the tasks confronting the Department of 
Posts, Telegraphs, Telephones and Kadio was that of providing reliable 
telephone trunk circuits between the principal cities of the country. 
Traffic requirements were greatest between the cities of Tel Aviv, 
Haifa, and Jerusalem. In 1950, at the request of the Department, field 
tests were conducted by RCA to determine suitable station sites for 
two 12-channel 250-megacycle radio relay systems to interconnect 
these three cities. Installation work was commenced in mid 1951, and 
both systems were inaugurated April 14, 1952. 

General Characteristics of the Systems 

Each of the systems includes two radio hops as shown in Figure 1. 
In the Tel Aviv-Jerusalem system, a repeater station is located in the 
Judean Hills, and the radio path lengths are 26 miles and 8 miles. In 
the Tel Aviv-Haifa system, a repeater station is located on Mount 
Carmel, and the radio path lengths are 50 miles and 5 miles. 

* Decimal classification: R423.16. 
100 
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Terminal stations are located in the urban automatic telephone 
exchanges, with the antennas mounted on the roof. Each system is 
installed and wired as an integral part of the national telephone net- 
work. Toll dialing is provided, so that toll operators dial directly to 
subscribers in the distant city. Any or all channels of the two systems 
may be patched in tandem at Tel Aviv, as traffic demands, to provide 
direct circuits with toll dialing between Jerusalem and Haifa. 

Performance 

Each system provides 12 simultaneous two-way telephone circuits 
having a signal to noise and interchannel crosstalk ratio of 60 decibels 
or more. The frequency response of each voice channel between 220 
cycles and 3550 cycles is within 2 decibels of the 1000-cycle value. 
Channel output levels remain within 2 decibels of the established test 

THAIFA 
MT CARMEL 
REPEATER 

12 TWO-WAY 
TELEPHONE 
CHANNELS 

_! I TEL l 
l AVIV I 

/ 
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REPEATER 

f- 34 MILES - 
JERUSALEM 

Fig. 1—Trunk facilities provided by intercity systems. 

board level during a 24-hour day. The reliability factor of each system 
during a test week of 2016 channel hours exceeded 99.85 per cent, 
considering lost time due to all causes except loss of primary power. 

Radio Equipment 

Type CTE-2* transmitting and receiving equipment is used at all 
terminal and relay stations to provide a baseband extending from 50 
to 112000 cycles. The transmitter operates in the 235-265 megacycle 
band, and delivers 50 watts output into a 50-ohm load. A master 
oscillator operating at about 5 megacycles is frequency modulated by 
means of push-pull reactance tubes. The oscillator frequency is multi- 
plied 48 times in succeeding stages to excite a single 4X150 output 
tube. The maximum output frequency deviation is ±300 kilocycles. 

* Later designation for this equipment is Type CTR-250L. 
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The center carrier frequency is automatically controlled by com- 
parison with a quartz-crystal oscillator. By means of frequency divider 
chains, appropriate subharmonics of bolt master oscillator and crystal 
oscillator frequencies are applied to a comparison circuit. Any differ- 
ence between the two subharmonic frequencies causes a correcting 

Fig. 2—Tel Aviv terminal radio and carrier equipment. 

voltage to be applied to one of the reactance modulator tubes. 
The receiver is a single-conversion, crystal-controlled, superhetero- 

dyne, frequency-modulation receiver having an intermediate frequency 
of 32 megacycles. Two radio-frequency stages and five intermediate- 
frequency stages are used. The receiver noise factor is 9 to 11 decibels.* 

* Noise fector of subsequent Model CTR-250 receiver is 6 decibels. 
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Antennas 

Two types of antennas are used, one having 8 cophased elements 
with plane reflector and a gain of 15 decibels with respect to a half- 
wave dipole, and the other having a single element with plane reflector 
and a gain of 4 decibels. These antennas are fixed tuned to cover 
frequencies of 235-265 megacycles with standing wave ratios of 1.1 

Fig. 3—RCA model CTR-2 VHP equipment transmitter (left) 
and receiver (right). 

to 1.6. Antennas are supported 80 to 160 feet above ground level, with 
about 2 wave lengths horizontal separation between transmitting and 
receiving antennas. Approximately 150 feet of EG-17/U solid dielectric 
transmission line is used with each antenna. Receiving lines are 
equipped with coaxial filters to reject the adjacent transmitter fre- 
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quency having approximately 14 megacycles separation from the re- 
ceiver frequency. 

Multiplexing Equipment 

Single-sideband carrier terminals are used to provide 12 high- 
quality telephone channels. Channel spacing is 4 kilocycles, and a 
multiplex transmission band of 60-108 kilocycles is required for each 

Pig. 4—Judean Hills relay station. 

direction of transmission. Voice frequency tones for dialing and 
supervisory signaling, one for each channel and direction of trans- 
mission, are applied to a 13th channel and multiplexed to the 108-112 
kilocycle band. The carrier equipment employs a double-modulation 
system wherein each voice band is first translated to the 8-12 kilocycle 
band and is then translated to its assigned position in the multiplex 
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transmission band. By virtue of this double modulation process, ex- 
cellent channel separation is achieved with conventional band filters. 
The principal carrier circuits are shown schematically in Figure 12; 
a more complete description may be found in the literature.1 

Trunk-Dialing Equipment 

In each 12-channel system, 6 channels are used as trunks to handle 
calls originating at one terminal, and 6 channels for calls originating 

Fig-. 5—Antennas at relay station. 

at the other terminal. At each terminal, trunk-dialing relay sets are 
used to connect "outgoing" channels to the toll switchboard and "in- 
coming" channels to the selectors of the automatic exchange. Carrier 

1 L. G. Erickson, "Simplified 48-Channel Carrier Telephone System," 
Trans. A.I.E.E., Vol. 70, p. 56, January, 1951. 
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signaling tones are keyed on or off by action of the relay sets. The 
combined action of outgoing and incoming relay sets and carrier sig- 
naling equipment is such that a toll operator at the switchboard may 
seize, dial upon, or release a desired channel, and receive visual indica- 
tion of subscriber station ringing, busy, answer, or disconnect condi- 
tions. 

Propagation 

While laying out the system prior to the fixing of the final station 
sites, a field survey was made. Field-strength measurements were made 
over all paths, using 20-watt, 150-megacycle mobile equipment at sites 
the same as, or similar to, those finally chosen for the permanent in- 
stallation. The field strengths expected for the complete system were 

Fig. 6—Profile—Tel Aviv to Judean Hills to Jerusalem based on 
1.33 X earth's radius. 

derived from these measurements by taking into account the differ- 
ences in frequency, power, antenna gain, and apparent effective height 
of antennas. It is of interest to note that for six of the eight paths 
the actual median receiver input power was within 2 decibels of the 
expected value. For the other two. Mount Carmel to Tel Aviv and 
Judean Hills to Tel Aviv, the actual field strengths were, respectively 
5 and 9 decibels higher than expected. 

The path profiles are shown in Figures 6 and 7. These are based 
on an earth's radius of 4/3 the actual value. Line-of-sight conditions 
exist for all paths. 
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Fig. 7—Profile—Tel Aviv to Mt. Carmel to Haifa based on 
1.33 X earth's radius. 

The median receiver inputs observed for the various paths are given 
in the following tabulation. For comparison with published propaga- 
tion data, such as the Bullington nomograms,2 the received power 
which would have been obtained for a radiated power of 1 watt be- 
tween half-wave dipole antennas is also shown. This is obtained by 
applying appropriate corrections for transmitter power, antenna gain, 
transmission line losses, and filter loss. Median receiver inputs are 
2 to 17 decibels below free-space values. 

Path 
Distance, 

Miles 

Receiver 
Input, 
Micro- 
volts 

Receiver 
Input, 
dbw* 

Equivalent 
Receiver 
Input for 

1 Watt 
Dipoles. 

dbw* 

Equivalent 
Receiver 
Input, 

DB Below 
Free Space 

Value 

Haifa-Mt. Carmel 5 1900 —71 —99 4 
Mt. Carmel-Haifa 5 2400 —69 —97 2 
Judean Hills-Jerusalem 8 1040 —77 —104 6 
Jerusalem-Judean Hills 8 1470 —74 —101 3 
Mt. Carmel-Tel Aviv 50 370 —86 —125 11 
Tel Aviv-Mt. Carmel 50 260 —89 —128 14 
Judean Hills-Tel Aviv 26 1130 —76 —115 7 
Tel Aviv-Judean Hills 26 350 —86 —125 17 

- Kenneth Bullington, "Radio Propagation at Frequencies above 30 
Megacycles," Proc. I.R.E., Vol. 35, p. 1122, October, 1947. 

* Decibels referred to 1 watt. 
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Fading 

No significant variations in signal strength were observed between 
Haifa and Mt. Carmel (5 miles) or between Jerusalem and the Judean 
Hills Station (8 miles). 

Received signal strengths over the longer paths, Tel Aviv-Mt. 
Carmel (50 miles) and Tel Aviv-Judean Hills (26 miles) were observed 
more or less regularly for about 3 months, from mid-January until 
April 23, 1952. Figures 8A, 9A, 10A, and 11A are receiver input 
voltage distribution curves typical for this period. 

During the 10 days from March 29 to April 7, much more fading 
was observed than that which was typical during the rest of the 3 
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Fig. 8—Receiver input voltage distribution at Tel Aviv, from Mt. Carmel. 

month period. This condition was most pronounced from April 2 to 
April 7 inclusive, and Figures SB, 9B, 10B, and 11B are receiver input 
voltage distribution curves for these 6 days. This period of fading 
coincided with the occurrence of a "khamsin," which is the presence 
over Israel of a mass of hot dry air from the Arabian desert. The 
name signifies "fifty," it being said that about fifty such days may be 
expected each year, mostly during the spring and fall. 

Under normal conditions the radio-frequency signals received over 
the four long hops faded 3 to 5 decibels below median values during 
only 1 per cent of the time. During the disturbed period, fades of 12 
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Fig-. 9—Receiver input voltage distribution at Mt. Carmel, from Tel Aviv. 

o 0.5 

MICROVOLTS 
10 30 100 300 1000 

0 20 30 40 50 60 70 
DECIBELS ABOVE I MICROVOLT 

Fig. 10—Receiver input voltage distribution at Tel Aviv, 
from the Judean Hills. 
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to 20 decibels below median values were observed for 1 per cent of the 
time, and fades of 15 to 26 decibels for 0.1 per cent of the time. 

Levels 
Signal Levels 

Multi-channel systems which provide intercity trunk connections 
between urban telephone exchanges are subjected to a wide range of 
speech input volumes. Such systems operate in accordance with usual 
carrier telephone practice whereby speech signals originating at sub- 
scribers' telephones are applied, via the local telephone exchange, 
directly to the channel inputs. No gain adjustments are made for 
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Fig. 11—Receiver input voltage distribution at the Judean Hills, 
from Tel Aviv. 

individual calls, so that input volumes are uncontrolled except for peak 
limiting in each channel of the carrier equipment at high volume levels. 
This method of operating is in contrast with that employed in many 
high-frequency radiotelephone systems, where the input volume may 
be manually or automatically adjusted for each call to provide accept- 
able communication over a circuit having a low intrinsic signal-to-noise 
ratio. 

The channel input volume for a given call depends upon such factors 
as the characteristics of individual telephone instruments, talker vol- 
ume, length of subscriber line, and the loss of any intervening interoffice 
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trunk lines. The volume range covered by all calls depends upon the 
electrical characteristics of the particular telephone network and the 
talking habits of the subscribers. Typical volumes delivered to the 
channel inputs from toll switchboards in the United States cover a 
range of 33 decibels, varying from +8 VU to —25 VU, with a median 
value of about —8 VU.* Volumes observed in Israel were generally 
2 or 3 decibels higher than these values. 

The line-up and maintenance of the complete system requires ad- 
justment of individual gains and losses so that the actual signal power 
at the various units will fall between the allowable limits imposed by 
noise and overload. This involves adjustments and measurements at a 
dozen or more points for each channel and direction of transmission. 
It is customarily done by applying a test tone of specified nominal 
power at the input of a single channel and measuring the resulting 
nominal power at each other point of interest. The optimum nominal 
power for each unit is determined from consideration of its overload 
characteristics together with the statistical relationship between the 
test tone and the actual speech signals. 

A particular point in the circuit may be referred to in terms of 
the nominal power, in dbmt, at that point. It may also be referred to 
in terms of its relative transmission level, which is the gain or loss in 
decibels between the circuit input and the point considered. In a 
system having two-wire channel terminations, the sending hybrid input 
is usually designated a point of "zero transmission level," and a 1 
milliwatt (0 dbm) 1000-cycle test tone is applied at this point as the 
nominal input power. In this case nominal power levels and trans- 
mission levels are numerically equal. Figure 12 is a schematic diagram 
of one of the 12-channel systems, with nominal levels shown. 

The most important sources of noise and interchannel crosstalk are 
in those parts of the system which carry the combined signals of all 
the active channels. Achievement of the best signal-to-noise ratio 
with the lowest equipment cost requires that the combined signal level 
be as high as possible. On the other hand, peaks must not exceed some 
predetermined limit. This limit may be determined by equipment 
distortion which causes crosstalk, or, in a frequency-modulation system, 
by the allowable radio frequency spectrum. 

* Volume in VU is determined by a device known as a volume indicator, 
and is numerically equal to the strength of the signal in decibels with 
respect to a reference volume. The indicator is calibrated so that a 1000- 
cycle signal whose power is 1 milliwatt in 600 ohms gives a reading of 0 VU. 
Reference volume is that strength of electrical speech or program waves 
which gives a reading of 0 VU. 

f Decibels referred to 1 milliwatt. 
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The addition of multi-channel speech signals has been investigated 
in detail by Holbrook and Dixon.3 Their results are expressed as the 
root-mean-square power of the single-frequency tone having a peak 
value which will not be exceeded by the peak value of the actual multi- 
channel signal more than 1 per cent of the time during the busy hour. 
Figure 13 is taken from Holbrook and Dixon's work and shows the 
required single-tone capacity, in dbm, at a point of zero transmission 
level, as a function of the total number of channels in the system. The 
curves are based on typical talker volume distribution in each active 
channel. 

In practice, the system is so adjusted that, when a 0 dbm test tone 
is applied at the input of a single channel, the nominal level at the 
input of any unit which must carry the combined signal is below the 
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Fig. 13—Load capacity for system or N channels with uncontrolled volumes. 

input level corresponding to the maximum single-tone capacity of 
the unit by the amount indicated in Figure 13. 

In the case of the Israel systems, it was desired to limit the maxi- 
mum frequency deviation of the frequency-modulation transmitters to 
the rated value or ±300 kilocycles. With 0 dbm test tone input to a 
single channel, the nominal level at the transmitter input was adjusted 
to be 16 decibels below the level which would produce 300 kilocycles 
frequency deviation. This is the value indicated in Figure 18C for a 
12-channel system with typical peak limiting. 

Oscillographic observation of the actual combined signal during 
heavy traffic showed maximum peaks, for speech, equivalent to those 
of a sinusoidal tone 14 decibels above nominal level. The maximum 
value for supervisory clicks was 19 decibels. A value of 13 decibels 
was obtained when 11 channels were simultaneously loaded with non- 

3 6. D. Holbrook and J. T. Dixon, "Lead Rating- Theory for Multi- 
Channel Amplifiers," Bell Sys. Tech. Jour., Vol. 18, p. 624, 1939. 
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synchronous tones, each 4 decibels below nominal input level, for cross- 
talk measurements. 

Noise Levels 

Single-frequency noise components of different frequencies have 
different interfering effects on telephone circuits, and their relative 
interfering effects have been determined. In wire line practice, circuit 
noise at a point of specified transmission level is measured by means 
of a noise meter incorporating a frequency weighting network appro- 
priate for the type of telephone instrument used in the system. 

The Western Electric 2B noise measuring set is widely used for 
this purpose. Basically, the instrument indicates total weighted noise 
power in decibels above a 1000-cycle reference power of —90 dbm. 
However, for some weighting networks the meter reading is "adjusted" 
by an amount which is determined by the acoustical efficiency of the 
telephone instrument to which the weighting corresponds. In this way 
equal interfering effects on systems employing different telephone 
instruments are indicated by equal noise meter readings when appro- 
priate weighting is used in each case. Such readings are expressed in 
dba (db adjusted). For F1A line weighting, which was used in the 
Israel tests, the readings in dba represent total weighted noise power 
in decibels above a 1000-cycle reference power of —85 dbm. The F1A 
line weighting curve is in conformity with that adopted by the CCIF 
(International Consultative Committee on Telephony) for use in meas- 
uring noise on international circuits.* 

The average circuit noise for all channels of the systems installed 
in Israel, including residual noise and intermodulation crosstalk under 
heavy traffic conditions, was about 30 dba at a point of zero trans- 
mission level, or 26 dba at the hybrid output (—4 db transmission 
level). 

It may be noted that had the channels been adjusted for 7 decibels 
net loss, the noise output would have been 23 dba, which more than 
fulfills the CCIF requirement of 27 dba (2 millivolts psophometric 
EMF) at a point of —7 db transmission level. 

Signal-to-Noise Ratio 

As an expression of circuit merit, signal-to-noise ratio is more 
widely used by radio engineers than is circuit noise level as expressed 
above. Maximum signal-to-noise ratio is usually taken as the ratio of 

* CCIF recommendations for noise are not expressed in dba, but in 
noise electromotive force (psophometric emf). For example, 2 millivolts 
psophometric emf is equivalent to 27 dba. For definition see CCIF XV 
Plenary Assembly, Paris, July 1949, Volume IV, page 25. 
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maximum 1000-cycle sine wave output to weighted noise output. In 
the present case the maximum 1000-eycle output is limited to approxi- 
mately +10 dbm at a point of 0 transmission level, or 95 dba when 
measured with F1A weighting. Thus, a noise level of 30 dba at a 
point of 0 transmission level corresponds to a maximum signal-to-noise 
ratio of 65 decibels. 

The extent to which the available signal-to-noise ratio is made use 
of in a particular subscriber-to-subscriber connection depends upon 
the lengths of the subscriber loops and other characteristics of the 
wire telephone network. In general, a trunk signal-to-noise 1'atio of 
60 decibels or more is desirable to assure satisfactory speech-to-noise 
ratios for difficult subscriber connections. 

Channel Noise 
The determination of residual noise on the speech channels is one 

of the most important performance tests. Also, a special effort was 
made to accumulate as much data as possible concerning noise, since 
such data would be useful in future design of very-high-frequency 
systems. 

Channel noise caused by the equipment itself can be predicted fairly 
accurately from theoretical considerations and laboratory measure- 
ments, but man-made noise picked up by the receiving antenna and its 
effect on channel noise depends on local conditions and must be deter- 
mined largely from empirical data. With this in mind steps were 
taken to evaluate separately the various components of the total noise 
output. 

All noise measurements were made at the speech channel outputs, 
either at the carrier demodulator outputs (point of 0 transmission 
level) or at the receiving hybrid outputs (point of —4 decibels trans- 
mission level). 

Considering a telephone connection from subscriber to subscriber, 
the sources of noise are as follows: 

1. Lines to subscribers at each end. 
2. Automatic exchanges at each end, and toll switchboard. 
3. Toll dialing equipment at each end, and lines to exchange and 

to carrier equipment. 
4. Carrier equipment at each end. 
5. Radio transmitters at sending terminal and relay station. 
6. Radio receivers at receiving terminal and relay station. 
7. Man-made noise picked up by radio receivers. 
8. Cosmic noise picked up by radio receivers. 
9. Interfering radio signals picked up by receivers. 
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The subscriber lines, automatic exchanges, and toll switchboards 
were not part of the system supplied, and, therefore, noise from these 
sources will not be considered here. The outgoing and incoming toll 
dialing equipment and the relatively short lines connecting it into the 
system were not significant sources of noise. 

Carrier Equipment Noise 

Residual noise produced in the channels by the carrier equipment 
alone may be measured by looping the sending and receiving sides at 
a terminal. In equipment having alternating-current power supply, as 
in this case, noise consisting of harmonics of the power frequency may 
originate in the demodulators. Noise levels with F1A weighting varied 
from channel to channel between 12 and 20 dba with an average of 15 
dba, at a point of 0 transmission level. 

Radio Transmitter Noise 

The only significant source of noise found in the CTK-2 Trans- 
mitter is in the frequency control circuits. The master oscillator and 
crystal oscillator frequencies are subdivided, for comparison, to a 
frequency around 22 kilocycles. The harmonics of this frequency 
modulate the transmitter at a level of 60 to 80 decibels below the full 
modulation level or about 45 to 65 decibels below single channel test 
tone level. The resulting channel noise level, if the tone in question 
falls at the peak of the F1A weighting curve, will be 20 to 40 dba at 
point of 0 transmission level. 

In the Israel systems only the third, fourth, and fifth harmonics 
fall within the carrier range, some of the frequencies fall between 
channels, and others are attenuated by the weighting. Measurable 
noise of this type is between 20 and 30 dba at point of 0 transmission 
level on one or two channels. 

Receiver Fluctuation Noise 

Electron current fluctuation and thermal agitation in the early 
stages of the receiver cause noise in the receiver output which may be 
calculated from the input level and the receiver noise factor. The 
weighted noise level corresponding to each speech channel may like- 
wise be calculated. 

As determined by measurements at the factory, the noise factors 
of the CTR-2 Receivers used in the system ranged from 9 to 11 decibels 
with respect to theoretical thermal noise, and the measured base-band 
noise outputs were within ±1.5 decibels of the values calculated from 
the noise factors. However, in order to be able to segregate accurately 
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all sources of noise during the installation, measurements of receiver 
fluctuation noise in the speech channels were made in Israel. 

With the receiver fed from an unmodulated signal generator, the 
noise output of each carrier telephone channel was measured with a 
2B Noise Measuring Set and compared with the calculated noise out- 
put. Carrier equipment noise was either deducted, or its effect elimi- 
nated by raising the level of the receiver noise by a known amount 
before entering the carrier equipment. 

It was found that receiver fluctuation noise, as it appeared in the 
speech channels, was about 3 decibels higher than calculated. 

Radio-frequency signal strengths and city noise conditions were 
such that fluctuation noise was of importance only at the relay stations. 
Measurements on receivers located at relay stations where there is no 
carrier equipment were made at the terminal stations. The input from 
the signal generator to the relay receiver was set low enough to make 
the relay receiver fluctuation noise completely override the terminal 
receiver fluctuation or city noise. 

In the Israel systems, receiver fluctuation noise was largely deter- 
mined by received signal strength at the relay stations, and was gen- 
erally of the order of 20 to 23 dba at point of 0 transmission level for 
an average channel under median conditions of propagation. 

City Noise 

The noise output of a very-high-frequency receiver located in a 
city may be considerably higher than that which is caused by fluctua- 
tion noise in the receiver itself. This noise, which we will call city 
noise, is picked up by the antenna from motor vehicles, electrical 
machinery, electric signs, faulty high-voltage insulators and similar 
sources.4 It usually varies in level with the activity of the city, from 
day to night and from working day to holiday. Because of its irregular 
and impulse-like nature, it causes a crackling sound which is easily 
distinguished from the characteristically "smooth" sound of fluctua- 
tion noise in a very-high-frequency telephone channel. Whether or not 
such noise contributes appreciably to the total system noise depends 
upon the signal field strength at the noisy location. 

In the Israel system the terminal stations are located at city tele- 
phone exchanges in areas of high noise level. The signal strengths 
received from the relay stations are such that city noise contributes 
to the total noise output at Jerusalem and Haifa, while at Tel Aviv it 
is the largest single source of noise. However, the system was so 

4 L. C. Simpson, H. J. B. Nevitt, and E. J. Eriksen, "VHF Radio 
Multichannel Carrier Telephone Circuits in Colombia," Ericsson Review 
Vol. 28, p. 62, 1951. 
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planned that signal field strengths were adequate to insure excellent 
performance. 

Although city noise was the predominant noise source at only one 
terminal and did not constitute a problem at any terminal, measure- 
ments of it were made at all three terminals for use in designing future 
systems involving similar station sites. Noise level readings were taken 
at the channel outputs with the 2B noise measuring set, and any other 
noise power present, such as receiver fluctuation noise or carrier equip- 
ment noise, was then deducted to arrive at the output level of the city 
noise alone. This output level was then used to derive a city noise 
factor. 

The 2B noise measuring set combines single-frequency components 
on a root-sum-square basis, but it is not known whether this occurs for 
sharply peaked impulse noise. Since city noise is usually a combina- 
tion of noise from many sources, the pulse rate is high enough so that 
there is little difficulty in reading the instrument, though variations 
are generally greater than for receiver fluctuation noise. In any event, 
whether or not true power is indicated, this meter is widely used for 
measuring telephone circuit noise, and means for predicting its read- 
ings are necessary in system design. 

The noise level in the telephone channels due to city noise picked 
up by the antenna will depend upon such factors as the received signal 
strength and the modulation level, which vary from system to system. 
In order that data obtained at the station sites of the present system 
may be made use of to estimate the circuit noise which may be intro- 
duced at similar sites in other systems, it is necessary to express it in 
relation to some fixed reference value. 

Perhaps it would appear most logical that the noise be expressed 
as radio-frequency field strength. However, the conversion of circuit 
noise to radio frequency noise field strength requires that the gain 
of the antenna in the direction of the noise source be known. In the 
case of a fixed directive antenna mounted high above crisscrossed city 
streets, the direction from which the noise comes is difficult to deter- 
mine. Though the direction may be estimated, the corresponding an- 
tenna gain can only be approximated unless an unusually complete 
antenna radiation pattern is available. Calculations of noise field 
strength based on such assumptions showed reasonable correlation 
with published radio-frequency noise data, but the complications 
seemed out of proportion with the degree of accuracy to be expected. 

As a practical matter, city noise may be treated as though it 
originates in the antenna, and the power which it delivers to the 
transmission line evaluated in decibels above the thermal power which 
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would be delivered by an equivalent resistor replacing the antenna. 
Such a city noise factor for a given location, antenna height, and fre- 
quency, is comparable to the receiver noise factor which is used to 
evaluate receiver fluctuation noise, and may be used in a similar 
manner. In practical work, the two noise factors may be combined by 
subtracting the transmission line and filter loss from the city noise 
factor, adding the result to the receiver noise factor on a power basis, 
and using this over-all noise factor to establish the carrier-to-total- 
noise ratio at the receiver input. 

During the installation in Israel, sufficient measurements were 
taken at the three terminals to establish the approximate range of 
the city noise factor as shown in the following tabulation: 

City Noise Factor, decibels 

Terminal Time Maximum Usual Minimum 

Tel Aviv 0700-1900 30 28 25 
1900-0700 25 20 

Haifa 0700-1900 30 28 12 
1900-0700 22 12 

Jerusalem 0700-1900 28 25 12 
1900-0700 22 12 

The total noise at a channel output is the power sum of city and 
fluctuation noise from the terminal and relay receivers, carrier equip- 
ment noise, and any spurious tones or heterodyne interference which 
may fall in the channel. The relative importance of these factors will 
vary from one system to another. It may also vary from hour to hour 
as city noise and propagations change, and with direction of trans- 
mission. 

For example, at the Tel Aviv terminal the channel noise level was 
generally determined by city noise, and at the Haifa terminal it was 
determined by fluctuation noise from the relay receiver on Mt. Carmel. 
At Jerusalem the noise level was generally determined by fluctuation 
noise from the relay receiver in the Judean Hills, but quite often city 
noise, fluctuation noise, and carrier noise all contributed equally. 

Measurements of total system noise, made on all 12 channels at the 
different terminals, fell within the limits given below. These measure- 
ments were made at various hours between 10:00 A.M. and 8:00 P.M., 
with F1A weighting, and are expressed in dba at a point of 0 trans- 
mission level. 
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Average Worst 
All Channels Channel 

dba dba 

Tel Aviv (From Jerusalem) 20-23 23-27 
Tel Aviv (From Haifa) 24-29 27-36 
Jerusalem (From Tel Aviv) 25-29 27-30 
Haifa (From Tel Aviv) 25-27 27-31 

Interference from local transmitters, which may cause beat notes 
in the channels of very-high-frequency systems, was avoided by careful 
selection of operating frequencies. The reception of a small amount 
of cosmic noise may be expected, under certain conditions, at frequen- 
cies as high as 250 megacycles. No attempt was made to evaluate this 
during the present installation, since other noise sources were pre- 
dominant. 

Inter modulation Crosstalk 
Interchannel crosstalk in a multichannel system of this type is 

caused by nonlinearity in those parts of the system which carry the 
combined signals of all the channels. Nonlinearity in the amplitude 
response of the radio equipment and the wide-band amplifiers of the 
carrier equipment results in the production of unwanted intermodula- 
tion products. These products, having frequencies other than the 
signals which caused them, appear as unwanted noise in other channels. 
This crosstalk is unintelligible. 

Crosstalk caused by intermodulation may vary between rather wide 
limits, as it depends upon the number, position, and talker volume of 
the other channels which may be active at any particular moment. 
For system adjustments and performance tests, it is convenient to 
simulate traffic conditions in some way, so that steady crosstalk read- 
ings may be obtained which are reasonably indicative of the readings 
which will prevail when the system is carrying its heaviest traffic. 

The method used for simulating traffic during adjustment of the 
present systems was the simultaneous modulation of all channels, ex- 
cept the one being measured, with sine wave tones of the same level. 
A generator having 11 separate oscillator outputs at frequencies be- 
tween 300 and 3300 cycles was used for this purpose. 

Crosstalk measurements were made with tone levels varying from 
—12 to 0 dbm at the transmitting hybrid. Final performance tests 
were made with a tone level of —4.5 dbm. 

No practical means were available for obtaining complete statistical 
data on crosstalk while the system was carrying traffic. However, it 
was observed that for the greater part of the time during the busiest 
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period, the over-all channel noise, including crosstalk, dialing and 
switching peaks, and residual noise, did not exceed the values obtained 
when the system was loaded with tones of —4.5 dbm. 

Occasional maximum circuit noise peaks during the busiest period 
were somewhat higher than with multitone loading. Each channel was 
observed for 3 to 5 minutes and the maximum values of circuit noise 
caused by crosstalk, dialing and switching peaks, the residual noise 
were recorded. This data is summarized in the following tabulation, 
which also includes, for comparison, a summary of measurements made 
when the channels were loaded with tones of —4.5 dbm at the trans- 
mitting hybrid. 

Circuit Noise and Crosstalk, 
dba F1A at Point of 0 Transmission Level 

11 Tone Test Traffic Test (Max. Values) 
Crosstalk Crosstalk 

Direction of 
Transmission Channel 

Residual 
Noise 

Pius 
Residual 

Noise 
Pins 

Residual 
Noise 

Dialing 
Peaks 

Switching 
Peaks 

Residual 
Noise 

Tel Aviv to Worst 30 31 39 34 38 30 
Jerusalem Average 27 30 31 32 32 26 

Best 23 26 28 28 N 25 

Jerusalem Worst 24 29 36 35 42 27 
to Tel Aviv Average 22 27 28 30 32 22 

Best 19 23 23 N N 19 

Tel Aviv to Worst 30 29 34 30 36 31 
Haifa Average 27 27 30 29 32 25 

Best 25 24 28 N N 22 

Haifa to Worst 27 32 36 32 34 31 
Tel Aviv Average 25 29 29 30 33 26 

Best 22 28 26 N N 22 

Referring to the tabulation, it may be seen that for the average 
channels the maxima observed during the traffic test were from 0 to 3 
decibels above the values obtained with tone loading. Making the same 
comparison for the worst channel in each case, the highest peaks were 
from 4 to 8 decibels above the values obtained with tone loading. 

Noise peaks caused by dialing impulses are shown separately, and 
are seen to be 4 or 5 decibels below the highest crosstalk peaks. Isolated 
peaks caused by switching and supervisory relays in the toll dialing 
equipment were comparable with the highest crosstalk peaks. Under 
normal operating conditions these switching peaks were not frequent 
enough to be noticeable. 
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It is considered that the performance obtained when 11 channels 
are loaded with tones of —4.5 dbm provides a realistic approximation 
of the actual system performance under traffic conditions. However, 
it may be noted that an increase in tone level of 2 or 3 decibels 
would be required to produce crosstalk levels equal to the highest peaks 
observed under traffic conditions. 

Loop Measurements (Two-Hop) 

During the initial adjustments, crosstalk measurements were made 
on a loop basis, from terminal to relay station and back again, rather 
than from terminal to terminal. Such a loop circuit involves the same 
amount of equipment as a two-hop terminal-to-terminal circuit, and 

A = TOTAL CROSSTALK AND NOISE 
= TOTAL CROSSTALK 

C = CARRIER CROSSTALK 
D. TOTAL NOISE 
E-RADIO NOISE 

2 3 4 5 6 7 8 9 10 II 12 
CHANNEL NUMBERS 

Fig. 14—Noise and crosstalk in each channel of 12-channel system when 
remaining 11 channels are modulated with nonsynchronous tones of —4 
dbm at point of 0 transmission level (20 decibels below 300-kilocycle trans- 

mitter frequency deviation). Jerusalem-Judean Hills-Jerusalem loop. 

has the advantage that the channel inputs and outputs are at one point. 
In addition, the amount of crosstalk and noise originating in the carrier 
equipment alone may be determined by making a loop connection from 
carrier output to carrier input. In order to facilitate such loop tests, 
the system was so lined up that the levels at the wide-band terminals 
of all radio and carrier equipment were the same. 

Figure 14 shows measurements made on each channel for the 
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Jerusalem-Judean Hills-Jerusalem loop, and illustrates how crosstalk 
and noise vary from channel to channel. The actual measurements 
taken for each channel were (1) carrier residual noise, (2) total re- 
sidual noise, (3) carrier crosstalk plus noise for —4 dbm tone loading, 
and (4) total crosstalk plus noise for —4 dbm tone loading. The total 
residual noise was then subtracted from the total crosstalk plus noise, 
on a power basis, to obtain the total crosstalk alone. The carrier re- 
sidual noise was likewise subtracted from the total residual noise to 
obtain the radio noise alone. All levels are in dba, F1A weighting, at 
the demodulator output jacks of the carrier equipment (point of 0 
transmission level). 

DB BELOW 300 KG TRANSMITTER DEVIATION 

0 TRANSMISSION LEVEL 

Pig. 15—Crosstalk in single channel of 12-channel system when 11 
remaining channels are modulated with nonsynehronous tones. Jerusalem- 

Judean Hills-Jerusalem loop. 

Figure 15 also applies to the Jerusalem-Judean Hills-Jerusalem 
loop. It illustrates how the total crosstalk and carrier crosstalk for 
each channel vary when the level of the tones loading the remaining 
11 channels is varied. 
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Parameters for a Wide Range of Frequencies," I. J. Giacoletto, 
RCA Industry Service Laboratory Bulletin LB-900 (December 
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"Experimentally Determined Radiation Characteristics of Conical 

and Triangular Antennas," G. H. Brown and O. M. Woodward, 
Jr., RCA Review (December)   1952 

t Report all corrections or addilions to RCA Review, Radio Corporation of America, 
RCA Laboratories Division. Princeton, N. J. 

* ROA Industry Service Laboratory Bulletins are not published and are issued only as 
a service to licensees of the Radio Corporation of America. 
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"Field Strengths Recorded on Adjacent PM Channels at 93 Mega- 
cycles over Distances from 40 to 150 Miles," G. S. Wickizer and 
A. M. Braaten, Proc. I.R.E. (December)  1952 

"High-Efficiency Coolers for Power Tubes," M. B. Lemeshka and 
A. G. Nekut, Tele-Tech (November)  1952 
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ogy," L. J. Giacoletto, Proc. I. R. E. (November)  1952 
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RCA Industry Service Laboratory Bulletin LB-8H1 (October 17) 1952 
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R. L. Bjork, E. E. Hahn, and M. L. Schultz, RCA Industry 
Service Laboratory Bulletin LB-886 (October 8)  1952 

"Methods of Processing Silver-Magnesium Secondary Emitters for 
Electron Tubes," P. Rappaport, RCA Industry Service Labora- 
tory Bulletin LB-897 (November 28)   1952 

"Miniature High-Performance Personal Radio Receivers," J. C. 
Bleazey, J. Preston, and H. P. Olson, RCA Industry Service 
Laboratory Bulletin LB-888 (October 14)  1952 

"A New Superhet S-Meter Circuit," J. H. Owens, Ham Tips 
(November)   1952 

"One-Channel Converter for UHP Television," W. Y. Pan, Elec- 
tronics (December)   1952 

"Photoconductivity Study of Activation of Barium Oxide," H. B. 
DeVore, RCA Review (December)   1952 

"P-N Junctions by Impurity Introduction Through an Intermediate 
Metal Layer, L. D. Armstrong, Proc. I.R.E. (November)  1952 

"Potential Distribution for Space-Charge Limited Current between 
a Flame Accelerating Grid and Parallel Anode," E. G. Ramberg 
and L. Malter, Jour. Appl. Phys. (December)  1952 

"Preparation of Single Crystals of Germanium and Silicon," B. 
Selikson, RCA Industry Service Laboratory Bulletin LB-892 
(October 23)   1952 

"A Profile of the Man in Industrial Research," E. W. Engstrom and 
E. H. Alexander, Proc. I.R.E. (December)  1952 

"Progress Report on Transistor Research and Circuit Applications," 
RCA Industry Service Laboratory Bulletin LB-898 (December 
17)   1952 

"Purification of Germanium by Gradient Freezing," S. M. Christian, 
RCA Industry Service Laboratory Bulletin LB-890 (October 17) 1952 

"Q-Meter Correction Chart for Distributed Capacitance," R. Lafferty, 
Tele-Tech (November)   1952 

"Q-Meter Correction Chart for Q-Voltmeter Loading," R. Lafferty, 
Tele-Tech (October)   1952 

"Refiexed Intercarrier Sound," J. Avins, RCA Industry Service 
Laboratory Bulletin LB-887 (October 10)  1952 

"Resistivity Striations in Single-Crystal Germanium," P. R. Camp, 
RCA Industry Service Laboratory Bulletin LB 896 (November 
14)   1952 

"R-F Coupling Nomograph," R. E. Lafferty, Electronics (October) . . 1952 
"Some Applications of Permanently Magnetized Ferrite Magneto- 

strictive Resonators," W. Roberts, RCA Industry Service Labora- 
tory Bulletin LB-88i (October 6)  1952 

"Stable Oscillator for UHF TV Receivers," K. E. Lcofbourrow and 
C. M. Morris, Electronics (December)   1952 

"Studies of the Oxide Cathode," L. S. Nergaard, RCA Review (De- 
cember)   1952 

"Survey of Transistor Development, Part 2," B. N. Slade, Rad. and 
Tele. News (October)   1952 

"A Sweep Method for Measuring Envelope Delay," A. C. Schroeder, 
RCA Industry Service Laboratory Bulletin LB-883 (October 3) . . 1952 
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"Theoretical Relativity and Hall Coefficient of Impure Germanium 
Near Room Temperature," P. G. Herkart and J. Kurshan, RCA 
Industry Service Laboratory Bulletin LB-899 (December 18) .... 1952 

"Transistor Trigger Circuits," A. W. Lo, Proc. I.R.E. (November) . . 1952 
"Transistors Operate at 300 MC," G. M. Rose and B. N. Slade, 

Electronics (November)   1952 
"Universal Design Curves for Tone-Control Circuits, Part 4," M. B. 

Knight, Rad. and Tele. News (October)   1952 
"The Use of Radioactive Material for the Generation of High Volt- 

age," E. G. Linder and S. M. Christian, Jour. Appl. Phys. 
(November)   1952 

"The Vibrating-Plate Viscometer—An Aid in Slip-Casting Control," 
J. G. Woodward, American Ceramic Bulletin (October)  1952 

Correction: 
In the paper entitled "Analysis of Microwave Antenna Sidelobes," 

by N. I. Korman, E. B. Herman, and J. R. Ford, which appears in the 
September 1952 issue, the last sentence of the first full paragraph on 
page 326 should read: 

"If d is the peak-to-peak linear error of the largest sinusoidal com- 
ponent, then ird/X is the peak-to-peak error of this component, and the 
largest sidelobe will have a peak value of 7rd/2A." 
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