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Esaki Diode Oscillators from
3 to 40 KMC*

Esaki diode oscillators operating at micro-
wave frequencies of 10 kmc and below have
been reported in the literature.1-5 Funda-
mental power up to 40 kmc in frequency has
now been obtained from Esaki diode oscil-
lators, with appreciable harmonic output to
about 63 kmc. The microwave power at all
wavelengths has been sufficient to be de-
tected and displayed by the simplest video
methods. Although small-area junction di-
odes of both gallium arsenide and german-
ium have provided substantial power below
10 kmc, the highest frequencies were ob-
tained with gallium-arsenide units.

Junctions were formed by alloying tin
to zinc-diffused gallium arsenide, and alu-
minum to germanium doped with arsenic.
Alloying took place when an electric current
was passed through a point of the appropri-
ate metal which had been brought in con-
tact with the semiconductor. Peak currents
of the resulting Esaki diodes ranged from
less than 100 ,ua to more than 30 ma, de-
pending upon the forming conditions. Peak-
to-valley current ratios exceeded 2:1 and
were commonly 6:1. The impurity concen-

tration in the germanium was approximately
6X1019, and, although the carrier concen-

tration in the gallium arsenide was not
measured, the resistivity was 0.0015 ohm-
cm.

Fig. 1(a) shows the current-voltage
characteristic of a gallium-arsenide Esaki
diode in an oscillating circuit. The s-shaped
deviation from the expected static char-
acteristic indicates oscillation. Except for
the voltage scale, this characteristic was

typical of those obtained with germanium
as well as with gallium arsenide.

Oscillations ranging in frequency from
2.7 to 33.4 kmc have been obtained in cv-

lindrical cavities. A diode of either gallium
arsenide or germanium shunted each cavity
at the apex of a re-entrant cone, as shown in
Fig. 2. The cavity resonances occurred at
frequencies for which the radius equaled
approximately an odd integral number of
quarter wavelengths, altered by the diode
loading. The circuit of Fig. 2 is resonant near
odd-order harmonics, and power at these
frequencies was coupled out of the cavity
through the loop. Odd harmonics through
the seventh have easily been detected from
a germanium unit having a fundamental
frequency of 2.7 kmc. Low-order harmonics
of much higher fundamental frequencies
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Fig. I-(a) Current-voltage characteristic of a gal-
lium-arsenide Esaki diode oscillating at 6 kmc in a
cavity. (b) Detected power output from the cavity
oscillator. The sharp dips are absorptions from a
wavemeter set to 6082 mc.

Fig. 2-Section of a cavity oscillator.

were easily attained with gallium arsenide
diodes.

Oscillations can occur in higher order
cavity modes. Gallium arsenide units have
oscillated at fundamental frequencies which
were three times the resonant frequency of
the dominant cavity mode. In contrast,
germanium units could be made to oscillate
only in the lowest-order mode.

Fundamental oscillation in a higher-or-
der cavity mode can be conflsed with a

harmonic of an oscillation in the lowest-or-

der mode, since adjustments in the coupling
loop and external loading can shift opera-

tion from one mode to the other. A ferri-
magnetic resonance phenomenon was em-

ployed to differentiate between these possi-
bilities. A small yttrium iron garnet sphere
was placed within the cavity diametrically
opposite the coupling loop, and was biased
with an external magnetic field along the
axis of the cavity. With fields near resonance

at either a fundamental or a low-order har-
monic present within the cavity, the output
was altered drastically in power and fre-
quency. Thus, the fundamental frequency
of oscillation could be inferred from the
magnetic field and the known relationship
between magnetic field and frequency for
the sphere.

Waveguide circuits consisted of gallium-
arsenide diodes mounted directly across the
center of relatively low impedance wave-

guide, with a movable piston in one end of
the waveguide. Oscillations were readily
obtained with the other end of the wave-

guide feeding directly into a detector, or

into an isolator or attenuator. The funda-
mental frequencies were often three or four
times the waveguide cutoff frequencies.

The circuit operation of Esaki diodes
may be classified somewhat arbitrarily as

either weakly or strongly oscillating. The
static characteristics of both kinds of opera-

tion show an s-shaped oscillatory region
which, for weakly oscillating circuits, is less
pronounced and extends over a smaller bias
range than for strong oscillators. Funda-
mental microwave power has been observed
at frequencies from 14.5 to 39.9 kmc in vari-
ous weakly oscillating circuits, using diodes
having peak currents in the 300-700-
uamp range. The maximum power measured
was 3.5 jaw in the 17-25-kmc region, falling
off to about 0.2 ,uw at 37 kmc. Movement of
the piston behind the diode could be used to
tune the frequency of a given circuit 300
to 500 mc, or to suppress the oscillation.
Diodes having peak currenits from I to 3 ma
oscillated more strongly in the same circuits,
and the oscillations were less readily con-

trolled by the piston. Fundamental fre-
quencies of high-current diode oscillators
were, in general, not as high as those for
lower-current units operating in the same

circuits. The maximum fundamental power

observed with strongly oscillating circuits
was 50 ,w at 16.7 kmc. Appreciable har-
monic output was observed at frequencies
to 62.7 kmc, where the SNR of the de-
tected output displayed on an oscilloscope
was as high as 20:1.

Because both the negative resistance
and capacitance of a diode varies with volt-
age, the frequency of oscillation depends
somewhat upon bias, and the voltage tuning
range may be as much as several per cent of
the center frequency. As the bias voltage is
increased, the frequency of weakly oscil-
lating circuits decreases monotonically. For
large amplitudes of oscillation, however,
the frequency may go through a minimum
or maximum or both. Fig. 1(b) shows the
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detected power output of the diode of Fig.
1(a) and is an example of a strongly oscil-
lating circuit. The two sharp dips in power
are absorptions by a wavemeter at 6082 mc.
The peak power output was 44 microwatts
with an efficiency of 15 per cent.

Very strongly oscillating circuits are
much more complicated in behavior, and
are characteristic of high peak-current
units. Deviations from the non-oscillating
characteristic curves are no longer s-shaped,
but show multiple breaks which are ac-

companied by a power output very different
in shape from a parabola. The frequency
behavior is far from simple, and the har-
monic content is strong enough to give
sizable power output well into the milli-
meter wavelength region.

We found the performance of gallium-
arsenide diodes to be superior at high fre-
quencies to that of diodes made from the
most highly doped germanium available to
us. Gallium-arsenide diodes loaded a cavity
resonant at 4 kmc almost imperceptibly,
but the best germanium units in the same
circuit oscillated barely in excess of 2.8
kmc. The higher fundamental frequencies
and harmonics have been obtained with
gallium-arsenide units. It appears that these
gallium-arsenide diodes have a lower barrier
capacitance than germanium units of the
same negative resistance, and show promise
for application in amplifiers and oscillators
well into the millimeter wavelength regions.

Although the circuits employed here are

probably far from optimum, high-frequency
microwave power sufficient for certain ap-
plications has been generated at relatively
high efficiencies with Esaki diodes. Power
as low as 50 ,uw can be used, if necessary,
for a local oscillator in heterodyne detec-
tion, and even less power will suffice for
simple microwave measurements. As an il-
lustration, Fig. 3 shows an oscilloscope dis-
play of the detected output of a frequency
swept Esaki diode oscillator in waveguide
having a peak power of about 0.2 gAw; the
absorption dip at 36.85 kmc is the ferri-
magnetic resonance curve of an yttrium
iron garnet sphere.

MICROWATT

Fig. 3-Detected output of a frequency swept Esaki
diode oscillator in waveguide. The peak power was
about 0.2 sw. The absorption dip is the ferrimag-
netic resonance curve of a YIG sphere at 36.85
kmc, and the frequency range covered was 120 mc.

We should like to thank W. M. Sharp-
less for helpful discussions.

R. TRAMBARULO

C. A. BURRUS
Bell Telephone Labs.

Holmdel, N. J.

The Emitter Diffusion Capacitance
of Drift Transistors*

The emitter diffusion capacitance of drift
transistors with exponential impurity dis-
tributions was calculated by Kr6mer' for
high built-in fields as:

qIE W2 1
CDE = kT -- (1)

kT D 772

where:

IE = emitter current,
kT/q = thermal voltage,
W = base width,
D = diffusion constant of minority

carriers (holes),

=-- EbW
kT

impurity conc. at the emitter
impurity conc. at W /

Eb = built-in field.

For convenience, p-n-p transistors are con-

sidered.
Eq. (1) was obtained by solving the input

admittance, yll, for low frequencies and high
a. In an attempt to calculate the diffusion
capacitance in the common base configura-
tion

CDE =-dQ
d VE,

(2)

we shall use the integrated hole concentra-
tion as the stored charge Q. The hole dis-
tribution may be obtained from the expres-
sion for the hole current density:

J = qzEbP - qD -- (3)
dx

where ,u=mobility of holes, P=the hole
concentration.

The solution of (3) leads to:

JW L\ W/exp1
qD

xP [
7
( )

PEO (4)

where PEo is the concentration of holes at
the emitter in the diffusion transistor. The
total stored charge is obtained as:

w W2 'O - +e-7?
Q = qA Pdx = -D IE--2---

D 77

(5)

Using this charge in (2) (neglecting the
equilibrium concentration and volume
recombination), and considering that
dlE/d VE= qlE/kT is independent of q, we
obtain:

qCq W2D-p 1 + e
6

CD=kT D 2

Eq. (6) gives the correct results for the
diffusion transistor (Xq= 0):

Received by the IRE, July 5, 1960.
HH. Kromer, "The Drift Transistor"; Transis-

tors 1, RCA Labs., Princeton, N. J.; 1956.

qIE W2
CDE (diffusion) = -AT 2

kT 2D
(7)

However, for large built-in fields (large
n), (6) results in a 1/n dependence instead of
the 1/77X dependence obtained from yii, i.e.,
(1).

The discrepancy between the diffusion
capacitance derived from the total stored
charge, (6), and the diffusion capacitance
derived from the emitter admittance, (1),
is resolved by multiplying the emitter cur-
rent in (6) by a factor r. The factor equals
the ratio of the diffusion current by holes
averaged over the base layer divided by the
total hole current, i.e.,

IE (average diffusion)
IE (total)

The average diffusion current over the base
region is qADPE/W, and the total current
may be obtained fromn (3). r may then be
written as:

r = -PE/W -- (8)

PEIWV + (- P')XaOsqPE + PEoe 7

where P'(x=0) has been substituted from
(4), and PE is the concentration of holes at
the emitter for any t7. From (4) we may

write:

PE - PEOI---
77

Setting (9) into (8):

1 - 6-
r=

(9)

(10)

The necessity of multiplying by this factor
can be interpreted by saying that only the
diffusion current of holes contributes to the
diffusion capacitance. In other words, only
the stored charges carried by diffusion can

be reclaimed by the emitter lead. This may
also be seen if we write the input admittance

(TdV) V.0 ,l (drift current (x = 0)

+ diffusion current (x = 0)).
Since the drift term depends only on the
emitter boundary of the base region, the
term will remain real and will not contribute
to the diffusion capacitance.

The emitter diffusion capacitance in the
common base configuration, CDE, is there-
fore rCD, or

qIE: W2 - + e-' I e-en
kT D 772

For 77=0 this expression returns to the dif-
fusion transistor case in (7). For large 77 it
gives the correct 1 /772 dependence. Fig. 1

shows the variance of the factor in paren-
theses with -.

Measurement of the diffusion capaci-
tance supplies information about the built-in
field of a drift transistor. Such a measure-
ment is difficult in the common base con1-
figuration due to the small parallel re-
sistance :'akT/qIx. In the common emitter
configuration, however, the ohmic part is
approximately ookkT/qlE; where is the
common emitter current amplification fac-
tor. Such a basic measuring circuit is shown
in Fig. 2. In the case of diffusion transistors,
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Fig. l[>he factoi appearing in the emitter diffusion Fig. 3--The factor appearing in the me,

capacitance. Krbmer's approxim-ation by 1/1' is itance. A pIt approximation is aiso
also shownvi

i- -IPNP
TO BRIDSE

vw* -IC!, --

inH3.3 KQ

Fig. 2-Circuit for measurement of the diffusion-
capacitance in common emitter. Bridge provides
the bias path for the base,

the capacitance measured in this m-anner is
CDE. However, for drift tratisistors it will
differ.

From four-pole theory, the iutput admit-
tatice in common emitter, YiIE, isw

ytI YB11+YB2+sa+Y2sBBiY22YB+Y2B (12)

yta and Y22 can be neglected, since they are

mitiLch smaller than 21t and y'nB. From (12)
one can write:

Y11Ei nYllBi + o'2lBi (13)

where the subscript i refers to the imaginary
parts. Considering that

"2iB itB (14)

where a is the current transport factor,

Y2mi aiY1InBr nylB

where the subscript r refers to the real part.
Since a 1 for low frequencies, combining
(13) and (I5):

Yin:? ai
IE

(16)

For low frequencies, the measured input
capacitaniee in commnon enuitter is then

a qIn (17)
kT

0 2 4 6 8
IC (mo)-

Fig. 4-Measured onput capacitance for
transistor for two collector voltages. I
points are indicated by dots and tl
slopes are drawn through them, CE is
layer capacitance.

Therefore, the capacitaiice
measured is the imaginiary part o0
port factor and nlOt CDE. By com

imagiinary part of the transport
low frequencies and fitting ani an.

pression to the result, we obtain

ai D n +
° W'f T2

Therefore,

qhz, W(2 I +e5?

CknST D \T 72

2D. IThonias and J. Mull, "Junciieoui transistor
short-circuit current gain and phase determination."
PROC. IRE, vol. 46, pp. 1177-1184; June, 1958.
(L =x.)

Fig. 3 shows the w'lt,or in paretheses as
a functiotof ri It also shows points corni

ptited fron the hul an'a-lytical expIression1
for tthe alpha transfer fun:-ctioni, [left-hand(c
side of (18)], atid 'acdcie approxiematim o bI
the factor I/,q.

The capacitan e menssredei the con-i-

mout erii tter confignrat101 1s the sat-rie as

calcLlated for CD in (6). This is expected if
we cotisider that the emitter and collector
leads are strapped together for ac in the
coiimnoii emitte - oiifiguration In this case,
for the SVaU chaiige thie total SQ (drift atid
diffsiot- components), can he ieclaitmed Iy
the iriput terminals. Therelore £1C

In the case of the diffusioti t-ransistor
C,C(DE hbut tof dritt teratisstors CG, s

larger than CDo, by the facti <-( 1/e-).
Fig. 4 shows the ni-easured capacitan-ce,

C5, fot 'the pap drift transistor with an

impurity distribtbtion closely tesembliug

= Yoexp (20)

with xo0.43 I The slopes expected frorit
(19) agree with the niieasured valtes ami(d

asured capac justify the equation for C,,,,
show 1. The authors are gratefulu for the advice of

Dr. Kurt I ehovec of the Spt-agce Electric
Comupany.

W- 2.Q) 3 LINDMAYEXR
C. WRIGLEY

Sprague Electric Co
North Adamrs Mass

Bomb-Excited "Whistlers

Theoretical and experimenrtal studies of
"whistler" or "magneto-ionic' modes, which
allow the propagation of low-frequeiicy
electronagnetic waves through the io0o-
sphere, have showri that these m-lodes cat
be excited by lightniing strolcesi or by lous-
frequency radio transmitters.' In this iiote,

t0 we wish, first, to poitit otut that these m-rodes
caii also be excited b nuclear explosionzsf

a p- -P drift and secon-d to diSCLtSS sonie of the charac-
rhe calctuated teristics of the signals to be expected.
the depletion The infortiiatioii we reqciire, relating to

the electromnagnietic charatteristics of whis
tlers and of tinclear explosioins, is all avail
able in the Ln classi fled literature.i- The

which ts pertinent faets fall tnto two groups whith
f the trans- describe the electroniiagi etic properties as
iputiuig the sociated with the whistlei iodes and nit lear
factor' for explosioiis respectively,
alytical ex Regardinig the whistlers, it is knownrl1

that the propagation of electrot-oiagnetic
waves throLgh the ionosphere is qualita-

(18) tively changed by the preseiice of the earth's
magnietic eield.f the earth's field were ab

iReceived by the IRE, May 31, 1960
R. 0. Storey, "An investigation of whistlinig

atmospherics, " Philo Trues. Roy. Soc. (Loidon) A, Vol

246, pp. 1i3-141; July, 1953
2 R. A. lelliwell and E. Gehrels, 'Observations ot

uagneto-iontic duct propagation using man-made
signals of very low frequency," PaROC tRE, vol. 46,
pp. 785-787; April, 1958.

3 J. C. Mark '1Tlie detectiorL of nuc lear explo-
sions," Nitcleoutncs, Volt 17, pp. 64 -73; As1gist, 1i959S
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sent, electromagnetic waves of frequency
lower than the plasma frequency would be
totally reflected by the ionosphere. How-
ever, the earth's magnetic field introduces
an anisotropy into an otherwise isotropic
medium. This anisotropy has the effect of
permitting the wave belonging to the extra-
ordinary mode to penetrate the ionosphere,
if the frequency is less than the gyrofre-
quency of the region. However, not all low-
frequency waves are transmitted, but only
those pulses, or wave-packets, that corre-

spond to rays traveling at angles less than
about 200 with the direction of the magnetic
field. As a result, the low-frequency com-

ponents of the wave-packet radiated by an

impulsive disturbance move in a direction
(the ray direction) that lies fairly close to
the direction of a line of force of the earth's
magnetic field.

The lateral spreading of the whistler
mode structure is small; as a matter of prac-
tical experience, it is found' that lightning
strokes will produce whistlers only when
they occur within about 2000 km of the
point of observation. Attenuation within the
whistler mode is also small; measurements
of the relation between the direct (ground-
wave) signal produced by a radio transmitter
and the signal produced by excitation of a

whistler mode2 have shown that propagation
by the whistler mode is down only about 10
to 30 db from the direct signal. The signal
received by the whistler mode is delayed
about 1 second, since it propagates along
a line of force of the earth's magnetic field.
Finally, since the line of force passes much
of the way through a dispersive medium, the
original sharp ptulse becomes diffuse, the
component of frequency f arriving at a

time proportional tof-1/2.
Turning now to nuclear explosions, ac-

cording to a recent account,3 electromagnetic
field strengths of tens of mv per meter have
been recorded thousands of km from the
burst point of a 1-kiloton bomb. The signal
produced varies as the logarithm of the
yield. At large distances, it is composed of
low frequencies only, the high frequencies
attenuating rapidly as the distance from
the explosion increases.

Combining these two sets of facts, we

conclude:

1) Nuclear explosions in the kiloton
range can reasonably be expected to
excite whistler modes. The corre-

sponding electromagnetic signal prop-
agates along a line of force of the
earth's field, can penetrate the iono-
sphere, and consists of a pulse or
wave-packet of low-frequency com-

ponents dispersed according to the
law that the time of arrival goes as

f 1l2 If the signal is sufficiently
strong, pulses will be observed,
caused by reflections of the wave at
the points where the line of forces
meets the surface of the earth. The
successive pulses will be progressively
more dispersed and their times of
arrival will obey the integral rela-
tionships observed for whistlers.1' 2

2) The whistler signal produced by a

nuclear explosion will be localized in
the neighborhood of the line of force
along which the signal is propagating.

The lateral spread about the line of
force will be about 2000 km. Thus,
on the surface of the earth, there will
be two regions of detectability for
each whistler, one where the line of
force penetrates the earth near the
burst point, and another at the conju-
gate point in the other hemisphere.
The strength of the signal transmitted
by the whistler mode will be about
10 to 30 db below the direct signal.
Roughly, kiloton explosions will pro-

duce signals of hundredths or tenths
of mv per meter at the conjugate
point. The signal will be logarithmi-
cally dependent on the yield of the
bomb.

3) A spherically symmetric system of
charges and currents, in a spherically
symmetric medium, cannot radiate
electromagnetically because the elec-
tromagnetic field at large distances is
a transverse, vector field and requires
a unique direction of polarization to
be defined, a condition that is incom-
patible with the assumed spherical
symmetry of the sources and their
surroundings. If, then, the earth's
magnetic field is neglected, nuclear
explosions can be expected to produce
electromagnetic signals only at the
top or the bottom of the atmosphere,
where the properties of the medium
change rapidly in a mean free path of
the current-producing radiation emit-
ted by the bomb. The middle region
of the atmosphere, in particular, con-

stitutes a "dead spot" for the genera-
tion of electromagnetic signals if the
earth's field is ignored. Thus, we see
that the anisotropy introduced by the
earth's magnetic field has two effects.
First, by impairing the spherical
symmetry otherwise present in the
middle atmosphere, it makes possible
the generation of electromagnetic
signals in this region, and this may
explain why the signals observed
from bursts in this region have not
been as small as expected ;3 second,
and more important, the earth's field
sets up the conditions required for
the presence of whistler modes, which
we would expect to be excited by
bomb bursts at any altitude and on

either side of the ionosphere, though
the influence of the Van Allen belts
on whistlers excited in outer space
remains to be evaluated.

4) Finally, we note that because of the
large natural background in the fre-
quency range characteristic of whis-
tler propagation-tens to hundreds of
kc-we would not expect these signals
to be of primary interest in detecting
nuclear explosions, but we would ex-

pect that they can furnish important
secondary information regarding ex-

plosions in either the atmosphere or
in outer space.

B. A. LIPPMANN
Lawrence Rad. Lab.

Livermore, Calif.

Consultant, Physics Section
Convair-San Diego
San Diego, Calif.

A Ferromagnetic Amplifier Using
Dielectric Loading*

Since Suhl's original paper' proposing
the ferromagnetic parametric amplifier, a
number of experimental amplifiers have beeni
built and tested. Until recently, most of
these required rather high pumping powers
compared with parametric amplifiers using
diodes as variable-reactance elements. Con-
siderable reductions in pumping powers be-
came possible with the use of narrow line-
width materials such as single-crystal
yttrium iron garnets. Further improvements
were reported when use was made of the
larger filling factors achievable by operating
the amplifier in a modified semistatic mode2
or in a completely magnetostatic manner.3

Preliminary experimental work at Syra-
cuse University4 indicates that further im-
provement may be possible by the use of
dielectric-loaded cavities. A rectangular
cavity of internal dimensions 0.618X0.384
XO.210 inch was constructed and filled
completely (except for the yttrium iron
garnet sample) with Stycast Hy K dielectric,
of dielectric constant 10. The cavity dimen-
sions were chosen to make the cavity reso-

nant in the TE012 mode at the pump fre-
quency of approximately 9300 megacycles
per second, and in the TE2o0 mode at the
signal frequency of 5900 megacycles per

second. (See Fig. 1.) The pump mode was

excited from the end wall of a standard X-
band guide in the X-Z plane of the cavity.
The signal mode was excited by a probe
terminating coaxial line in the opposite
cavity wall. A disc-shaped sample of 0.132
inch diameter and 0.027 inch thickness was
cut from a single crystal of yttrium iron
garnet and located at a position of maximum
pump and signal fields as shown in Fig. 1.

x

z

Fig. 1.

Received by the IRE, July 8, 1960.
' H. Suhl, "Theory of the ferromagnetic microwave

amplifier," J. A ppl. Phys., vol. 28, pp. 1225-1236;
November, 1957.

2 A. D. Berk, L. Kleinman and C. E. Nelson,
"Modified semistatic ferrite amplifier," 1958 WES-
CON CONVENTION RECORD, pt. 3, pp. 9-12.

3 R. T. Denton, "A ferromagnetic amplifier using
longitudinal pumping," PROC. IRE, vol. 48, pp. 937-
938; May, 1960.

4 This work is sponsored by the Rome Air Dev.
Center, under Contract No. AF 30(602)-1627.
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A dc magiietic field was supplied parallel to
the RF signal field at the sample.

Amplification has been observed at dc
fields of 700 -and 1600 oersteds. The first of
these is the field required for resonance of the
uniform precessional mode in the sample at
the idler frequency, i.e. the difference be
tweeii pumimp and signal frequency. The
higher field value presumably corresponds to
another magnetostatic mode. Pumping
powers of a few watts peak were required in
the first tests but theoretical estimates indi
cate that improvemeiit by at least a factor
of ten shouild be possible. Most of the dis
crepancy can be ascribed to a poor quiality
(large line-width) crystal sample.

The uniform precessional imlode was

identified from observationis of the mag
netostatic mode spectrum of the disk at the
pump frequeincy. 'Pests were made with the
dc field parallel and niormal to the disk. In
each case more than 50 resonaances were

observed as a functioni of the applied de
field. The uniform precessional mode was

most strongly excited in each case. The dc
fields required for resonance of the uniform
mode in each case, the spread of the spec

trum, and the upper and lower bounds of the
spectrum were reasonably consistenit with
the values computed from Kittel's formula
ailid Walker's anialysis' when tise was made
of the normally quoted satturationl magneti
zation (1750 oersteds) anid gyromagnietic
ratio (2 8 megacycles/oersted) of yttrium
iroi, garnet and a demagnetization factor of
0.76 normal to the disk.6

Based upon the above preliminary re

suits, it is felt that dielectric loading of the
cavity may eventually lead to a practical
low-nioise ferromagiietic amplifier. The large
effective fillinig factors obtained this way
should make it possible to reduce pumpinig
powers to a small fractioni of a watt.
Furtherinore, the small cavity size mIakes
possible the tise of small-airgap perman1en1t
magniets in the microwave frequen1cy range

in which these amplifiers appear to be most

usefril at presen1t,
HARRY GRUENBI RG

Dept. of Elec. Engrg.
Sytacuse tUniiversity

Syracuse, N. Y.

5 L. R. Walker, "Magnetostatic modes iin ferro-
magnetic resonance," Phys. Rev., vol. 105, pp. 390--399;
January, 1957.

6 J. A. Osborne, 'Demagnetizing factors ol the
general ellipsoid," Phys, Rev., vol. 67, pp. 35i--357;
Juine, 1945.

Low Reverse Leakage Gallium-
Arsenide Diodes4

Gallium-arseniide diffused diodes have
been reported whose operation as high-Q
variable capacitors and as computer diodes

* Received by the IRtE, July 5, 1960. This work
was supported by the IJ. S. Army, Navy and Air
Force,

-ompared favorably with the best comaimerc
cially a'vailable of germianiium and silicon.'"
It is the purpose of this note to describe
high-speed galliunii-arseiiide diffused diodes
which, because of their reverse leakage eir
rents betweeni 10 2 and 5X10-1 amperes

and rectification- ratios above ion1, ha\ae re
placed vacuuti diodes in applicationms reqtiir
ing extremiely low reverse leakage and/or
high rectification ratios,

The curn ent-voltage characteristics of
two such devitces are plotted to semi-log-
arithmic scale iii Figs. 1 ard 2. At 2 volts the
rectification ratios for the two diodes are 1.3
X101 and 2.5X10't. The forward current
in both devices shows an exp (qv12kT) voIlt
age elepentdenice over a relaticelv large
range ot voltage. If this portioni of the chai
acteristic is extrapolated to zero volts, a

space charge gener atecd saturatioi ciirrenit
of about 2X10-14 anmperes is predicted. If
on-e tises the theory of Sah, Noyce, ancI
Shockley4 anid comibinies this space charge
generated saturationi current with the diode
area an-d diode zero bias capacitanice, ol e

obtains a valLie for the carrier lifetiumie
(Tn0rpO)/12 of the order of I X 10 seconads
assuming the trap leavel to be at thie Fernii
leael for ititriiisic mnaterial, E1 TIhis lifetimiie
should be comipared with the valtie of Tr
of about 6X -10 seconds deterniiied from
hole storage measurements on these diodes.5

Prelimiaiary iieastirements haa'e been

made oni the IV characteristics of these
devices as a function of ambient an1d temi-a
perature in order to try to uniderstaiad the
mechaniisms which coiatiibute to the current

in the diodes. The lowest reverse curreits
have beemn obtaiiaed in dra iuitrogein or in.
vacutim. Exposure to dry oxygein ii creases
the reverse curreist by aia order of maaagia-
tude, exposure to wet iaitrogen iticreases it
by three to four orders of naagniitutde The
origitial low reverse curreiats caii be restored
by vacuum baking. The reaerse character-
istic of many of the diodes exhibits the shape
shown in Fig. 2. PI'he current at the higher
reverse biases (-'7 olts to breakdowni volt-
age) increases relatively slowly (by a factor
of 2 for a 60(C temperatuie rise) with in
creasiiig temperature, while at t;he lower
biases the increase is from one to two orders
of magnitutde for the samne temperattire rise
aiid is rmore closely that expected froii the
iiacrease in the iiaitrinlsic carrier concenitca
tioia ni The prelimiaiary ainbie-it aiid tema
perature nmeasurements which have beeii
made give promise that frirther w ork may
lead to eveia lower reverse currenits

The above devices aiid others with simi
lar I-V characteristics were fabricated using
avertically-pulled sinigle-crystal galliunm-ar
senlide. 'rhis imiaterial had niet impurity detnsi

J. Loweni aiad R. H. Rediker, "Gallium-arsenide
diffused diodes," J. lElectrochem. Soc., vol. 107, pp
26 29; January, 1960,

2 J. Halpern, J. Lowen aiid R. H, Rediker, "Galli-
um-Arseniide Diffused Diodes," presented at the
Fifth Annual Electron Devices Conference, Washting-
ton, D. C.; October 29--30, 1959.

3 IR Walker, F. A. Ctuninell, C. 1i. Goocti aiid
J. J. Low, "A gallium arsenide switching diode,"
J. Electronics Coivtrol, vol. 7, pp. 268-269; September,
1959 (published February, 1960).

4 C. T. Sah, R. N. Noyce and W. Shockley, "Cat
rier geiieration and recombination in P-naunctions
and P-n junction characteristics," PROC. IRE, vol. 42,
pp. 1228-1243: September, i957.

5 R. H. Kingston, "Switching titne in junctioni di-
odes and junction transistors," PROC, IRE, vol. 42,
pp. 829-834; May, i954
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ties NDNA--5X lO to 2X310O"ci- rooati
teniperature mobilities 11 3000 to 3800 ci

volt sec-- aild dislocatiota denisities 5000
to 20,000 cm-'a Diodes have been- -nade frsom
this single crystal, material with veiy high
yield aiad excellent reproducibility. The de-
aices were fabricated by diff ilsing Zinc itnto
wafers of (100) ocriented n-type startiiig miam

terial to produce a p-type regioni of depth
3-6 micromis. T[e differemace ian breakdown
aoltage betaveeni the diodes of Figs. l am d 2
is due to differenit difflsmoio te(iuperattares amid

hence a slaallowet gradieist ii one device,
thaia in the other. Both deices were iaacde
from the same startinag mnaterial. After dif
fusion the wafers were dliced and the dice
lapped to 3-mils thilkness. Ohi-aic contact
tea the naty7pe bUllk was made by alltyinig tom
a gold-antimnony plated kovai- st ud. Ohbmnic
contact to the p-diffused region avas isaade lay
alloyinlg a 0 002-ii ch diaimeter sphere of 90
per cenat Pb anid 10 per cemit In into th1S
region. Leads awere attached satd the device
was theti etchedhlotfi. to formti a aI-siesa defimi

ing the diode area: (HNO3 HI HAc 2:2.3)
and to clean." up the jUeCtiOll (tIJXc II-402;
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Fig. 3-Artist's representation (not to scale) of a
low-leakage gallium-arsenide diode.

3:1). An artist's representation of a com-

pleted unit is shown in Fig. 3.
The authors wish to thank T. J. Rey for

pointing out important circuit applications
of these very low leakage diodes and T. M.
Quist for helping in the design of the cir-
cuitry to measure the very low currents. They
also wish to thank J. Lowen for helpful dis-
cussions regarding the fabrication of the
devices and especially for developing the
etches used, F. M. Sullivan for help in fabri-
cating the diodes, and P. L. Moody for
supplying us with the single crystal GaAs.

J. HALPERN
R. H. REDIKER

Lincoln Lab.
Mass. Inst. Tech.
Lexington, Mass.

Scattering by a Spherical Satellite*
In a recent paper,' Vea, Day, and Smith

discuss the scattering of electromagnetic
waves by a conducting sphere whose radius
is large compared to the wavelength. Since
the purpose of the paper is to provide in-
formation necessary for carrying out im-
minent propagation experiments, it should
be pointed out that the results obtained by
these authors are seriously in error. In par-

ticular, they deduce a dipole-type scattering
pattern for a large sphere, which is at vari-
ance with the well-known result that a large,
smooth, totally reflecting sphere scatters
light by reflection isotropically, while the
diffracted light contributes an intense, nar-
row lobe in the forward direction. The fact
that the intensity of the reflected radiation
is independent of direction follows easily
from geometrical optics, and it can also be
derived from the rigorous Mie solution of
the electromagnetic problem, as given, for
example, by Vea, Day, and Smith's (4) to
(6). Indeed, it is the isotropic scattering
characteristic of large spheres that makes
them such useful standards for monostatic
as well as bistatic echo area measurements.

* Received by the IRE, May 26,1960.
T. H. Vea, J. B. Day, and R. T. Smith, 'The use

of a passive spherical satellite for communication and
propagation experiments,' PROC. IRE, vol. 48, pp.

620-624; April. 1960.

In the paper under discussion, a per-
fectly conducting sphere of radius a is il-
luminated by a plane, linearly polarized elec-
tromagnetic wave of wavelength X (X<<a)
and maximum electric intensity Eo. The in-
cident wave is traveling in the positive
z-direction (0=0) and is polarized with the
electric field parallel to the x-axis (0=0).
This choice of axes corresponds to (1) and
(2) of the paper, although Fig. 1 shows the
incident wave traveling in the negative z-
direction. In terms of bistatic radar cross
section, (9) and (17) yield, when a missing
factor of r2 is supplied in the latter equation,

a = 4,ra2(1- sin2 0 cos2,).

This formula gives a backscattering cross
section (echo area) of 4ira2, which is four
times the geometrical cross section and just
four times too large. A more serious dis-
crepancy is the completely spurious scatter-
ing null which is predicted in the equatorial
plane at 0=7r/2, 4=0 and ir.

A correct treatment of the problem of
electromagnetic scattering by a perfectly
conducting sphere has been given n many
places, but an unusually thorough discussion
may be found in a recent book by van de
Hulst.2

In the coordinate system introduced
above, the scattered field at a great distance
may be written in the form3

Er = iEo eiHik' cos OS2(0),kr

E, = iEoews ik, sin 4,S,(O)

where k=2ir/X, and the amplitude functions
S1(0) and S2(0) are series of associated
Legendre functions with coefficients involv-
ing spherical Bessel functions. On the other
hand, for a sphere large compared to the
wavelength the functions S1(°) and S2(0)
may be computed simply by geometrical
optics,' and turn out to be

-S1(6) = S2(0) = likae2t1k. Si (0/2).

These equations together imply isotropic
power scattering by the large sphere, with
a scattering cross section

a = ira2

independent of direction.
It has been shown, both analytically and

by numerical computation, that as ka in-
creases the series expressions for S1(o) and
S2(0) approach the geometrical optics limit,
except of course near the forward scattering
direction 0=0, where the Fraunhofer dif-
fraction pattern is superposed on the part
of the scattering pattern which is due to re-

flection. At 0=0 the total scattered field has
a large forward lobe, and in the E-plane
( =0 and ir) there is a pronounced dip at an
angle which gets closer to 0=0 as a/A in-
creases. The uniform part of the scattered

2 H. C. van de Huist, 'Light Scattering by Small
Particles," John Wiley and Sons, Inc., New York,
N. Y.; 1957.

2 Van de Hulst, op. cit., pp. 124-125.
4 Van de Hulst, op. cit., p. 223.

field can be approximated by geometrical
optics, while physical optics will also indi-
cate the dip and the large forward scatter-
ing.5 Numerical summation"' of the Mie
series shows these effects developing as the
value of ka increases. An extensive bibliog-
raphy of calculations which have been made
using the Mie theory is given by van de
Hulst.

The analytical problem of showing that
the series for S1(6) and S2(O) approach the
geometrical optics limit as ka- se (provided
6 ^O) was essentially solved by Debye8 50
years ago. Vea, Day, and Smith attempted
to carry out the limiting process from their
(4) and (6), but they appear to have gone
astray in replacing the spherical Hankel
function h,(ka) by the first term of its ex-
pression in powers of I Ika, as given by their
(18). This approximation breaks down com-
pletely if n and ka are both large and ap-
proximately equal, whereas it is well known
that important contributions to the sum of
the Mie series are made by the terms with
n ka. Readers interested in the correct
analysis will find an account of it in van de
Hulst.9

As a minor point, we are unable to follow
the reasoning in Section C of Vea, Day, and
Smith's appendix, where the equivalent
gain of the sphere over an isotropic scatterer
is said to be computed from the pattern
volume. The volume of a three-dimensional
radiation pattern, where the radius is pro-
portional either to field strength or to power
density, has no simple relationship to the
total radiated power. If the authors are
trying to compute the gain of the dipole-
type pattern given by (9), this is well known
to be equal to 3/2. In any case, the dipole
pattern is irrelevant to the problem at hand.

In summary, the scattering by a conduct-
ing spherical satellite which is over 20 wave-
lengths in diameter can unquestionably be
considered isotropic at all aspects of interest
for passive satellite reflectors. The calculated
variation is less than 1 db for scattering
angles greater than 80° if the diameter of the
sphere is even as large as 20/7r wavelengths.
Furthermore, the choice of polarization will
have little effect upon the available scattered
power insofar as the satellite reflection pro-
perties are concerned.

E. M. KENNAUGH
Antenna Lab.

The Ohio State University
Columbus, 0.
S. P. MORGAN

Bell Telephone Labs., Inc.
Murray Hill, N. J.

H. WEIL
Radiation Lab.

Electrical Engineering Dept.
University of Michigan

Ann Arbor, Mich.

5 K. M. Siegel. H. A. Alperin, R. R. Bonkowski,
J. W. Crispin. A. L. Moffett, C. E. Schensted. and
L. V. Schensted. "Bistatic radar cross sections of sur-
faces of revolution.' J. Appi. Phys., vol. 26. pp. 297-
305; March. 1955.

6 Van de Hulst. op. cit.. p. 163.
7 R. W. P. King and T. T. Wu, 'The Scattering

and Diffraction of Waves." Harvard University Press,
Cambridge, Mass., pp. 205-213; 1959.

8 p. Debye. 'Der Lichtdruck auf Kugeln von
beliebigem Material,' Ann. Phys., Ser. 4. vol. 30, pp.
57-136; August, 1909.

Vvan de Hulst, op. cit., pp. 208-214.
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Scattering Properties of Large
Spheres*

If the plane wave Ei = Eox exp [ei(kz+ t)]
illuminates a perfectly conducting sphere of
radius a, the secondary field at a large dis-
tance fromn the sphere is, according to geo
metrical optics, given by

E s (-cos OOJ + sin 0 a
2r

exp[i( 2kacos - kr +3

In a recent paper, Vea, Day, and Smith1
have started from the exact solution

1 2n + I [rf,'(ka)
ik n=3 n(n + 1) L (2)'(ka)

curl curl [trn (2)(kr) P, (cos 0) cos

+ ib2(ka) curl [rn.(2)(kr) PJ1(cos 0) cos

(2 (r) n Or),

1,12)(X) 11172) frI 7/r (2) f2i

and have arrived at the erroneous result
Es --( cos0 cos d+ sinO)

a

.exp [i(ka cos 0 + ka -ke + c.,)]
These authors have erred in using the
asymptotic estimate

in52)(XC) eexp + in x = ka

for all values of n, although it is actually
valid only for K<<ka. The objections to the
use of this estimriate for all values of n has a
long history.

Rayleigh2 disctissed its use in his 1872
paper on diffraction of sotind by a sphere.
In 1903, MacDonald' made this error in a
study of diffraction of radio waves around a
sphere and was immediately criticized by
both Rayleigh4 and Poincar6.5 MacDoiialdm
conceded his mistake, and for several years
the mathematical physicists were unable to
show that the exact solutioiis for the diffrac-
tion of waves by spheres and cylinders are
consistent with geometrical optics when the
radius greatly exceeds the wavelength. Irn
1908, Debye7 showed how to obtain an
asymptotic estimate to the exact solution of
the cylin-der problem which is idenitical with

* Received by the IRE, June 21, 1960.
1 T. H Vea, J. B. Day, and R. T. Smith, 'The uise

of a passive spherical satellite for com-munication and
propagation experiments," PROC. IRE, vol. 48, pp.
620-624; April, 1960,

2 Lord Rayleigh, "Investigation of the disturbance
produced by a spherical obstacle on the waves of
sound," Proc. London Math. Soc, vol. 4, pp. 253 283;
1872.

3 H. M. Macdonald, "The bending of electric
waves round a spherical obstacle," Proc. Roy. Soc.
(London) A, vol. 71, pp). 251--258; 1903.

4 Lord Rayleigh, "Oni the bending of waves round
a spherical obstacle," Proc. Roy. Soc. (London) A,
vol. 72, pp. 40-41; 1903. ("Scientific Papers," Cam-
bridge University Press, New York, N. V., vol. 5, pp.
112-124; 1912.)

Ii1. Poincare, 'Upon the diffraction of electric
waves; upon a paper of Macdonald," Proc. Roy. Soc.
(Londos) A, vol. 72, pp. 42-52, 1903.

6 H. M. Macdonald, "The bending of electric
waves round a conducting obstacle: amended result,"
Proc. Roy. Soc. (London) A, vol. 72, pp. 59-68: 1903.

7 P. Debye, "The electromagnetic field surround
ing a cylinder, and the theory of the rainbow,"
PlzysikZ., vol. 9, pp 775-778; 1908.

the result preciicted by geotetirical optics.
The exact solutioll for the sphere probleni-
has been shown to lead to the optics result
by Nicholson, ' Brornwmichil atnd White.,'

In a report which is rmow iu preparation,"
we will show that the estimates obtained
from geometrical optics are the leadiing
terms ii asy mptotic expansion-s of the fori

(I r-os
-(ka) I

II 2

A t-St\ikl;o iud

4; E8 ---
r,

IC,a,

and therefore cannolti l)e obtainied Iroe 31 tbie
dielectric restilt by ierely letting rp; tend t0
inhiiry

aa0 Es; -- co";0 -exP i 2ka cos - kr + WIj I +--i
ka-,go 2(ka) cos 2

6 6
79 sin2 + 33 sin4

2 2
6

8(ka)2 cos92
2

+

7 3s1tI2
2

4(ka) I cos'
2

8 + 1076 sin2 A--t 1401 sin4, + 210 sin1' -2
2 2 2

16(1ka)4I cos" 2

E, -sin + -2- exp 2kaos -2 kr + wt)1

-r L

63 sin' - + 7fsin' 2
2 2

8(ka)3 Cos9
2

+i 5- t-

Care must be exercised in usiiig these
asymptotic expanisions because they describe
only the wave reflected from the sphere, The
wave diffracted around the sphere (some
times called a creepiilg wave) is generally
important if

ka 1/3
Or)r -0)<8.

2

It is a curious fact that the introductioni
of the iinpropet- asy'7mptotic estirnate for
i(2)(ka) when studying large perfectly con-

ducting spheres leads to patterns for the
scattered energy which are identical with
the Rayleigh scatteriiig patternis fur small
dielectric spheres. If s denotes the index of
refractioin, the Rayleigh scattering law is
E s co(s6cos0sk + sim k)

ka<<]

a k[a()2 iexp [i( kr+ wt)

The corresponding result for Rayleigh scat
terinig bv small condricting spheres is

Es - (ka)2[cos 6+ !cosi

exp ik +i+cs/]

J. W. Nicholson, "The scattering of light by a
large conducting sphere," Proc. Loiidon Math Soc
vol. 9, pp. 67-80; 1910.

9 J. W. Nicholson, "The scattering of light by a
large condtocting sphere (second paper)," Pro.
Loln.don Math. Soc., vol. I1, pp. 277-284, 1912.

10 T. Bromwich, 'The scattering of plane electric
waves by spheres," Phil. Trains. Roy. Soc. (Lozdon) A,
vol. 220, pp. 189 206, 1920.

I F. P. White, "The diffraction of plane electro
magnetic waves by a perfectly reflecting sphere,'
Proc. Roy. Soc. (London) A, vol. 100, pp. 505 525;
1922.

12 N. A, Logan, "General Research in Diffraction
Theoiry III. Asymptotic Expansions of Exact Solu-
tions for Diffraction by Cylinders and Spheies," Lock-
heed Missile Systems Div., Sunnyvale, Calif., Tech.
Rept. No. LMSD 288089, in preparation,

6
8 -836 sin2

2

6
3I 2 sin'2 _

2
I + i +

2(ka) cos'
2
6

683 sin'4-
2

I_

0 6
7sn2 . 2 suin'

2 2

4(ka)2 cost'
2

6
-84 sin'

0
16(ka)4 COSII

2

Iti view of the above remarks, wxe must
conclude that the results of Vea, Day, anid
Smith do not describe the reflectioni proper
ties of large con-ductin-g spheres and nor use
ftul results are con-tained i2 their article.

N. A LOGAN
Lockheed Missiles an-d Space Div.

Sunnyvale, Calif.

WWV and WWVH Standard Fre-
quency and Time Transmissions*

The frequencies of the National Bureau
of Standards radio stations3 WWV and
WWVX'4 are kept in agreement with respect
to each other anid have been.maintained ais
coi-lstant as possible with respect to aii in-m
proved Uniited States Frequenty, St atidard
(USFS) since Deceniber 17 1957

The nomirial broadcast frequencies
should, for the purpose of highly accurate
scielntific measurements, oi of establishisng
high inifornmty ainontg frequencies, or foi
removing unavoidable sariation0s in the
broadcast freqtuencies, be corrected to the
value of the JSFS, as irdcatead in the table
below,

The characteristics of the USFS, and
its relatiorn to time scales such as ET and
UT2, have been described in a previous is
sue,2 to which the reader is referred for a
complete discuisslon.

* Received by the IRE, August 29, 1960.
Refer to "United States National Standards of

Time and Frequency PROCe IRE, vol. 48, pp. 105-
106; January, 1960
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The WWV and WWVH time signals are
also kept in agreement with each other.
Also they are locked to the nominal fre-
quency of the transmissions and conse-
quently may depart continuously from
UT2. Corrections are determined and pub-
lished by the U. S. Naval Observatory. The
broadcast signals are maintained in close
agreement with UT2 by properly offsetting
the broadcast frequency from the USFS at
the beginning of each year when necessary.
This new system was commenced on Jan-
uary 1, 1960. The last time adjustment was
a retardation adjustment of 0.02 s on
December 16, 1959.

WWV FREQUENCY
WITH RESPECT TO U. S. FREQUENCY

STANDARD

1960
July

1600 UT
Parts in 10101

1 -147
2 -148
3 -148
4 -148
5 -148
6 -148
7 -149
8 -149
9 -149
10 -149
11 -149
12 -149
13 -149
14 -149
15 -149
16 -149
17 -149
18 -149
19 -149
20 -149
21 -149
22 -148
23 -148
24 -148
25 -148
26 -147
27 -147
28 -147
29 -147
30 -147
31 -147

t A minus sign indicates that the broadcast fre-
quency was low.

National Bureau of Standards
Boulder, Colo.

Correction to "Direct Reading Noise
Figure Measuring Device"*

George Bruck, author of the above,
which appeared on page 1342 of the July,
1960, issue of PROCEEDINGS, has been ad-
vised of the following by W. W. Mumford
of Bell Telephone Laboratories, Whippany,
N. j.

In the third column, second to the last
paragraph, the formula for the noise figure
appears. The text following this formula
should read "where Fo is the excess noise
ratio of the noise source. ..."

The excess noise ratio of the noise source
is the ratio of the excess power of the noise
source to the thermal power at 2900 K.

Correction to "Absolutely Stable
Hybrid Coupled Tunnel Diode
Amplifier"*

John J. Sie, author of the above Corre-
spondence, which appeared on page 1321 of
the July, 1960 issue of PROCEEDINGS, has
advised the Editor of the following.

Eq. (2) should read:

(+ G _G1\ B2

I 2 Go Go
S2l f ~G G] 2

1--+ + B2
Go Gow

In (3),
G, + 201o IS22

F=1+- +---

and

4

I+G G +B2
Go Go

where B is the normalized susceptance of
the shunt circuit.

* Received by the IRE, July 25, 1960.

Some Results on Diode Parametric
Amplifiers*

Parametric amplifiers at S and X banld
have been studied at room temperature with
the following results:

S Band
fs=3 kmc
fp = 11.9 kmc

Gain = 17 db
Bandwidth= 50 mc

Noise Figure= 1.6 db±0.2 db
Diode MA45OF-R f, = 80 kmc

Pump Power= 10 mw
Calculated NF = 1.74 db,

X Band
f = 9900 mc

f, = 19,800 mc

Gain = 20 db
Bandwidth = 25 mc

Noise Figure= 1.2 db±0.5 db
Double Sideband

Diode MA450H-Rf, = 100 kmc
Radar Noise Figure= 4.2 db±0.5 db

Pump Power= 120 mw
Calculated NF= 1.2 db

The relationship of Penfield' was used to
check theoretically these- results for single
sideband operation. The noise figure is

cFSI rmn2'c,2 + 7s)).2-

Xi M2W,,2 CojC, v

where
wc= Cutoff frequency of the diode

based on Cmin
xi= Idler frequency
m = Modulation ratio = /Sax

SiJ =Pump frequency component of
elastance

Sma.= Maximum varactor elastance
y = (Ri +RX)/R,
R= Varactor series resistance
Ri = Real part of the external idler

terminating impedance.
For the case under consideration,

m =0.2
y=1.

I. GOLDSTEIN
J. ZORZY

Raytheon Co.
Missile System Div.

Bedford, Mass.

Some Parametric Amplifier Circuit
Configurations and Results*

The application of two techniques, well
known to the microwave engineer, have
been applied to parametric amplifiers. These
are quarter-wave-coupled filter techniques
and the cascading of the amplifiers. First,
a simple circuit configuration for the para-
metric amplifier was selected and this was a

Hewlett-Packard 440A crystal mount which
makes a good degenerate amplifier at S
band. I call the filter type an active quarter-
wave-coupled filter as compared to a passive
one. A schematic of the circuit is shown in
Fig. 1. The cold characteristic of this circuit
is shown in Fig. 2.

The active characteristic is shown in
Fig. 3.

In the reverse direction the gain charac-
teristic is shown in Fig. 4.

The reverse characteristics actually indi-
cated gain off frequency for given settinigs
of the amplifier tuning stubs. The results
are summarized in Table I.

This amplifier with adjustment was also
operated in a nondegenerate mode with the
following characteristics:

Gain= 10 db,
BW=17 db,
f= 2600 mc,
f= 10,800 mc,

Pump power= 500 mw.

In the backward wave mode of operation,
a very narrow band-pass of 1 mc at a gain of
10 db was observed which was tunable over

a 15-mc band by varying pump frequency
and amplitude. The signal and pump fre-
quencies were the same as in the forward
wave mode.

* Received by the IRE, April 18, 1960.
1 P. Penfield, Jr., private communication.
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10 db

7 db= The forwad direction

G:ain |

2600
BW = 25 Mc

Fig. 3.

I-mproper adjustnenlt
eproper adjustne,tt

02g
2600 Mec Irequen c

CASCADING REStULS
The basic circuit uised in this experii-nei t

is shovn ini Fig 5. With adnustment of the
amplifiers arid Jasik tuner, the following data
were obtaiined

Gain = 10 db,

f 5200,
= 2600,

Pump power 6 mw.

The coupling betweeni the aiipliqer cir
criits is shown in Fig. 6+

In summary, two techniques hasve beepi
experimentally demonstrated to show that
increased gain bandwidth can be obgaiiied.

I. GOLDSTmINT
Raytheon Co.

Missile Svstemns Div.
Bedford, Mass.

Gain Inconslstencies in Low-Fre-
quency Reactance Parametric Up-
Converters4

One of the problemns that plagtes the
designer of low-frequeency up-con-verter re

actance parametric amplifiers is the fact that
the gaiii of the amplifier is seldom equal to
the expected walue calctlated from the ratio
of the upper sidebanid freqLuency to the sig
nal frequency.

E¾ Ngl V, [A] i [

Fig. 2.

Let the amplifier have the foriii as shown
in Fig. 2. [N,~] and [Nso] are eouplinig niet
worls matching the amphfer to the source
and load. [N1,] and [A0] mav be repiesen-ted
as

1/R 0[N,1 X K

ald

[No -\IRL,

where R7 and Rc, ate the tranisformnfed source
and load imnpedai3ces. \Ve will asstime single
frequency operation such that the capaci
tances Co at the inpu-t and output are tuLned
out by the susceptaices j3B, and jBo.

The transfer mnatrix for the atmiplifier can
be written as

Fig. 4.

2) PLump .- - (z g

:1 (1J (1) C

F __SigtalaTriO;irnai Oui |-
Fig.nalOu Diod; Jasik Tuner

Fig. 5-1) Diode; 2) Tuning st.ub,

Ar----Proper transform adjustnenrt

\ \ //
`

Improper transfornmer adjtlstMnto

+ BW = 15 XIc trreqpency
vo

Fig. 6.

TABLE I

Pump Direction Gaiii Banidwidth
On Input to Output 10 db 25 mc
On Output to Imput 0 to -I.5 db 25 mre
Oft Input to Output 4.5 db 63 mc

f8=2600 mc.
fp45200 mc.
Pump power=100 mw.
NFP5 db, double- ideband.

[Tj [NU][A][VOAN'=

0 / C1 VRLR

co4 CPI i __c (p IR

It is the puirpose of this note to offer a
first-order explaniationi of this phenomenon
and suggest ways to improve the performt-
ance of these amplifiers.

Assume that a lossless parametric diode
may be represeiited, in ABC'D matrix form,
by the equivalen-t circuit as showr in Fig. L

ES, I are signal frequency componeints
at a,;

E,P, I1, are uppe- sideband componemets at
Wm5'

JA = (.c
0

cPoIa-

I C-
0

Assuminitg that R, =RL

[T] = iC.

0

j,/co,rco p

e l

x/cso an R (2
)

0

The power gain irax be expressedi as

PM 4
(@.n7 )

.P 11 Tii 2
ErisThLISZP Eti

Gp =

C= Cv,, where C( is the nioniliniear term

in the diode capacitance expansion;
C= Co+Civ, and v = V2,e;P is the putmp

voltage.

*' Received by the IRE, April 4, 1960.

4|co'~

2 + cocoR 1" 2 +
I

co7rco R2 C0 1 2

1 b,Seidel and G. Hlermann, "Circuit aspects of
parametric amplifiers,' 1959 IRE WESCON CON
VENTION RiECORD, pt 2, pp. 83-90.
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It is seen from (4) that

WM
Gp= Gp max =-

2,3

onily when

COmCOsR2 I Csl 2 = 1.

The input admittance at the v5, is termi-
nals with Co tuned out at the output is found
from

V8 v/W Cps

1s (J)m Cp

jVcesoim Cp| Rn 0

VIRL

0

to be

0
1

,VRL

1 0 vo

11I 0

This pump-to-sign-al frequency ratio is
not always practical, as in the case of our
experimental amplifier where

P = 60.3.
Cos opt

It is hoped that the above discussion may
be of some help to the designers of low-fre-
quency parametric up-converters. The au-
thors wish to acknowledge gratefully the help
of M. Subramanian who did the experiments
necessary to verify these results. We also
wish to thank the Magnavox Company for
their support in this work.

A. K. KAMAL
A. J. HOLUB

Millimeter Wave Res. Lab.
Dept. of Elec. Engrg.

Purdue University
Lafayette, Ind.

(5)

is 'moisR2 ICP 12
ye =-=---R--- (6)

v R?
Again, it is noticed that when

Wco,msR2j Cp| 2 = 1,

Ys = 1/R
which is the condition for match at the in-
ptut.

It is therefore evident that the term
wonzWnsR21 Cp 2 iS of major importance in the
operation of the amplifier.

At lower frequencies it is not always
possible to make this term unity.

As an example, an experimental amplifier
in our laboratory has the followinig operating
parameters:

F, = 220 mc,
Fp= 1120 mc,
Fm = 1340 mc,
R, = RL = R = 50 ohms.

Ilhe expected value of gain Gpmax-=1340/220
=6.1.

To achieve coawwR2jCpI2=j would re-
quire that Cp = 5.84 ,u,uf.

Anl input admittance measurement
yielded a measured value of CG = 1.85 ,IAAf
giving c,cowR2flCp 2o=s0.1. The calculated
value of the gain was then 2.02. The meas-
ured gaini was 1.97, which is in very close
agreement with the calculated value. Other
diodes were tested and again very close
agreement was found.

Three possible remedies are suggested:
1) Obtain diodes with the proper value

of Cp to make w,coR2 Cp 2=1.
2) Design amplifiers using that value of

R necessary to make ,7w,sR2 Cp 12= 1.
3 ) Operate at a pump-to-signal fre-

quency ratio that makes w0 R21 Cp 2
=1.
That is,

ws(wp + 010)R1j CPf 2 = 1

or

WS opt L (RI Cp W)) 2 ]

Parametric Amplification
Properties in Transistors*

A new mode of operation for high-fre-
quency transistors with special input char-
acteristics has been discovered, whereby
useful conversion gain can be obtained be-
yond the normal frequency cutoff of the
unit. Transistor development has made it
clear' that shrinking the geosnetry in tran-
sistors to reduce the junction capacitances
helps to improve the performance at high
frequencies at the sacrifice of power handling
capabilities. The parametric amplifier-tran-
sistor can be made with larger dimensions for
a given frequency of operation than a con-
ventional high-frequency transistor and,
therefore, has a much higher power handling
capability.

Commercially available high-frequency
transistors offer a maximum frequency of os-
cillation around 1 kmc (2N700, 2N502).
These can yield a power gain of about 6.2 db
at 450 mc. In the new mode of operation,
Hughes experimental germanium transistors
(GXG4 Model II) nmeasured 72 db conver-
sion gain (from input to IF) at 450 mc with a

signal-to-noise ratio of 21 db at a bandwidth
of approximately 20 kc and at an input sig-
nal level of 1 ,Av. The maximum frequency of
oscillation for these units was 600 mc. Other
measurements have shown a gain of 50 db
at a bandwidth of 750 kc. In an up-conver-
sion mode, gain can be produced at harmon-
ics of the fundamental frequency of oscilla-
tion. The emitter cutoff frequency of 2.4
kmc at a zero bias capacitance of 2 ulq.f lim-
ited the operation at harmonics above these
values. The transistors are with reason,
therefore, called "parametric-amplifying" or
"variable reactance" devices.

The new circuit, in which the reported
performance data were taken, is given in

* Received by the IRE, May 2, 1960.
' R. E. Davis, C. H. Bittman, and R. J. Gnae-

dinger, "Microwave Germanium Transistors," pre-
sented at the Fifth Annual Electron Devices Con-
fei-ence, Washington, D. C.; October 29-30, 1959.

Fig. 1. A novel oscillator with an auto-
transformer serves as the "pump" oscillator
and its frequency is determined by a high Q
tank circuit LLCL with a butterfly arrange-
ment. A negative resistance arises from a
capacitive reactance which is reflected
through the autotransformer from the out-
put back into the input under oscillatory
conditions. An additional deviation from
the regular oscillator circuit is an induct-
ance LS placed in the input loop, which will
react with the negative resistance. The
amount of feedback, which also determines
the negative resistance, can be adjusted by
aid of the feedback capacitance CF. The
variable reactance properties necessary for
parametric amplification performance are
especially designed inlto Hughes experi-
mental germanium mesa transistors (GXG4
Model II) and are sometimes present in
commercially existing high-frequency tran-
sistors, e.g. Mesa 2N700, MADT 2N502.

r TUNED TO 350 MC-' ECUIVA ENT TO
IPY <J (L,, CL) AUtO-TRANSFORMER

MODE00 3006pF 45

GENERATOR L . pHyCHOKE_
3

5 00, Fv HP-4000

R,4K 40K f0.fL-f$'2MC(TUNED)

Fig. 1-Circuit arrangement for the variable reactance
transistor oscillator-amplifier circuit. Conversion
gain is measuored at a frequency of 2 mc.

The complex input impedance measure-
ment establishes the variable reactance
characteristics inherent to these transistors.
For a Hughes GXG4 transistor, the complex
input impedance hib is given as a function of
frequency for two emitter current levels in
Figs. 2(a) and 2(b). This measurement offers
a possible method of obtaining frequency
cutoff characteristics of transistors, since
the a-current generator, which is also com-
plex, is implicitly contained in hib. In our
work the a-current generator has been re-
placed by the relationi

aoe exp (-jmf/fc)
a I +1(f/fc)

where

ao = low-frequency a transistor,
f= frequency variable,
f= frequency cutoff of transistor,
m =a constant of the phase vector,which

is 0.21 for a diffusion transistor, but
greater than 0.21 for drift transistors.
(The Hughes GXG4 unit has m=0.6.)

The complex plot of current gain (a) is re-
flected in the curves for the complex hsi be-
havior, Fig. 2. The point of interest in Fig.
2(a) is at the frequency f=350 mc where hib
is imaginary and equal to -j25 ohms, and
in Fig. 2(b) is equal to +j36 ohms at the
same frequency. The difference in the two
representations is that the two values are
taken at the same frequency, but at differ-
ent current levels, and it is obvious that the
input impedance must pass the real axis
within that particular current interval.
Graphically, Fig. 3 illustrates the impedance
vs emitter current relation and reveals a
variable reactance around the point where

1960 1 785
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Fig. 2-(a) Complex input impedance hib meastLire-

ment with frequency as variable for a Hughes
GXG4 transistor Bias condition: emitter current
I,e-1 ma, collector voltage V/=-9 v.(b) Complex
input impedance hib measurement as for (a) btht at
4,-3 ma.

'Aib (OMAGINARlY) Vs,

EMITTER CURRENT

At tL5 350 MC

oxG4} -t

Fig. 3-Plot of imaginary part of the input inpedance
hib vs emitter current at a fixed frequency, e.gt
350 mc.

the curretit is 2 mna. Furthermore, it is coti-

clusive that, for a particular frequency, the

input impedance of a certaint transistor can

be made real for a specific current. Accomw-
plishing this is referred to as current toning.
Considering the dc bias arrangement iti

Fig. 1, the current tuning for a fixed oscillat-
illg frequency fIL cati be performed by ad
justing R5. The effectiveness of this pro-
cedure can be seen in Fig. 4(a), where con-
veersion gain is plotted as a fuinctioni of emit-
ter current. To meet the conditioti of tunitig
requires continuation of oscillattiot. This is

riot easily Iwet in all existing high-frequenicy
transistors, but can be designed into the

device. The amount of feedback cati be ad-

justed at will arid one can obtain stahle
gains for desirable settinigs by avoiding dis-
turbance of current tuning, and matching
conditions for L5.

The excellent gain performance is due
Tnot onily to variable reactance behavior of
the iniput itwpedatice, bitt also to the feed

pq ::) CONVERSION GAIN

# t; t tQ 11s.CURRENT

12XW o ~~~~UNIT1 Gx 04
/X UNIT2

kAt,iSSONG

346 MC AT tmo

-O

Ita Jl 4 k1^9 YINMA

o

Ic

I T

z
CD

i
(II
II;
I,

IJ11;Z jI

fbI

SIGNAL-TO-NOISE RATIO
vs CURRENT

Fig. 4--(a) Conversion gain, nteasured in circuit of
Fig. 1 for a GXG4 transistor vs emitter current at
collector voltage of VF, 9 v. (b) Signal-to-noise
ratio of the same transistor uinder the test condi-
tions of a versus current at a baIIdwidth of approxi-
mately 20 kc.

WA4-db

GAIN VS. FREQUENCYX z ~~~~~~~~~~iaitTUNED
. > z 2:t i2ziib ~~~Vcu-9V
gnW \ ~~~~~~GxG4-1

z WIJYTH & ^w50 MC
.c> FEEDBACff(t h- 350,700, 1050,1400 MC

Q ld V. IV

XCk ~~~~~SIGNAL WTO -NO ISE

$ > > ~ / EMITTEhR CUT-OFF

FREurtJfcy- iN K(MC

Fig. 5-Conversion gaiio vs frequency with and witt
ouit feedback, including signal freqL encies in multi

ples of the oscillator freqetency, e.g. harmonics.

back amplifier properties' of the circuit,
even under oscillatory conditioiis These ad
vaiitages are evideniced from results pre-
sented in Figs. 4(a), 4(b) ancd Fig. 5 aiid thev
are

1)
2)
3)

increase in frequency gaiii bahadwidth,
noise redutction,
reduction in the influeisce of tranisis
tor parameter variatioiis Upon gatin
which iscreases stability since tnow
external circuitrI elemnents detertisine
the perforritance.

The coordinationi of circlit developmeint anid
device design prodtuced mwaxisiuti consver

sion gains of the fuindamental frequencv of
operation of 90 db with a signtal-to-nioise
ratio of 30 dbh The best performance at har-
mninies of the funidamnental oscillation fire
quency occurred at 1.14 kmc with 14 db con-

version gain and a signial-to-noise ratio of 7
db at a bandwidth of 150 kr, The true noise

2 R. Shea "Pritnciples of Transistor Circuits,'
Johni Wiley and Sons, Ioc., New Vork5 N. Y.; 1953.

pCeIformnane dring this rteaStetrie rit

veals a isoise figure of 2-3 dh tbove an bici tP
The nieasuremenits at rritltiples of the futdad
nietntal oscillaltioi frequencCy ar givna it

Fig. 5 From the maximum fIequitnc of rsi

cillation for that particular transstort omlu-
5 db gait can be precdicted at 350 trc. With
feedback operatioii atid ctirtetit tunimg the
niew mode, the c(onversion gaeiti was 66 dlb
Without feedback we asstimed the 6 db per
octave slope. The slope or falloff of gait with
applied feecdacl vs frequeicy is tiot ittider-

stood at the preseitt writiiig ard extrapola
tions of the meastLreiien4ts to proiruce ltt
mate performatices are subject- to speccila-
ton. Hlowever t is reasoriable to helieve
that the ei-iiitter citoff ftreqLtle-icy aloie Mi

presenit dexirces will Iitl-;t the perfortoance to
freqUeticies of the order of approxitniately 2.4
kmc. Inc regard to perforratice it nmav be
said that under presett circumstances the
matching cotlditionis it the test circuits are
not perfected atnd proper tranisistor desigtms
are riot ftilly explored so that the possibhli-
ties of extenditig the riseftl frequteiscv rasnge
its transistors into the mnicrowae regioil (tf
5-10 kmeic is mrost likely in the near future

Alithough the theoretical developtretit is
not yet conipleted, ensough quatititative ex

perimental evidensce has hbee. presented to
manifest theexisteioce of a pa;rametricau7e-
plifier transnistore Phe up-conversion m-iode of
operationu has beei-i verified experimen tally
anrd a (letailed analysis of the ionoli;tear ele
ments which produce the convet sior gaiti
has beeti initiated in regard to harmionic
powet genieiationl TIhe results will ibe pt-
lished as sooti as the worl is cortipleted.

The authors are indebted to both tsiani

agemerits aiid ait especially grateftul to Ur.
R. A Gtidmudsen aiid G. M. Lebedefl f or

their valuable tine devxoted to discuossionis
oii this niatte;r

R. ZiU 1LEt
fIlughes Aircraft Co.
Semiiconductor Div.

New port Beach Calif.
V, W. VODICKs

I-enkLurt Electric Coipanvi Itic.
General Telephote arid

Electroiics C ot p

San Cas los, Calif

The Electron Content and
Distribution in the
Ionosphere*

lit a recernt letter,t results were giveii of
electron coo tent measutremetnts deteritirted
from the Faraday rotation rate of trarsmiis-
siins fron the satellite 1958%2. Finom this
data and estimates of the electron content
below the ntiaxiniuM of the F2 layer, the ratio
of the nLumber of electrons above the F.f
mnaximum to that below was estimated.

* Received1 byr the IRi, Ap%wil 22, 0961tTo. Hame and W. D. Stuart, 'The electroii
content and distributioni in the ionosphere," PRac.
IRE, vol. 48 pp. 364; March, i960,
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More exact data2 have since been received
concerning the electron content below the
F2 maximum and indicates that the esti-
mated nighttime value of the electron dis-
tribution ratio was too low. Fig. 1 shows the
electron content to the satellite height, the
electron content below the F2 maximum and
the electron distribution ratio during the
pre-dawn period for May 4-11, 1959. The
distribution ratio is between 3.1 and 4.7,
which is consistent with the results given by
Bauer, Daniels3 and Evans.4'5 The electron
distribution ratio during the daytime has
also been determined for the period March
4 to April 20, 1959. Excluding measure-

ments during periods of high geomagnetic
activity, a mean value of 2.3 was obtained.

To illustrate the variations in observed
electron content measurements, the elec-
tron content is plotted in Fig. 2(a) as a

function of increasing date and local time
for the period March 21 to April 13, 1959.
If this data is compared with the NmaxF2
values6 shown in Fig. 2(b) it is found that
similar variations occur. Relating these ob-
servations to the geomagnetic and solar
activity shown in Fig. 2(c), it is found that
two of the major deviations in electron con-

tent are accounted for by the magnetic
storms occurring on March 26-30 and April
9-10. However, the low value of electron
content and N105XF2 observed on April 3
does not appear to correlate with any un-

usual geomagnetic activity.

It
-Q

Fig. 1-Electron content, electron content below
h,a,EF2 and electron distribution ratio during the
pre-dawn period.

296-

4

z 2-

I8 ,t' IS1 Q r - I/\

°21 22, 23 24 25 26 27 28 29 30 31 2 3 4 5 6 7 8 9 10 11 12 13 14
MARCH.59 APRIL. 59

(a)

0 1.5-

aIt<
x0.5

E OIg "(I

(b)

(c)

Fig. 2-Correlation of electron content and NmaxF2 with solar and magnetic activity. (a) Electron
content. (b) NlmaxF2 electron density. (c) Daily sum K-indices and solar flares.

2 "Electron Integral to hmax," Soundings Research,
Sun-Earth Relationships Section, Radio Propagation
Physics Div., Nat'l. Bur. Standards, Boulder, Colo.
(Private communication.)

3 S. J. Bauer and F. B. Daniiels, "Ionospheric pa-
rameters deduced from the Faraday rotation of lunar
radio reflections," J. Geophys. Res. vol. 60, p. 439;
1958.

4 J. V. Evans, "The measurement of the electron
content of the ionosphere by the lunar radio echo
method," Proc. Phys. Soc. (London), vol. 69, pp. 963;
1956.

5 J. V. Evans, "The electron content of the iono-
sphere,' J. Atmos. Terr. Phys., vol. 11, p. 259; 1957.

T. G. HAME
W. D. STUART
Antenna Lab.

Dept. of Elec. Engrg.
Ohio State University

Columbus Ohio
6 "Detailed Values of Ionospheric Characteristics

and F-plots for Washington, " Central Radio Propaga-
tion Lab., Nat'l. Bur. Standards, Boulder, Colo.;
March and April, 1959.

Maximum Avalanche Multiplication
in p-n Junctions*

It has been shown that the rate of build-
up of current in avalanche devices (ava-
lanche transistors, 4-layer diodes, etc.) de-
pends upon the value of the multiplication
factor in the junctions exhibiting avalanche
multiplication.'-' To obtain a rapid build-up
of current, it is necessary to bias the junction
so that M is as large as possible, where

M =1/[i - (V/VB)-],

V the reverse voltage across the junc-

tion,
VB the breakdown voltage,
n a number (approximately 3) depend-

ing upon the type of material and
the impurity concentration.4

It is therefore important to know wheth-
er there is a limit to the value of M which
can be obtained in a practical situation, and
what bias conditions are necessary to obtain
the maximum M.

The purpose of this note is to obtain,
from thermal considerations alone,5 the
following:

1) Mm.s, the maximum value of M that
can be realized for a given p-n junc-
tion, and

2) I,pt, the bias current which should be
used to obtain Mmlx.

The resuilts of the analysis show that

1) at a given ambient temperature 'opt

varies inversely with the breakdown
voltage VB, and

2) Mmax is proportional to the ratio of
optimum bias current to thermally
generated current with the junction
temperature equal to the ambient
temperatLire.

For example, a germanium junction with a

breakdown voltage of 42 volts, a thermally
generated current of 5 microamperes at the
ambient temperature, and a temperature
coefficient of 0.5 X 103 degrees C/watt, has
llir%l of approximately 40 and Iopt of ap-

proximately 0.54 ma.

A simplified biasing scheme is shown in
Fig. 1. In this case, the p-n junction might
be the collector junction of an avalanche
tranisistor in a pulse circuit. The reverse bias
current is considered to be the result, in the
junction, of the avalanche multiplication of
thermally generated carrier pairs. Thus,
M=11I/, where IT is the thermally gen-
erated ctirrent. Qualitatively, the following

* Received by the IRE, February 23, 1960; re
vised manuscript received, April 13, 1960.

This work was done at Stanford Electronics Labs.,
Stanford, Calif., under Contract Nonr 225(24), NR
373 360.

1 W. Shockley and J. Gibbons, "Current build-up
in semiconductor devices," PROC. IRE, vol. 46, pp.
1947-1949: December, 1958.

2 W. Shockley and J. Gibbons, "Theory of Tran-
sient Build-up in Avalanche Transistors," presented
at AIEE Conference, Pittsburgh, Pa. Paper No.
58-1249; September 10, 1958.

3 D. J. Hamilton, J. Gibbons, and W. Shockley,
"Physical principles of avalanche transistor pulse cir-
cuits," PROC. IRE, vol. 47, pp. 1102 1109; June, 1959.

4 S. L. Miller, "Avalanche breakdown in germa-
nium," Phys. Rev., vol. 99, pp. 1234-1241; August 15,
1955.

'D. J. Hamilton, "A Theory for the Transient
Analysis of Avalanche Transistor Pulse Circu1its,"
Stanford Electronics Labs., Stanford, Calif., Tech.
Rept. No. 1701-1; June 15, 1959.
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reasoining is helpful in visualizinig the ex-
istence of a. maximnumii value of AM

As the bias current I is increased from
zero, the device dissipation will at first be
very small, and I, will remain essentially
constant at its ambient temperature value
The multiplication M thus increases with I

As I is made still larger, the dissipation be
comes important because I, begiiis to in-
crease Finally the percentage increase of I
is even less than the percentage increase
caused in Is by the rise of jutction temper-
ature due to dissipation. A fuLrther increase
of I causes a reduction of M.

Ix

We iinake the ildditional approximatrioan
that (T0/CVBI)>1P The multiplicattio
factor is then given-i by

Iea exp (EGCVBl/kIOb2)

Setting aM/[a =0, we obtain

01o)= (k72)/(EGCVBa) I()
and

M.s " (I(Ita 1). (2)

It should be emphasized thai this analy-
sis was based on the assumption that there
were no currents other than the avalanche-
multiplied, thermally generated current in
the junction. If other currents exist which
contribute to the dissipation but not to the
avalanche process, the value of Mm., will be
decreased.

DOUGLAS J. HAMILTON
Applied Research LaboratoryT

UJniiversity of Arizona
Tucsoni, Ariz.

Fig. I-Equivalent biasing circuit for pi
jtmnction in avalanche operation.

Theb charactertis it fniuimi o

si(t) vwhere

Here the characteristic fuiictioin is de
fined, jtISt as the Fotrier tauisforrn. The
characteristic ftection of outptnt dei'isity-
function

rt e--XtA2n r -)tA et.i

A IA . . Q. A, ji J

31, l A

(ii)'~ ~~j
=A....A2 ....A,fi,(Pa

ala940eltS (3/(1/)'
+ G,(fireii

where Xi LA i are takei o ie, two, tiree
e,tc, at a tim:e amid arra iged in increas-

ing order of niagi tude.
The chara teristic fniiction of cuniuilative

densit7 ftunIctioii IS

J.7IATo obtaini a quantitative estimate of
Mnj,x and Io,t, the following approximations
are made-

1) All of the current through the junction
results from the avalanche multiplica
tion of thermally generated current in
the junction. (This precludes surface
and other extraneous leakage cur-

rents.)
2) It is assumed for coiiveinieice that

lA0ax will be greater than 10. Thus, for
values of n> 3, the reverse voltage will
be within a few per cenit of VB. The
power dissipation of the junctiont is
then approximated by VIBL

3) The junction temperature rise above
amnbient is C degrees cenitigrade per
wNratt dissipation.

The thermally getnerated cuirrenit in a
jun-ction is

F exp (-E/kT)

here EG is the eniergy gap betweeni conduc-

tion and valence banids, k is Boltzmaiinns
constant, and T is the junction temperature
ini degrees Kelvin. In reality, F is a function
of temperatuire, but we shall assume that
the temperature variation of exp (-EG/kT)
masks that of F so that in the temperature
ranige of interest, F may be corisidered con-
stanit.

Denoting the atmbieiit temperatLure by
Ta, we may write

T T{ + CVBI

and

F Ita exp (EG/kT0,)
where Ita is the thermally generated current
with the junction temperature equal to the
ambient temperature. Thuis

exp

An Improvement in the Use of
"Piecewise Approximations to Re-
liability and Statistical Design'4

When a fuinctionial relation T T(XI;
X2, X3, - *, X0 ) is given, Iand if onle is in-

terested in findin-ig the probability of the ouit
put Tat its near extreme value, then in stead
of expanding the function near central value
by Taylor series, more aCCleiate re-sults will
be given if the expansioii is carried ou-t at the
end point. This ainotuints to calculatinig a1

a2, , a, by substituting the valuies of
(XI,, X2,, X3,, - - -

, X,,X) which give the ex

treme value of 1, say Te.

The value of b should be obtained. froIII

+ - C(i e V t . .
( j)n4l

he probability of ouitput being betweeii
extremie eiid value and a liiitiig percenltage
valite X, is gixcen hy

P(X < X5)
A I)2 A, (a)1

ci(( I, )jr + X Xk)aI,

wxxhere X 1-K X XkY-
K G.sAsIARi
'IBM Corp

Pioduct Dev. Lab

Poglhkleepsie, N. V

bi

The percentages which are norniallx ex

pressed with respect to mean valtue XAit3
should ilow be modified with respect to Xi,.
They will be detnoted by pt

In relation

= tl+ 4s
1,0'2fi and t- are all distributed frotmi

0 vdalLe.
If the variables are uniformlv distrib-

uted, theii the dcensity fuIictiotn of tj isfi(X),
where

J(X) 0 X'<0

I

AiA
0< X Ai

A, =p,Xbi.

* Received by the IRE, November 23, 1959.
1 H. J. Gray, Jr., "An application of piecewise

approximations to reliability and statistical design,'
PROC. IRE, vol. 47, pp. 1226-1231; July, 1959.

Modification of Pulse Ampllfier Out-
put Stages, Improving Their Re-
sponse to Negative Edges4

Many pulse aniplifiers use as an oUtpit
stage a coniven-ttional cathode folloxwer (Figg.
1), which is usually included into the feedl
back loop stabilizing -the amniplifier character
isticse

TI he. main disadvantage of this kinld of

output stage is its slow response to negative
going pulse edges of short rise tlime. This
well-Lknowxn effect is becauise of the valve's
being capable of supplying oiily -the charging
current for C)U),t, the chargin-g time-constant

* Received by the IRE April 6, i960. This work
has beei carried out under the auspices of the Scien-
tific Department, Ministry of Defense, Israel.
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Fig. I-Conventional cathode follower.
Fig. 3-Three-valve feedback loop. Lb and Cb

are a bootstrapping arrangement.2

Fig. 2-Simplified White cathode follower.

being approximately (l/g,)C',,t. The dis-
charge of Co.t depends solely on the cathode
resistor RK and is accordingly considerably
slower.

The "White Cathode Follower (WCF)'
(Fig. 2) provides a well-known solution to
this problem.' It is essentially a class AB
push-pull stage with unity gain, providing
C.,a with a charging path through VI and a

discharging path through V2. However, the
WCF has its drawbacks:

I ) It requires an additional valve.
2) Means have to be provided to prevent

VI from bottoming when it draws
heavily on the HT, at large input
pulses.2

3) Its transfer function exhibits two
poles in the complex frequency plane,
as compared with the single pole of
the conventional cathode follower.
Thus, special measures have to be
taken to maintain monotonic response
if one wishes to include the WCF
into the feedback loop of an ampli-
fier.'

A simple way of providing C.ut with a

discharge path and at the same time avoid-
ing the above enumerated drawbacks is de-
scribed below. Fig. 3 shows the simplified
circuit diagram of a 3-valve feedback loop
which is being used in the Model 302A linear

I Moody, Howell, and Taplin, 'The Chalk River
pulse amplitude analyzer,' Rev. Sci. Inshr., vol. 22,
pp. 555-558; August, 1951.

2 E. Fairstain, "Nonblocking double line linear
pulse amplifier.' Rev. Sci. Insir., vol. 27, pp. 472-482;
July, 1956.

& A. F. Fischmann-Arbel and 1. Bar-David, -A
method of linear pulse amplifier design," to be pub-
lished in Nuclear Instruments and Methods.

Fig. 4-Wave shapes in amplifier of Fig. 3. Upper
traces-output; lower traces-anode of V2.
(a) and (e) before modification, (b) and (d) after
modification.

amplifier.3 The modification introduced is
the addition of a Zener diode (D2) and a
high-voltage silicon diode (Dt) in series be-
tween the plate of V2 and the cathode of Va.

Fig. 4 illustrates the operation of the
amplifier under four different conditions,
by showing the pulse shapes at the output
(upper trace) and at the anode of V2 (lower
trace ), for positive input pulses of 0.2-usec
leading and trailing edges. At rise times of
this order of magnitude, the detrimental ef-
fect of the output capacitance on the nega-
tive edge of the outputt pulse is already con-
siderable.

The operation prior to modification and
without external loading is explained with
the aid of Fig. 4(a). The slow discharge of the
output capacitance causes V3 to be driven
into cutoff and prevents the waveform at the
anode of V2 from being fed back to the cath-
ode of V1, thereby opening the feedback
loop. The ensuing high forward gain causes

V2 to draw current heavily and to lower its
anode potential sharply, thereby driving V3
further into cutoff. After C.., discharges suf-

ficiently to allow VJ to conduct, the feed-
back loop closes again. However, because of
the low g,, of the valve near cutoff, the out-
put time constant [(-l/g,g)C_t. is considerably
larger than under normal conditions. The
resulting increased phase lag is the cause of
the non-monotoniic transient observed at the
end of the pulse.

The influence of additional external
loading is evident from Fig. 4(c). The larger
time constant Cou,RK considerably lengthens
the discharge time, and hence the cutoff
period.

This analysis emphasizes the need to dis-
charge C.5t quickly, as well as to maintain
the g,, of V3 above the minimum value which
is required for monotonic response. A review
of the operation of the amplifier brings out
the point that during the time Cout is to be
discharged, V2 draws a heavy current. Now,
introduction of a Zener diode (D2) as indi-
cated in Fig. 3, enables C..t to discharge
through V2 as soon as the Zener diode breaks
down because of the inability of the cathode
voltage to follow the sharp drop in the grid
voltage.

During the breakdown period of the
Zener diode, the output capacitance is effec-
tively parallel to the one at the anode of V2,
so that the number of poles at the feedback
loop in the complex frequency plane is de-
creased by one (their number would be in-
creased by one were a WCF used for im-
provement of the performance). This fact
insures monotony of response during the
breakdown period.
A proper choice of the breakdown voltage

of the Zener diode will limit the grid cathode
voltage of Vs to such a value that its g. will
be sufficiently high to maintain monotonic
response after the Zener diode recovers from
conduction.

- Fig. 4, (b) and (d) are the replicas of
(a) and (c), respectively, after modifica-
tion. The negative edges of the pulses are
quite similar to the positive ones. The heavy
capacitive loading, shown in Fig. 4(d),
causes only very slight lengthening of the
rise times of both edges.

The power rating of the Zener diode
should be adequate to cope with the dis-
charge currents under the highest PRF's
expected.

The high-voltage silicon diode (DI) de-
creases the effective capacitance of the
Zener diode and protects the latter from oc-

casional high forward current surges which
may be caused by on-off switching or by
pulling out V2 or V3.

CONCLUSION

Pulse amplifiers of the type shown in
Fig. 3 may be easily modified to provide a

better negative edge response, at the cost of
two diodes. In case RC coupling is used, it
should first be replaced by direct coupling.
For large capacitive loads, it might be ad-
visable to use, for both V2 and V1, a power
valve in order to equate the maximum
available charging and discharging currents.

1. BAR-DAVID
Scientific Dept.

Ministry of Defence
Israel
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A Proposed Technique for F-Layer

Scatter Propagation*

The continuing need for reliahle radio

circuits over great distances is becoming

ever more aCuIte. The purpose of this niote

is to suggest a method that may he useful

in providing reliable ionospheric circuits at

frequencies ahove the classical Ft MUF.

In what follows, the term F2 MUF will

be used to specify the conventionally caicu-

lated maximum usable frequency of the F2

region of the ionosphere. It is equal, numer-

ically, to the critical frequency at vertical

incidence multiplied by the secant of the

angle hetween an incident ray and the nor-

mal to the ionosphere.tI
Since the technique to be described at-

tempts to make use of frequencies above the

F2 MUF, it may be considered in one sense

a form of "F-Iayecc scatter" propagation. IUri
fortunately, the term "scatter" has been

used in recent years to describe a miulti-

plicity of apparently unrelated physical

phenomena. For this reason, a brief de-

scription is presented below of the scattering
mechanism to be considered. in this paper.

A physical model, first proposed by

MI. L. PhillipS,t2, can be used to represent the

reflection, either total or partial, of radio

waves by the ionosphere. It is hypothesized

that the ionosphere is made up of a vast

number of irregularly ionized volumes.

Each of these inn'umerable voluires will

have associated with it a value of MVUF cor-

responding to the electron density within

the volume. It would be ireasonable to as-

sume, then, that the distribution of MUF

values would vary in a Gaussian manner

abotit the conventionally calculated MUF,
i.e., the value used in thc operation of or-

dinary ionospheric circuits. The true dis-

tribution, of course, is soniewhat skewed,

but since the present discussion deals oily

with frequencies above the MUF (the

modal value of the distribution), the lower

percentiles are of little interest. It is prac-

ticable, therefore, to corsider that the dis-

tribtition of elemental MUF'a follows a true

Gaussianr distribution. Fig. I represents suich

a. distribution.

The conventionally calculated path

MUF is represented by the vertical line in-

tersecting the central valnie of the distribu-

tior. [be curvc represents the distribution

of actual elemental MUF's above and below

that value. The frequency designated by Ft

represents a typical operating frequency of

a high-frequency, point-to-point circuit.

Such a frequency is lower than most of the

elemental MUF valuies of the F2 region.

Consequently, most of the ionized v-olumes

will be effective in reflecting the signaiL back

to earth. Frequency F2, on the other hand,

is higher in frequency than most of the MUF

values, and only a small percentage of these

are capable of reflecting the incident eneigy

*Received by the IRE, April 6, 1960.

J. A. Ratcliffe, "The Magneto-Ionic Theory and

Its Applications to the Ionosphere," Cambridge Uni-

versity Press, Cambridge, Fog., p. 160: 1959.
2 M. L. Phillips, "IF-Layer Radio Transmissioni

on Frequencies Above the Conventionally Calculated

MUF," a portion of "Project Earmuf, Final Report,'
Signal Corps Contract DA 30 029-SC-72802, pp.

138 162; September, 1958.
M. L. Phillips, M I.T Lincoln Lab., Lexington,

Mats.; report now in preparation.
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Fig. 2-Typiralfrequency changes required to employ
tie F-)Layet scattei nechanism.

hack to earth. It is only necessary, thel, 'to

determine the standard deviation a' of the

distributiun, ini order to relate this physical
model to F-layer refleetion phenomensa at

fiequencies ahove the F2, MU'F
A curve has been developed2 experimen-

tally which relates the scatter loss L to X/a

where X represents ~the number of inega-

cycles by which the operating frequency

exceeds the F2MIUF, and a, (in megacycles)
is defined as ahove. A few corresponding

values are given helow to illustrate orders

of magnitude.

Xla 1L (decibels)

2

3

4

5

6

3

8

17
29

45

66

89

The values of L given above roiust he

added to the path loss that would he en-

countered it the system were operatinig at an

optimum frequen-cy slightly below the MUF.

Phillips has deduced values of from

to 2 mc for ionospherically, quiet conditions

in the eastern part of the United States.

Values to perhaps 4 inc pertain to iono-

spherically-disturbed conditions.

With this information in hand, it oc
curred to the authors that a practicable
radio circuit might he established between

two points at frequenctes above the coii-

ventional Ft2MUF. Becauise of the diurnal,

seasonal, and cyclical variation of the MUJF
however, any suich technique would i-equire
a frequency changing capability in order to

pr-event the oper-ating frequency from cx-

ceeding the MUF by too great a margin. Ot

the other hand, it would also he necessary

to chatige frequiencies so that the systeim
would niever encroach upots other systemns

in use below the MUF. The dashed linie of

Fig. 2 illustrates -the way in whinch t'he oper-

ating frequiency mright he varied diurnally in.

order to make tise of the F2-layer scatter
mechan isir

The systeni would operate tooth the
same as a conventioiial helow-the IMUF
system, exeept for the operating fre(quency,
which woul alIways exceed thie F? MIUF
In this way, new group of frequencies
wouid. become available tor iorospheric
propagation w ithouit the inherent dsad-
vantages assoeia ted with D/E-layer systems.

In F-layer system, for examople, should
not he susceptihle tinterferene~(or hand-
width lirnitatiofiss) fro i the rootifof
ionized iseteor h'ails. It is well kniowni that
sueh trails occur at heights fir)ri 80 to120
km abhove the earth, heights ec)rrespoiiding
roughly to the,E 1ayer. Thetincdence of ion-
ized meteor trails is negligihle at I layer
h-eights.

Aiiother factor whieh might affect the
haridwidtfi of ar P layet scatter system i
the sriotion of charges cxisting withir the
iorosphere it'self. It has heei shown' t'hat
the fast fading rate of ai i onospherie sigral
increases hy a fatoi of 4 or 5 at the tansi-
tion from "normal layert to P 1ayer seatter
propagationi I,his phenormcoon miight he
attrihutahlc to a ore ranid rate of drift orr
diffusioii of the electrons iri the iooosphere.
It is known5 that this velocity is of the ordei
of 2 or 3 rnsec at the lower HF frequencies.
It wil1 he somewhat higher foi scat ter sig-
nals, hot it is riot likely t1hat the velocity
would approach -the ma~ny thousands of
rmeters per second neessary to produe' tn-
terfereore to freque ncy division trnultiplex
systems

In the systemn design of ai-i F-layer scattei
circuit, the path should hec hosen to haye a
length rnear the maximum limit of sinigle hop
propagation Irhe MUJF for soch apath is
near toe highest possihle valute This per-
rnits the use of frequeneies vweIl ahove the
range that is i reful for conventional point-
to-point rirruits at an-y giyen timei, in any
partic~ulat part of the world.

It should he pointed out, of couise, thiat
the appropiriate values of a. may vary eon-
siderably with geomtagnctti latitude, longi-
tude, timn of day, period ii the suinspot
cycle,ec Considerahle work must he done
to determine that suitahlc values do, ir taet,
exist for a particrilat- path. Ii this regard,
the prevalence of spread-F (00nlit ions i
equatorial regionis will rsuit n hsighier
values of a for a large fractioii of the time,
especially dotrig the peniod of low early
morin0gMVTFs during 'the low portion of
the suinspot cycl During 1944, for example
the Ma'ui and C hristm-as Island ionograms
recorded severe spread F to exist ove- 10
per cnt of the time during thr hour it
question. As a restift in woold havye irelatively
high values wher the F2 MtJF is lowect,per-
mitting the use of relatively higher op)1rating
frequencies at suich times.

W. C. VERGARA
JI LLVATICHt

Advanced R2es Dept.
Bendix Radio Div.
The Bendix Corp.

Towson, Md.

4B. Lovell and J. A. Clegg, "Radio Astronom-y,"
-ohnWiley-and Son Inc. New Vork1 NT V7i

iO; i952.
,R. V. E. McNicol, "Fading of radio wave of

m'edium and high trequencies,' FProc 1FF vol. 96, pt.
III, pp. 517524;October, 1949.
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