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Operation of an Esaki Diode
Microwave Amplifier*

A microwave amplifier using a germani-
um Esaki diode has been operated at 4.5
kmc with the following results:
Maximum stable gain =23 db;
Voltage gain-bandwidth product =2.75 X108:

(23-db gain at a bandwidth of 20 mc)
Effective source noise temperature 1 200°K;

(noise figure =7 db)
Saturation power output 1 XlO-6 watt.

The diode peak current was 1.1 ma and the
peak-to-valley ratio was 2.5.

The amplifier is shown schematically in
Fig. 1. It consists of a single port cavity A,
containing the Esaki diode B, which is
coupled via an iris to a short section of a
waveguide beyond cutoff C, separating it
from the main propagating waveguide D.
The incident input signal and the reflected
(and amplified) output signal are separated
by a low-loss circulator.

As with all regenerative amplifiers, suf-
ficient loading must be provided to prevent
oscillation from taking place. This was
achieved by a dielectric plug, E, which,
when completely inserted into the cutoff
section, enables the latter to propagate. The
depth of insertion is thus used to vary the
external coupling of the cavity.'

It can be shown that, for high gain, the
voltage gain-bandwidth product is given by

1 Qd

V/G AfL _- (1)

where Qd/Qc iS the ratio of the power dissi-
pated inside the cavity to that generated
by the negative resistance of the diode. R and
c are, respectively, the negative resistance
and the capacitance of the diode. G is the
power gain while Af is the separation in
cycles/second between the half-power points
The constancy of VG1Af was checked at
G=23 db and G= 17 db. Since Qd/Q, in our
experiment was -0.5, the measured result,

-GAf= 2.75 X 108, represents approximately
one half of the asymptotic value attainable
according to (1) in the limit of strong over-
coupling, Qc>>Qd.

The effective source noise temperature
T,2 is given by the relation

(x/G_+1)2

T( Qex\ +-eIR -Qe\ (2)
QC 2k Qd

where
T, is the cavity ambient temperature;

Qex external "Q"
Q, unloaded "Q"

* Received by the IRE, February 16, 1960.
This scheme was first used by J. P. Gordon in a

paramagnetic resonance experiment.
2 Te is related to the noise figure F by the relation

F =1+-
290

1600,

Fig. 1-A schematic view of the Esaki diode amplifier.
(The symbols are explained in the text.)

is the ratio of the power lost in the
cavity to that delivered to the external
load;

Qe,/Qd is the ratio of the power generated by
the diode to that supplied to the load;

Io is the dc bias current;
e is the electronic charge;
k is Boltzmann constant; and

- R is the negative resistance of the diode.

The measured noise temperature of
1200°K was approximately twice as high as

that expected from (2) in the limit of strong
coupling where Qez<<Qc. This difference is
due to the operation of the cavity near the
condition of critical coupling. An increase in
coupling was prevented by the amount of
parasitic losses inside the cavity, which
placed a limit on the maximum loading at
which high gain could be obtained. Substan-
tially lower noise temperatures are to be ex-

pected from diodes with better peak-to-
valley current ratios (where lower values of
IoR can be attained), and from diodes with
smaller series resistance. There is also the
possibility of intrinsically lower IoR prod-
ucts with other semiconductors.

The authors wish to express their grati-
tude to E. Dickten who fabricated and
mounted the diode used in the experiment.

A. YARIV
J. S. COOK

P. E. BUTZIEN
Bell Telephone Labs.
Murray Hill, N. J.

Voltage Tuning in Tunnel Diode
Oscillators*

Durinig some recent experimental work
on microwave tunnel diode oscillators, volt-
age tuning ranges of up to 12 per cent have
been obtained by varying the operating
bias of the oscillator. Power output was ap-

proximately -30 dbm.
Fig. 1 shows a curve of frequency vs

voltage obtained with an oscillator using an

Esaki diode, manufactured by Sony Corpo-
ration, Japan. The diode was mounted at one
end of a low impedance coaxial line, as shown
in Fig. 2, and the other end of the line was

terminated in a matched load, across which
the operating voltage was applied.

* Received by the IRE, February 29, 1960.
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Fig. 1-Voltage tuning curves for tunnel
diode oscillator.
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Fig. 2-Tunnel diode oscillator (output was
taken from a probe at the diode end).

The dependence of frequency on the op-

erating potential in a voltage-controlled
negative resistance oscillator is a well-known
phenomenon. The mechanism is particu-
larly clearly explained by Edson.' As the
diode has a nominal maximum negative re-

sistance of 25 ohms, and the impedance of
the coaxial line is 20 ohms, there is quite a

wide band near the resonant frequency of the
diode package where the diode can oscillate.

By varying the operating voltage, the
effective negative resistance of the diode at
which the oscillation will reach a steady
state may be varied, and thus the frequency
will change. The relative amplitude and
phase of the harmonics generated will also
vary with supply voltage, and, as shown by
Edson, this also affects the oscillation fre-
quency. The nonlinearity of frequency vs

voltage is thought to be due to resonances at
the harmonic frequencies.

By adding a quarter wave re-entrant cav-

ity in the center conduictor of the coaxial
line, the impedance at the oscillating fre-
quency can be raised, resulting in more

power output (approximately -15 dbm) but
a voltage tuning range of only about 20 miic
at 1500 mc or 1.3 per cent. Both oscillators
could be tuned mechanically over a 30 per
cent bandwidth with little change in output.

J. K. PULFER
Radio and Electrical
Engineering Division

National Research Council
Ottawa, Ontario, Canada

W. A. Edson, "Vacuum Tube Oscillators," John
Wiley and Sons, Inc., New York, N. V.; 1953.
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A Technique for Cascading Tunnel-
Diode Amplifiers*

The tunnel diode can often be used as

the active element in a conventional ampli-
fier stage. It is at times desirable to cascade
such amplifiers. Since the tunnel diode is a
two-terminal device it does not supply the
isolation of either the vacuum tube or the
transistor. Thus, special techniques must be
used when cascading tunnel-diode ampli-
fiers. Such a technique is presented here. For
convenienice, voltage anmplificationi will be
discussed although a similar discussion coIld
be applied to current amplificationi or power
amplification.

Let tis consider the simple tunnel-diode
amplifier shown in Fig. 1. We shall assume
that L1 and L2 are such that they act as

open circuits at all freqtieicies of interest,
while C is such that it acts as a short circuit
at all frequencies of interest. The elements
L1, L2, and C are used to supply direct bias.
The equivalent circuit for the tunnel diode
can be represented simply by a negative
resistance over a wide range of frequencies.
This will be done here. The equivalent cir-
cuit for this amplifier is showni in Fig. 2. The
voltage gain of this circuit is given by

+E

Fig. 1-A simple tunnel-diode amplifier.

-r

Fig. 2-The equivalent circuit for the simple
tunnel-diode amplifier of Fig. 1.

E2

maximum allowable gain per stage is less
than the required over-all gain, then several
amplifier stages must be cascaded. As it
stands, this amplifier does not lenid itself
well to cascading. liowever, the addlition of
a seconcd tuinnel diode, which does niot
change the voltage gain, results in an am-
plifier that can be easily cascaded. Such an
amplifier and its equivalent circuit are shown
in Figs. 3(a) anid 3(b), respectively. Note
that the negative resistance of TD1 may be
different from that of TD2. It is assutned
that there are tunniel diodes with the re-
quired negative resistances. If this is not
the case, then the required negative resist-
ance can be obtained by combiiniiig a tunlniel
diode with a positive resistaince. The voltage
gain of this circLuit is the same as that of
Fig. 1 and is given by (1). However, the
input resistance of the circuiit of Fig. 1 is
R-r, while the inlput resistanlce of the cir-
cuit of Fig. 2 is givenl by

-r(R- r)
Rin= R - r -

(a)

(2)

Now let us choose -r1 so that Rin = R.
Then solving (2) for -ri, we obtain

K 2 R
K= =-R.E, R-r

R(R - r)
-r(1)

Note that K can be made as large as desired
by choosing -r so that R-r is sufficiently
small. However, stability requirements usu-

ally limit the maximum value of K. If the

(b)
Fig. 3-(a) A tunnel-diode amplifier t

cascaded; (b) its equivalent cir

TD, TD, TD, TD,

R

(a)

-r

R

-r -r -r

(b)

Fig. 4-(a) A typical cascaded tunnel-diode amplifier; (b) its equivalent circuit.

* Received by the IRE, February 15, 196f0.

The input resistance of this circuit is nlow
equal to the load resistance, thus this circuit
may be used as the "load resistance" of a

hat can he similar circuit. When several of such stages*Cuit. are cascaded the voltage gain of each will
be K=R/(R-r). The over-all gain will, of
course, be the product of the individual
stage gains. For instance, a typical circuiit
is shown in Fig. 4(a). The over-all voltage
gain of this circuit is K1K3, where K,
=R/(2R-r) is the gain of the first stage.
Note that it has been assumed that the

E2 internal resistance of the signal source is
not zero but is equal to the load resistor R.
The equivalent circuit for this amplifier is
shown in Fig. 4(b). Pertinent voltages and
resistances are indicated in this equivalent

- circuit. The resistances are "viewed" in the
direction shown by the arrow.

The previous discussion considered the
cascading of amplifier stages. Actually, the
circuit of Fig. 4 may be viewed as a trans-
mission line connecting the input generator
to the output load. In this case, the trans-
mission line is made up of negative resistance
elements and, hence, prodtices a gain rather

E2=K,K2E than a loss. Note that with some minor
modification this "transmission line" can

start and end with shunt rather thani series
elements.

If impedances are placed in series with
the series tunnel diodes (TD1) and imped-
ances are placed in shunt with the shunt
tunnel diodes (TD.), then the gain of the
amplifier can be made frequency dependenit.
This ImUtSt be done with care to insure that
the amplifier will be stable.

P. M . CHIRLIAN
Dept. of Electrical Engineerinig

New York University
New York, N. Y.

(3)
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Negative L and C in Solid-State
Masers*

When a material exhibiting quantum-
mechanical resonance absorption is caused
to be emissive by producing an inverted pop-
ulation distribution-which is necessary for
maser operation the impedance behavior
of the material changes in two ways: not
only does the resistive component become
negative to provide gain, but the depend-
ence of the reactive component on frequency
reverses signi. This seconid property can be
used to obtain gain and banidwidth per-
formance that exceeds the limitations im-
posed by conventional network analysis.
For amplifier design calculations, it is con-

venient to represent this fact by an equiva-
lent circuit. For example, the permeability
of a crystal in the neighborhood of a sharp
electron paramagnetic resonance (for a

Lorentz-shaped line) is of the form

#= o (1-l jx;7j1 ) (1)

where Xmntx/" is the peak value of the absorp-
tive component of complex susceptibility,
and T. is the reciprocal linewidth. This rela-
tion may be represented by the equivalent
circuit shown in Fig. 1 with G = 1

/ (poXm.x" coo), and jB = (j T2Aw) / (0Xmsax"W0o).
When the population is inverted, the per-
meability becomes

1+jxmax _

I1+jT2A)
for which the corresponding circuit becomes
that shown in Fig. 2, in which all symbols
are taken as positive. For a Gaussian-shaped
line, the expressions are an approximation
that is only valid in the center of the line,
but the general conclusions are true.

This result is obtained by solving the
equation of motion for the system in ques-
tion,' and it can be readily observed experi-
mentally. When the crystal is incorporated
in a cavity resonator, an appropriate circuit
suggested is that shown in Fig. 3. When the
negative terms in this circuit are large com-

pared with the positive terms (a situation
that represents a strong paramagnetic reso-
iiance and a large filling factor), the circuit
shown in Fig. 4 is suggested. The normal
C" and L" are used to compensate for the
negative L and C of the electron-spin reso-

nance, to achieve increased bandwidth. The
circuit of Fig. 4 represents two cascaded
cavities with an inverted paramagnetic
crystal in the second. In order to achieve
significant improvement, L' must be small.
The criterion suggested by stored-energy
implications is

C
LG < (2)

* Received by the IRE, March 2, 1960. This work
was supported in part by the U. S. Army (Signal
Corps), the U. S. Air Force (Office of Scientific Re-
search, Air Research and Development Command),
and the U. S. Navy (Office of Naval Research).

I F. Bloch, 'Nuclear induction,' Phys. Rev., vol.
70, pp. 460-474 (see sec. III); October 1 and 15, 1946;
R. Karplus and J. Schwinger, "Saturation in micro-
w8ve spectroscopy,' Phys. Rev., vol. 73, pp. 1020-
1026 (see eq. 23); May 1, 1948.
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and this has been verified by direct calcula-
tion.

If a filling factor of 1 is obtained in the
active cavity, (2) reduces to

Xmax > -- or Xmax" > -w (3)
cooT2 wo

where Awoo is the full width of the paramag-
netic-resonance line. This condition is just
about met for "pink" ruby at 9 kmc and at
4.2°K, for which, under typical experi-
mental conditions, X";O.O1, and Awco/wo

sO0.005. Cavity losses, which are usually
small under these conditions, were ignored
in our analysis. A maser in which these phe-
nomena are utilized has been constructed by
Goodwin and Moss.2

The gain-bandwidth theory of Fano3 can
be extended to the negative L and C situa-
tion. In the high-gain limit, with a single
maser crystal, it gives

In 9I12dw = Awo

[( 1U0 (4)

where the integral is over the amplifier band-
width, and 91'2 is the voltage gain of the
cavity maser as a function of frequency.

Increasing the spin concentration aug-
ments the effect by increasing x", as long
as the linewidth Acos does not increase also.
Raising the operating frequency augments
the effect for a given sample by increasing
both x" and wo/Awos. Lowering the tempera-
ture, of course, also helps.

2 F. E. Goodwin and G. E. Moss, Hughes Aircraft
Co., Research Labs., Culver City, Calif., private com-
munication; November 12, 1959.

3 R. M. Fano, 'Theoretical limitations on the
broadband matching of arbitrary impedances," J.
Franklin Inst., vol. 249, pp. 57-84; January, 1950;
vol. 249, pp. 139-154; February, 1950.

The presence of the negative L and C
terms does not materially change the per-

formance of a typical traveling-wave maser
because the circuit is too broad-band to
introduce sufficient compensating reactance.

Incidentally, these negative L and C
properties do not appear in parametric am-

plifiers. The broad-banding procedures dis-
cussed by Seidel and Herrmann,4 for ex-

ample, are of a more conventional type.
R. L. KYHL

Dept. of Electrical Engineering and
Research Laboratory of Electronics

Mass. Inst. Tech.
Cambridge, Mass.

4 H. Seidel and G. F. Herrmann, 'Circuit aspects
of parametric amplifiers,' 1959 IRE WESCON CON-
VENTION RECORD, Part 2, pp. 83-91.

Parametric Oscillatory and Rotary
Motion*

The semiconiductor parametric amplifier
belongs to a more general class of devices,
in which one or more parameters in the un-

derlying integro-differential equation are

periodic time functions. In principle, the re-

actance variation may equally well be ac-

complished by ferromagnetic means, so that
the inductance becomes a periodic function.
The conditions for oscillations are

di dL .1gr
L d +i dL +Ri++ I idt =O, (1)

dt dt CJ

dv dC I
C +V -+ Gv+-Lvdt =O. (2)

dt dt L

Here (2) is the better-known equation, per-

taining to a variable-capacitance amplifier
with flA = 1. The second term identifies the
opportunity of amplification, offered with
C varied at twice signal frequency. The ca-
pacitance variation frequency is the pump
frequency, at which the capacitance is re-

duced on every half-cycle of the signal volt-
age wave, thus giving off energy to the rest
of the system. This is the way the stimulance
is injected, which in an amplifier almost, but
not quite, takes care of the dissipation.

The writer has undertaken to investigate
parametric devices with mechanical rather
than electrical input signal.i Variable in-
ductance devices at low frequency proved to
offer the easiest approach, and several
mechanical oscillators with equal pump and
signal frequencies were successfully con-
structed. Thus, "the world's simplest servo-
system" emerged, with the model adjtisted
for ,BA <1. With the aid of the second term
in (1), i dL/dt, a small mechanical displace-
ment x was turned into a larger mechanical
one, associated with much more power, and
it is only logical to expect that a similar
servosystem can be designed in accordance

* Received by the IRE, March 1, 1960.
'H. P. Knauss and P. R. Zilsel, 'Magnetically

maintained pendulum," Amer. J. Phys., vol. 19, pp.
318-320; May, 1951.
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with (2). Thus a narrow-frequency-range
oscillating reed, telephone, or loudspeaker
design may be based on either equation, not
to mention other devices of this general na-
ture with or without supporting active ele-
ments, such as switching transistors.

With the aid of a Mathieu-Hill type of
equation solution, it can be shown that the
term i dL/dt yields a double-valued force
function, the explanation for the easily
demonstrated fact that sustained oscilla-
tions are obtained. To show that nonlinear-
ity is not essential, an additional small-signal
model was built without iron, and proved
to oscillate. Since in the solution of the
equation, the double-valued force function
is independent of the sign of the displace-
ment x, the association of the stimulance
part of the force function with -x is by no
means unique; it could just as well be +x.
To prove this theoretical point, predicting
rotational motion, the "electronics motor" in
Fig. 1 was constructed, and true enough it
rotated. The favored speed of the model is
about 200 rpm. The effect can be enhanced
if a switching transistor amplifier of time
constant T and with Zi>>Zo is attached, for
example, as indicated by the dotted lines.
The transistor amplifier is not essential to
the operation, nor is the capacitor C1. This
capacitor was introduced because it made
the circuit approach resonance conditions,
and thus accept a heavier current. It yields
the frequency 1/2-x\/LIC1, or which is lower
than the lines frequency. Thtis the slope
di/dw is negative, so that the stimulance part
of the force function pertaining to i dL/dt is
aided by the force function due to di/dw, in
which w = 27rf, with the particular value
f=60 designating lines frequency.

' Zi T >Fz7
C, SOFT

ACjj iIIRON

Fig. 1-Principle of the parametric motor. The rotor
spins around in either direction, although there are
no contacts, no rotor winding, no magnets, no
rotational field, and no synchronous speed.

HARRY E. STOCKMAN
Dept. of Elec. Engrg.

Merrimack College
North Andover, Mass.

A Transverse-Field Traveling-
Wave Tube*

Recently there has been an urgent inter-
est in traveling-wave parametric amplifiers
which utilize an electron beam as the reac-
tive element. One such amplifier which has
achieved very-low-noise performance has

* Received by the IRE, March 7, 1960.

been described by Adler et al.l The amplifier
uses the fast electron cyclotron wave as the
signal and idler modes and a traveling high-
frequency electric quadrupole field as the
pump mode. In the Adler Tube the pump
frequency is set equal to twice the cyclotron
frequency of the electrons and the phase
velocity of the pump wave is infinite.

There is also a related class of beam-type
parametric amplifiers in which the pump
mode is at an arbitrarily low frequency in-
cluding dc and the pump phase velocity is
finite including zero. The idler mode is a
slow cyclotron wave. These amplifiers are
not characterized by extremely low-noise
performance, but have other interesting
properties as has been shown by Gordon et
al.2 It is the purpose of this paper to present
preliminary experimental results on an am-
plifier using a static spatially-varying elec-
tric quadrupole field to achieve amplification
of the fast cyclotron wave.

The interaction in the static quadrupole
field can be understood by reference to Fig.
1 in which an electron in the phase appropri-

L L.

Fi.ITeenrygi mcaim

~~~~~~~~zoC
atetoenergyITi,,sd

L~ = 2 6JO
Fig. I-The energy-gain mechanism.

ate to energy gain is shown. The drifting
electron gains rotational energy as it loses
drift energy; the quadrupole fields merely
serving to deflect the electron. No energy
is transferred from the quadrupole fields to
the beam. It can be seen, also, that the syn-
chronism condition requires that 2co,
=2rv/L, co, being the cyclotron frequency,
v the drift velocity and L the periodic spac-
ing of the quadrupole fields. Thus, the drift-
ing electrons experience an apparent pump
field of frequency 2w,.

As in the Adler device, an exponential
growth of the orbit occurs which, coupled
with a phase focusing induced by the quad-
rupole fields, leads to a net increase in the
kinetic power of the fast cyclotron wave.
Since no power is supplied by the pump
fields and the drift velocity of the beam is
decreased, it follows that the idler wave is a
slow wave. Hence the zero pump frequency
amplifier also may be compared to the con-
ventional traveling-wave tube in which the
corresponding "fast" wave is the electro-
magnetic wave carried by the slow-wave cir-
cuit while the "idler" wave is the slow space-
charge wave.

R. Adler, G. Hrbek, and G. Wade, "The quadru-
pole amplifier, a low-noise parametric device," PROC.
IRE, vol. 47, pp. 1713-1723; October, 1959.

2 E. I. Gordon, S. J. Buchsbaum, and j. Feinstein,
'A Transverse Field Amplifier Employing Cyclotron
Resonance Interaction," paper presented at the Sev-
enteenth Conference on Electron Tube Research,
Mexico City, Mex.; June, 1959.

by
The gain in the quadrupole fields is given

G = 20 log cosh g V, (db) (1)
in which V, is the dc voltage applied to the
quadrupole plates and g is a geometrical
factor proportional to the number of quad-
rupole sections. Fig. 2 shows the observed

16
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11_X o,
_10
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8 gO
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QUADRUPOLE VOLTAGE (VOLTS)

Fig. 2-Gain as a function of quiadrupole.

gain minus the insertion loss as a function
of the quadrupole voltage with the beam at
the synchronous voltage. The solid line is
the curve predicted by (1) in which the valtie
of the constant g has been adjusted. The
value of the constant is 30 per cent higher
than the value calculated from knowledge
of the quadrupole geometry. The experi-
mental points depart considerably from the
predicted curve for gains above 8 db. At this
point, interception on the quadrupole be-
gins. This results from a defect in the elec-
tron gun which introduces up to twenty
volts of rotational energy onto the beam
and is not inherent in the device. The deficit
in gain is a result of the interception and the
departure from the synchronous condition
resulting from the decrease in beam voltage
of those electrons with large rotational en-
ergy. The beam voltage and current are 800
volts and 2 ma, respectively. The quad-
rupole structure has a periodicity of 0.25 cm
with an inner diameter of 0.20 cm and has
10 periods. The couplers are ridged wave-
guide cavities with a center-band frequency
of 3.25 kmc and a bandwidth of 2 per cent.

A major advantage of the device is the
fact that after the fast-wave energy is
stripped from the beam in the output
coupler, the remaining excitation on the
beam is the slow idler wave. Thus, the spent
electrons are imionoenergetic aind can be c-ol-
lected at close-to-cathode potential. As a
result, the efficiency of the dlevice can be
very high.

No noise measurements have been made
as yet, and although the device is not ex-
pected to have the extreme low-noise per-
formance of the high-frequency-pumped
amplifier, there is every reason to believe
that it will compete with the more conven-
tional traveling wave tubes in this respect.

E. I. GORDON
Bell Telephone Labs., Inc.

Murray Hill, N. J.
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WWV and WWVH Standard Fre- Correction to "On the Regenerative
quency and Time Transmissions* Pulse Generator"*

The frequencies of the National Bureau
of Standards radio stations WWV and
WN'WVH are kept in agreement with respect
to each other and have been maintained as
constant as possible with respect to an im-
proved United States Frequency Standard
(USFS) since December 1, 1957.

The nominal broadcast frequencies
should, for the purpose of highly accurate
scientific measurements, or of establishing
high uniformity among frequencies, or for
removing unavoidable variations in the
broadcast frequencies, be corrected to the
value of the USFS, as indicated in the table
below.

WWV FREQUENCY WITH RESPECT TO
U. S. FREQUENCY STANDARD

Parts in 10'°t

-146

-146
-146
-146
-146
-145
-145
-145
-145
-145
-145
-144
-144
-144
-144
-144
-144
-145
-144
-144
-144
-144
-144
-144
-144
-144
-147
-147
-147
-146
-146

Viktor Met, author of the above Corre-
spondence, which appeared on pages 363-
364 of the March, 1960, issue of PROCEED-
INGS, has advised the Editor that the draw-
ings of Figs. 2 and 3 were preliminaries, and
should have been replaced with ones sub-
mitted at a later date. The revised figures are
reproduced herewith.

minority carriers injected during the for-
ward half cycle are multiplied through col-
lision ionization on the reverse half cycle,
yielding a net negative current.' This occurs
only at high frequiencies because the voltage
can swing negative before an appreciable
number of injected carriers are lost through
recombination or diffusion to the junction.

At X band, the effect is quite pronounced
with a Bell Laboratories type Si 43 Varactor
whose reverse characteristic is "hard" (less
than 1-jua reverse current flows until break-
down occurs at -10.5 volts). An applied X
band signal causes a reverse current of 20 ,ua
at only -0.5 volt bias, although the diode
characteristic is such that forward current
of several microamperes occurs at +0.6
volt. For a slightly more positive value
of bias, the current passes through zero
and becomes positive. The dc bias at which
the transition from forward to reverse
current occurs was plotted as a function of
frequency (Fig. 1). Since the ac drive varied

10,000Fig. 2-Graphical soltution of the nonlinear differ-
ence equation for a fifth-order nonlinearity.

P2

-P22

IP(t)

ii
IIlI1 1000Figj3Se-nto I the g

Fig. 3-Step-function, representing the general
steady state solution.

* Received by the IRE, March 17, 1960.

100

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

§ On March 26 the frequency was decreased
3X 10-1'

The characteristics of the USFS, and its
relation to time scales such as ET and UT2,
have been described in a previotis issue,' to
which the reader is referred for a complete
discLussion.

The WWV and W7WVH time signals are
also kept in agreement with each other. Also
they are locked to the nominal frequency of
the transmissions and consequently may de-
part continuously from UT2. Corrections
are determined and published by the U. S.
Naval Observatory. The broadcast signals
are maintained in close agreement with UT2
by properly offsetting the broadcast fre-

qtiency from the USFS at the beginning of
each year when necessary. This new system
was commenced on January 1, 1960. The
last time adjustment was a retardation ad-
justment of 0.02 s on December 16, 1959.

NATIONAI, BUREAU OF STANDARDS
Boulder, Colo.

* Received by the IRE, April 25, 1960.
"United States National Standards of Time and

Frequency," PROC. IRE, vol. 48, pp. 105-106; Janu-
ary, 1960.

Anomalous Reverse Current in
Varactor Diodes*

While working oIn parametric amplifiers
and harmonic generators using Varactor
diodes, an interesting phenomenon was
noticed concerning the direction of average
diode current flow when a high-frequency
pump source was applied. An appreciable
reverse current was measured for dc bias
voltages very much closer to forward con-
duction than to reverse breakdown. Meas-
urements show that the instantaneouis diode
voltage is not even required to reach the dc
breakdown value, and that this abnormal
breakdown occurs only when the v-oltage
during the positive-goinig half cycle is suffi-
ciently large to swing into the forward con-
duction region. A plausible explanation of
this phenomenoni is that the large number of

* Received by the IRE, October 26, 1959. This
work was supported under Air Force Contract
AF30(602)-1854.
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Fig. 1-Trend of effect vs frequency.

over the frequency range, this curve should
be regarded only as illustrating a trend. The
anomalous effect is seen to be most pro-
nounced for the highest frequencies and
disappears below about 60 mc for the above
diode. This frequency region agrees with
the minority carrier lifetime of 0.05 /Asec2
for these diodes. Since the effect was small
or negligible below several hundred mega-
cycles, a direct observationi of diode wave-
forms cotild Inot be made.

I Suggested by A. Uhlir, Jr., in a conversation held
at Airborne Instruments Lab.

2 "Crystal Rectifiers," Bell Telephone Labs.,
Ninth Interim Tech. Rep., Signal Corps Contract
DA-36-039-sc-5589: October 15. 1956.
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There are at least two explanations
which may describe the above phenomena.
One explanation requires that the ac signal
be large enough to swiilg into both forward
conduction and dc breakdown. Rectification
about the forward characteristic should be
poor because of minority carrier storage, and
thus breakdown current should counterbal-
ance the forward current at bias levels
closer to forward conduction. This effect
would be aided by the asymmetry of the
waveform of voltage across the diode, which
is peaked in the negative direction because of
the shape of the C-V curve.

The second explanation is that the volt-
age does not reach the dc breakdown valtie,
but at high frequencies some new rnecha-
nism occurs causing reverse current to flow
at a voltage less than the normal dc break-
down voltage. To determine which explana-
tion is correct, we have measured the voltage
across the diode under conditions when the
anomalous behavior was observed. This was
done by two methods. The first method in-
volved determining the amplitude of the
various frequency components of the voltage
across the diode by the use of a slotted line
and reconstructing the waveform under the
most pessimistic assumptions about phase.
If the relative phases were such that all the
peaks added in the negative direction, the
maximum reverse voltage would only be 6.6
volts. This is considerably less than the
value of 10.5 volts at which dc breakdown
occurs.

At this point, we must mention the dif-
ference between the voltage we measure at
the diode terminals and that which exists at
the junction. The diode lead inductance is
resonant with the junction capacitance
from 3 to 4 kmc depending on the bias. The
fundamental frequency was made low
enough (470 mc) so that even at the third
harmonic the parasitic elements introduce a
negligible discrepancy.

For a second independent measurement
to determine whether the diode voltage
reaches dc breakdown, a high-frequency
peak reading voltmeter (HP410B) was
mounted in 50-ohm line directly in front of
the diode and its coaxial mount. The meter
response was flat to the fourth harmonic of
the 185-mc signal used here. By reversing
the diode and bias polarities with respect to
the meter, both forward and reverse peaks
were measured. They were +1.4 volts and
-7.3 volts respectively. Again we see that
the reverse peak does not reach the break-
down level.

Additional enlightenment as to the
nature of the reverse conduction process re--
sults from a plot of average diode current vs
bias for a fixed value of ac drive. (See Fig. 2.)
The curve shown is for 370 mc. Similar re-
sults were found at other frequencies. The
current is seen to be continuouis through
zero, indicating both forward and reverse
current even at small bias levels. After
switching from negative to positive it re-
turns to zero for a range of bias values mnid-
way between the forward and reverse por-
tions of the dc characteristic. This indicates
that the voltage swing is too small to enter
either conduction region when biased mid-
way. Therefore, the negative current at
small bias levels is not due to a large signal

entering dc breakdown, but seems to de-
pend upon forward current being drawn
during part of the cycle. A further increase
in bias results in breakdowni current at
-5.8 volts, indicating an ac amplitude of
4.7 volts. When this is added to the bias
(2.8v) for the first crossover through zero,
negative current is seen to be generated
when the instantaneous voltage reaches
-7.5 volts.

Fig. 2-Average diode current vs dc bias with ac

drive (Si-43 No. 33).

The dashed portion of the curve denotes
an unstable region, the operating point
flipping from one extreme to the other.
When biased in this region, a relaxation os-

cillation existed between these points at
about 1 cps.

It should be nioted that the circuits used
have no structtires tuned near the operating
frequency, so that the variation of current
with bias is not due to resonance effects in-
volving the diode capacitance. The bias lead
was suitably bypassed to ac.

Following the high-frequency experi-
ments with the BTL Varactor diodes, the
phenomenon was reproduced at low frequen-
cies (15 mc) with a Hoffman lN138 diode
for which the lifetime was measured as

about 1 IAsec. The ratio of lifetime to RF
period is seen to be of the same order of mag-
nitude as in the high-frequency experiment.
In addition, the breakdown mechanism is
known to be of the avalanche type since this
diode also exhibits the random pulse phe-
nomenon described by McKay.3 An oscillo-
scope verifies that the voltage is not required
to reach dc breakdown, although the differ-
ence is niot as great as in the high frequiency
case. A curve of average current vs diode
bias similar to that of Fig. 2 was obtained,
where the crossover through zero occurs at
about -9 volts bias and the dc breakdown
voltage is -27 volts.

It seems reasonable to conclude then

3 K. G. McKay, 'Avalanche breakdown in sili-
con," Phys. Rev., vol. 94, pp. 877-884; May, 1954.

that at RF periods which are short com-
pared with the minority carrier lifetime, the
caTriers injected during the forward half
cycle are multiplied through collision ioniiza-
tion on the reverse half cycle, resultinig inl a
net reverse currenit. From the three high-
frequency experimenits presented, the maxi-
mum reverse voltage for anonialous current
is about 7 volts. McKay has plotted the
multiplicationi factor Hl vs V/lV for a lin-
early graded siliconi junlction diode, where
Vb is the breakdowni voltage. For VI,= 10.5,
V/Vb=0.7, and the miiultiplication factor is
about 2. Although this is niot too miiuch
multiplication, the injected carriers repre-
sent a large increase in miiinority carrier
density over the steady state level (of the
order of 106f). As a resuLlt, even a multiplica-
tion of two may vield conisiderable rexverse
cuLrrenit.

ConcluLsions have not yet been reached
concerning the magnitude of the effects of
this phenomeinoni on parametric amplifiers
and harmonic generators, but it would seem
to limit the voltage swinlg short of forward
coniductioin under the penalty of an addi-
tionial loss mechanismii and some additional
noise (even though the net dc current were
zero, noise generated on the forward and
reverse half cycles would degrade the noise
figure of an amplifier). Operation in the
noniconductive region between breakdown
and forward conduction would avoid this
effect, but considerable nonlinearity is prob-
ablv lost by' not driving into the forward
region.

The author wishes to thank J. C. Greene,
Dr. B. Salzberg and E. WV. Sard for helpful
discussioins and suggestionis.

K. SIEGEL
Airborne Instruments Lab.

Melville, N. Y.

Relativity and the Scientific
Method*

The recent PROCEEDINGS article by
J. R. Pierce' has triggered considerable ad-
verse comment2 on Einstein's Theory of
Relativity. In the maze of detail which was
discussed, one very important principle was
all but forgotten, i.e., the operation of the
scientific method.

The objective of physical science is to
provide a theoretical basis for interpretation
of the observed behavior of nature. Observa-
tions are thus the final and conclusive ar-
biter of the "correctness" of any physical
theory. It follows that a theory may never
be "proved," since it is impossible to per-
form all experiments. Conversely, if such
proof were possible, there would be no more

* Received by the IRE, October 22, 1959.
I J. R. Pierce, "Relativity and space travel,"

PROC. IRE, vol. 47, pp. 1053-1061; June, 1959.
2 H. L. Armstrong, "Comment on relativity and

space travel," PROC. IRE, vol. 47, p. 1778; October,
1959.
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need for the theory itself since the purpose
of any theory is to predict the outcome of
new experiments. The success of a theory
may thus be judged by the manner in which
it fulfills this objective. In contrast, only
one physical observation is required to dis-
prove a theory. If it can be shown that a
prediction of the theory is in clear contradic-
tioln to the behavior of nature as observed by
a well-performed experiment, the theory
miust be discarded.

If we are to retain our present concepts
of the scientific inethod, we should treat the
Theorv of Relativity as any other theory.
No amiloutnt of belief or disbelief and no
lengthy emnotional expression of philosophy
will substitute for a careful analysis of the
observed physical facts in relation to the
pre(lictions of the theory. To date, a great
nmimber of results predicted by the Theory
of lRelativity have been experimentally veri-
fiedl. No case of clear contradiction has yet
beeni found. Whether the theory in its pres-
ent form will continue to enjoy such re-
markable success indefinitely is not the sub-
ject unider discussion here. Few scientists to-
day wotuld be willing to attest to the infalli-
bility of any theory. However, until now
the Theory of Relativity has stood the test
of many critical experiments which any
potential critic would do well to ponder, and
until such an experiment demonstrates a
clear contradiction, the critic should content
himself with devising new experiments.

Irrespective of the eventual outcome of
experimental work, the Theory of Relativity
will remain the remarkable contribution of a
remarkable man and a monument to the
ability of the scientific nmethod to bring un-
derstanding to an area where there was
none.

C. A. MEAD
Calif. Inst. of Tech.

Pasadena, Calif.

A Simple General Equation for
Attenuation*

The familiar equations for the attenua-
tion of various kinds of transmission media
all involve two basic kinds of dependencies.
One is the intrinsic electrical properties of
the conductors and dielectric; the other is
the geometric configuration and scale of the
cross section. It may not be generally ap-
preciated that the attenuation of most of
the media in which the waves are guided by
conduictors can be expressed by a single sim-
ple equation in which the two kinds of de-
pendencies just mentioned are represented
by separate and distinct coefficients. Once
the equation is written, its coefficients may
be readily evaluated by comparison with
the usual equations for those cases for which
the wave equations have been solved, or by
correlation with experimental data. We be-

* Received by the IRE, October 30, 1959.

lieve this concept of a general equation is
interesting, and that the equation itself is of
considerable engineering usefulness.

One of the writers, Szekely, has pro-
duced a mathematical proof, using per-
turbation techniques, that the equation pre-
sented is indeed general and applies to all
transmission systems having conducting
surfaces parallel to an axis of a general or-
thogonal curvilinear coordinate system,
along which the waves are propagating and
in which the wave equations are separable.
The proof will not be given here. It is based,
however, on the assumption of good con-
ductors and good dielectric materials. The
equation applies, for example, to the attenu-
ation per unit length of wire pairs, of coaxial
conductors, of all transmission modes of
waveguides of any shape of cross section, of
strip lines, etc. It even applies to such struc-
tures as conical horns if the attenuation is
expressed in nepers or decibels per unit
length, per unit solid angle.

The attenuation per unit length of any
transmission medium in the class just de-
fined is given by

a L f J

where:

D=constant depending only on the in-
trinsic properties of the dielectric,

M=constant depending only on the in-
trinsic properties of the dielectric
and of the conducting material,

A, B =constants depending on the con-
figuration (but not the scale) of the
cross section, and on the trans-
mission mode,

a=a selected linear dimension of the
cross section specifying its size or
scale, all other dimensions having
fixed ratios to a,

f=transmitted frequency, and

f,=cutoff frequency of the particular
transmission mode on the given
medium.

The constant D accounts for that part of
the attenuation that is due to dissipation in
the dielectric. In many cases where the di-
electric is air or some other gas, this may be
neglected. The remainder of this equation,
representing the attenuation due to dissipa-
tion in the conductors, can be written in a
normalized form:

3M2 [a -(A)4 ] (

am-a 4,/i2 (2)

where fl =af,.
A plot of (a,m a3'2) vs (af) gives one curve

that is applicable to any scale of cross sec-
tion, for a given medium of given shape of

cross section and a given mode of transmis-
sion.

To apply (1) to a particular case, it is
necessary to know the values of M, D, A, B
and fi. Since M and D depend only on the
conducting and dielectric materials, they
can be determined once for all transmission
media employing particular materials, say
copper and air. Their values are given by

D =

2

M=
77 am

(3)

(4)

In these,

\=VM/,/e=intrinsic impedance of the
dielectric, where ,l and e are the ab-
solute permeability and dielectric
constant of the dielectric,

=permeability of the conducting ma-
terial,

a= conductivity of the dielectric, and
aUrn=conductivity of the conducting ma-

terial.

For a vacuum and substantially for
gases, n = 120r=377 ohms. For dielectrics
having a different dielectric constant than
that of a vacuum, n7=377/\/-, where Er is
the relative dielectric constant.

It shall be noted that at frequencies well
above cutoff, the portion of the attenuation
constant caused by a lossy dielectric is very
nearly a frequency independent constant,
(aD-D = ljw); this is true for any geometric
configuration, scale of cross section, or mode
of transmission, provided that the conduct-
ance of the dielectric is constant and small.
(In some dielectrics such as paper in paper-
insulated telephone cables, a appears to be a
function of frequency.)

If rationalized MKS units are used, the
attenuation given by (1) will be in terms of
nepers per meter. Obviously, the attenua-
tion may be converted to other units by
multiplying M and D by suitable factors.
Table I gives some values of M for copper
conductors (°rn =58X 106 mhos per meter)
and air dielectric, corrected for several com-
binations of units.

TABLE I

VALUES OF M FOR COPPER CONDUCTORS
AND GAS DIELECTRIC

a a f in cps. f in KMC/sec.

Nepers
/meter cm 69.1 X10-9 2.19X10-3

db/meter cm 600 X' 09 9X10-3

db/ft inches 72.1 XIO-9 2.28sXI0-3
db/mile inches 0.38 X10-3 12

The constants A, B, andf, are obtainable
from the equations given in the literature
for most cases of interest. For cases not yet
explored mathematically, their determina-
tioni requires the application of electromag-
netic wave theory, a process often difficult
and too lengthy to discuss here. However,
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TABLE II
VALUES OF CONSTANTS DEPENDENT ON CONFIGURATION AND MODE

CUTOFf
MEDIUM MODE

CUTOFF

A B

PAIR OF WIRES (NOTE I)
eb 0 PRINCIPAL I O

e-a 0 io-(a|/b|CCOSH- b/a
COAXIAL CABLE I + a/b

PRINCIPAL 0 0 LOGeO/b 0

a % 5 __ XMIN =3.59, WHEN a b =3 59L
NEXT HIGHER VV/1.95 1.95 APPROX N 3

-l

TE1O 2V 2 a 2
WAVEGUIDE- _-- - __ __ - - - -

RECTANGULAR 2Em + a bs

TEmn ~2 b2 m+n2.2~ m2 + ~n2 SM Sn 5m bs

b b2 b2
-i - -_ - - - -_ - - (NOTE: m=o, Sm=2;mo, Sm =l

1a-0-4>1TMmn m2+n2zT_ m2+ ci3n SIMILARLY FOR Sn)
(m :i, n5 ) 2 +nb2 +n.a2 2M 2 0

WAVEGUIDE - 2 ___21r m_2
CIRCULAR TEmn Vr rn(rn -mtrmn (rmn -m

a -

TM mn mmn rmn I

NOTE: rmn flh ROOT OF- m(rwrl =n h ROOT OF J (r)

NOTE I: V= VELOCITY IN UNBOUNDED DIELECTRIC = I/4i =C/VJZj

as stated earlier, we have proved the exist-
ence of these constants for all cases in the
previously defined class. The values of these
constants for several common cases are
given in Table II. '

It will be observed that (1) and (2) are
analogous to the well-known equation,

R GRo (5)CT = -+-2+5
2Ro 2

where R is the effective series ac resistance
per unit length, G is the effective shunt con-
ductance per unit length, and Ro is the real
part of the characteristic impedance. Obvi-
ously D is dimensionally similar to GRo/2;
and since MVf is equal to the surface resist-
ance of the conductor divided by 7, the first
part of the equation is dimensionally similar
to R/2Ro.

The discussion above probably contains
little that is new to those well versed in
electromagnetic theory. However, we be-
lieve the engineering usefulness of the equa-
tion in the form given, plus the realization
of its generality, justifies this communica-
tion.

D. K. GANNETT
ZOLTAN SZEKELY

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

' Some of these- values were obtained from equa-
tions given in G. C. Southworth, "Principles and Ap-
plications of Waveguide Transmission," D. Van
Nostrand Co., New York, N. Y., pp. 94-95; 1950.

General Properties of the Propaga-
tion Constant of a Nonreciprocal
Iterated Circuit*

Complementing an effort to introduce
nonreciprocal loss into a microwave iterated
circuit, a theoretical determination has been
made of the behavior of the propagation
constant of a general iterated circuit coIn-
taining nonreciprocal componienits. This cir-
cuit might find use in a traveling-wave tube
or parametric amplifier.

The model examined was an infinitely
long chain of identical two-port networks,
each specified by the matrix

(Z) (Z Z12)

Z21 Z22

where Z12 /Z21 since each network contains
nonreciprocal componenits. Voltages (and
currents) to the right and left of each net-
work are assumed to be related by the factor
eie and the problem is to examine the
nature of (").

The voltages and currents of the system
are related by

Vn) (I:)

where n refers to the nth network and
eJ'9= VI+7/ Vn = 1s±s/1,l Eq. (1) may be ex-

panded and put into the form

z1e20 + z21e- = Zll + 222. (2)

* Received by the IRE, October 19, 1959.

Use is made of the following definitions

21 = e
Z12

= b + (angle of Z12),
e = x+jx,

Im (Z11 + Z22)
X= 1/2 1I1

Re (Z11 + $22)
y= 112 - -I

+ -2

/ $121
PC(x) = e'(r cos ¢ + x sin44,
P5(x) = e;(r sin - x cos¢).

After a little algebra, (2) may be written

cos (6 - b) cosh (x - = P,(x)

(3)

sin (6 - b) sinh (x-p) = P,(x). (4)

Finally, conservation of energy requires that

r > 1/21 1 + e2(JO-c ) .> 0. (5)

Although all quantities are basically a
function of frequency, it will be convenient
to consider x as an independenit variable and
r as a parameter. Although specific values
of x and r do not determine the other quan-
tities uniquely, they do determine upper
and lower bounds on the other quantities.
The cases of r=0 and r>0 will now be
treated.

1) r=0 (lossless case). From (5), 46=0,
P,(x) =x, and P,(x) =0, so that (4) becomes

cos (6 - b) cosh x = x
sin (O -b) sinh x-0. (6)
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Eq. (6) has the simultaneous solution

cos (-b)= x -_ <x< 1

coshx= (- ) x >1.

x and 0-b are plotted vs x as the solid curves
in Figs. 1 and 2 where it is understood that

4x2

Fig. 1.

Fig. 2.

4=0. The structure has a pass band from
-1 < x < 1. Within this range, the loss param-
eter x is zero and the phase parameter 0
varies from m7r+b to (m ± 1)7r+b. For x
above 1 and below -1, the loss parameter is
high and the phase parameter is m7r+b.
The significant difference between the non-
reciprocal and reciprocal cases is that in the
latter x is an even function of 0, i.e., b=O.
In the former case, this is no longer true.
At 0=2 rm, x is not 1 but cos b. Thus, for a
nonreciprocal circuit, the propagation con-
stants of the space harmonics will depend on
the direction of propagation. A plot of x vs 0
would look like Fig. 1 except that the curve
shown in Fig. 1 would be shifted to the left
or right of the ordinate by an amount b. If b
is not a constant but a function of x, the
situation is further complicated.

2) r>0 (lossy case). For r>0, (5) indi-
cates that it is only possible to determine
4) and 4) to within a band of values whose
upper and lower limits may be calculated.
Thus, for specific values of r and x, Pc and
P. may be determined to within a band
whose upper and lower limits may be cal-
culated. Nevertheless, from this informa-
tion, it is possible to predict the general be-
havior of the loss and phase parameters.
Typical plots of these parameters vs x are
shown as the dotted curves in Figs. 1 and 2.

As an aid in determining these plots, we
write (4) in the form
sin2 (0 - b) = P,2(x) tan2 (0 - b) - P82(x),
sinh2 (x -)

= PC2(X) tanh2 (x-A) + P82(x) (7)
and note the intersection of the left and
right hand sides of each equation as P, and

P8 are given their extreme values holding
r fixed and varying x.

The behavior of x and 0 for r>0 is more
or less an expected extension of the r= 0 case
except that now the loss parameter depends
on the direction of propagation since 4) $0.
A plot of x vs x would be the plot of Fig. 2
shifted to the left or right of the ordinate by
an amount 4. If Ap is a function of x, the
situation is further complicated.

Two points of practical importance
should be noted about an iterated nonre-
ciprocal circuit used as a traveling-wave
tube circuit. First, in a traveling-wave tube,
0=j3L where L is the periodic length. In or-
der to get interaction with the electron beam
over a maximum of the pass band (from
x= -1 to + 1), at midband (frequency cor-
responding to x = 0) g must be approximately
equal to the plasma slow-wave propagation
constant and 0= 0,=o. For the reciprocal case,
0,=o is very close to an odd multiple of 7r/2 so
that L is determined. In the nonreciprocal
case, O.-o= (odd multiple of 7r/2) +b and
theoretically may be any angle. Thus, L is
not restricted and may be chosen so as to
optimize some parameter such as interaction
impedance.

Secondly, it can be true that the addi-
tion of loss broadens the band of circuit-
wave interaction with the electron beam
(see Fig. 1, dotted curves). However, the
attendant forward-wave loss negates the de-
sirability of doing this. However, in a non-
reciprocal circuit, it is theoretically possible
to introduce 4) in such a way that the for-
ward loss is small. At the same time, the
backward loss increases, which is usually a
desirable circuit property.

The author wishes to acknowledge the
valuable aid of S. Sensiper of Hughes Air-
craft Co. who suggested the problem and
who provided subsequent stimulating dis-
cussions.

R. N. CARLILE
Dept of Elec. Engrg.

University of California
Berkeley, Calif.

Formerly at Hughes Aircraft Co.
Culver City, Calif.

Parametric Amplifier Antenna*
A number of circuit configurations have

been reported' for employing voltage vari-
able capacitors as the active eleiment in a
parametric amplifier. One form, described
by Harris2 and others, utilizes a coaxial dis-
tributed structure to provide, at the same
time, appropriate resoniant conditions fo:
both the signal and the so-called idler fre-
quency components. In this mode of opera-
tion the input signal and the output are at
the same frequency f8. The pumping energy
source may be at 2f,, 4f,s - etc., while the
idler will have a corresponding value of fs,

* Received by the IRE, October 29, 1959. The
work described has been carried out under the
sponsorship of the Electronics Research Directorate,
Air Force Cambridge Res. Center.

' A. Uhlir, Jr., "The potential of semiconductor
diodes in high frequency communications," PROC.
IRE, vol. 46, pp. 1099-1115; Juine, 1958.

B. Salzberg and W. E. Sard, "A low-noise wide-
band reactance amplifier," PROC. IRE, vol. 46, p.
1303; June, 1958.

2 F. S. Harris, "The parametric amplifier," CQ,
vol. 14, November, 1958.

D

D

[L.S/

L

P2

Fig. 1-Cross-sectional view of parametric
amplifier antenna or "parant.v

3f5.... A ntImber of advantages can be
derived by realizing this circuit in a bal-
anced form and incorporating the resulting
structure inside of a half wave dipole as
shown in Fig. 1. The amplifier consists of
the outer cylinder of length L which serves
as an antenna, and an inner coaxial con-
ductor, diamaeter D', supported at the center
by an RF connector and low loss dielectric
spacers as shown. Each end of the center
conductor is connlected to the corresponding
end of the antennia throtigh parametric
diodes (HPA 2800) at C and C'. The antenna
is split at the mid-point to provide dc isola-
tion for the diode bias paths. A thin dielec-
tric layer between the dipole sections and
the central supporting sleeve serves as an
RF bypass path for antenna ctirrents. The
pumping signal is applied to both diodes in
phase through the inner conductor at P1.
With the center conductor at dc ground,
either through the generator or a suitable
transmission line stub, diode bias voltages
are applied at B+ and B -. In operation
the interior coaxial region serves as a reso-
nant storage volume for both the signal and
idler components. The output is taken at
P2 from loop S through a suitable network
which passesf8 while rejectingfi.

Fig. 2 shows the inner construction of a
unit designed for use at 220 mc. Fig. 3 is the
assembled antenna-amplifier dipole. It is
necessary that the physical length of the
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antenna cylinder be adjusted for the desired
center operating frequency while at the
same time the coaxial system is resonant at
f, and an odd multiple of f,. Since the free
resonant length of an antenna is significantly
less than X/2 the interior system would ap-
pear to have less than its requisite electrical
length. It has been found, however, that
with the antenna units investigated to date
an adjustment of fringing and diode capaci-
tance has been sufficient to achieve the simul-
taneous resonance conditions without the
use of an internal dielectric septum. An-
tenna-amplifier gain, relative to a passive
dipole of the same length and diameter and
measured as a function of frequency, is
shown in Fig. 4.

In addition to the advantage of a poten-
tially low noise figure such as is common to
reactive parametric amplifiers, this arrange-
ment provides a low impedance output at a
coaxial connection in the neutral plane of
the antenna. Complications in construction
arising from the use of a split outer con-
ductor can be avoided by separating the
inner conductor into two sections at the

Fig. 2-Antenna center conductor showing output
loop and coaxial connectors.

Fig. 3-Assembled antenna amplifier dipole.

center and applying the pumping and bias
voltages through a twin coaxial connector
instead of the type N as used in this version.

ALBERT D. FROST
Antenna Systems Lab.
Dept. of Elec. Engrg.

University of New Hampshire
Durham, N. H.

Superdirectivity*
Kock' in his interesting paper on "Re-

lated Experiments with Sound Waves and
Electromagnetic Waves" credits Schel-
kunoff2 with the first discussion of superdi-
rectivity in aerial arrays. Though Dr. Schel-
kunoff's paper is of basic importance in this
field, investigation of the phenomenon
commenced much earlier. The first demon-
stration of the possibility of superdirectivity
that we know of was published in 1922 by
C. W. Oseen.1 Reference to four other papers
prior to that of Schelkunoff was given by us
in a previous paper.4 In the bibliography ap-
pended to that paper, we listed all the work
on superdirectivity then known to us; the
quite impressive total of twenty-eight items
resulted. In view of the continued interest in
this subject it may be of value to bring this
listing up to date, as attempted in the
bibliography below. For the Goward refer-
ence [1] we are indebted to Mr. J. D. Lawson
of the Atomic Energy Research Establish-
ment at Harwell.

A. BLOCH,
R. G. MEDHURST,

S. D. POOL
Research Laboratories,

The General Electric Co., Ltd.
Wembley, England.

Author's Comment4
I feel that Oseen3 discussed the possibil-

ity of superdirectivity, whereas Schelkunoff2
and Franz [28] demonstrated a feasible
method of approach to its realization.
Schelkunoff U. S. Pat. No. 2,286,839 on this
subject was applied for on December 20,
1939; it was issued on June 16, 1942. I am
indebted to Dr. Franz for the receipt of re-
prints of two papers of his [28, 30] which
appeared during the war and which I failed
to reference. The second [30] refers to still
another author on superdirectivity: A. Fra-
din, J. 0. A. Ph., Leningrad, Russia, vol. 9,
p. 1161; 1939.

WINSTON E. KOCK
Research Laboratories Div.

Bendix Aviation Corp.
Detroit, Mich.

* Received by the IRE, November 4, 1959.
W. E. Kock. "Related experiments with sound

waves and electromagnetic waves.' PRoc. IRE, vol.
47, pp. 1192-1201; July, 1959.

2 S. A. Schelkunoff, "A mathematical theory of
linear arrays," Bell Sys. Tech. J., vol. 22, pp. 80-107;
January, 1943.

a C. W. Oseen, 'Die Einsteinsche, Nadelstichstrah-
lung und die Maxwellschen Gleichungen," Ann. der
Phys., vol. 69, pp. 202-204; 1922.

4 A. Bloch, R. G. Medhurst, S. D. Pool. 'A new
approach to the design of super-directive aerial ar-
rays," Proc. IEE (London), pt. III, vol. 100, pp. 303-
314; September, 1953.

s Received by the IRE, November 25, 1959.
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Fig. 4-Antenna amplifier gain relative to passive
dipole having the same length and diameter.
Pumping source frequency and dc bias adjusted
at each point for maximum gain.
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Parallel Field Excitation*
AT-cut circular quartz plates or lenses

are used for the control of precision oscil-
lators in the range of 500 to 2500 kc.

The major requirements are: high Q,
freedom of unwanted responses, and a good
frequency-temperature behaviour.

As the inductance of these crystals is
low, it is necessary to reduce by all means
the resistance of the crystals in order to ob-
tain high Q values. Good crystals, however,
have a very low resistance of about one to
five ohms. This complicates the design of
the oscillator from the point of view of im-
pedance matching.

As aresultof receit work performed at the
Paris Observatory, as well as at Oscillo-
quartz Dept. of Ebauches S.A. at Neuchatel,
Switzerland, the electric parameters of the
crystals were altered by application of an

electric field parallel to the major surfaces of
the crystal; this is instead of having it nor-
mal to the surfaces, as it is usually done for
the excitation of thickness-shear vibrations.

There are two main points to consider
when the parallel field method is applied:

1) Inductance and resistance are rising,
but the former rises quicker than the
latter; thus the Q value increases.

2) The resistance of unwanted responses
is highly increased, especially that of
unwanted face shear modes.

For one-mc fundamental-mode plated
lenses of about 27-mm diameter, Q values
between 6 and 8 106 have been obtained.
For 0.5-mc fundamental-mode plated lenses
of about 38-mm diameter, the Q is approxi-
mately 8 to 10-106. For both types, the re-

sistance has values between 45 and 80 ohms,
and the inductance is approximately 50
times higher than the inductance of crystals
excited by a field normal to the surfaces.

Much higher Q's are obtained with non-

plated crystals excited by the parallel field.
Depending upon the choice of the geometry
of the electrodes and of the air gap, the Q's
of 0.5- and 1-mc lenses are approximately
20 106.

All the measurements mentioned above
have been made at room temperature.

V. IANOUCHEVSKY
Observatoire de Paris

Paris, France

BIBLIOGRAPHY
R. Bechman, "Filterquarze im Bereich 7 bis to 30

MHz," Arch. Elek. Ubertragung, vol. 13, pp. 90-
93; 1959.

R. Bechmann, 'Improved High-Precision Quiartz
Oscillators," PROC. IRE, vol. 48, pp. 367-368;
March, 1960.

* Received by the IRE, November 6, 1959.

1) The magnetization vector has a con-

stant amplitude M,.
2) It lies in the plane of the film.
3) The total energy per unit volume of

the film is

E = K sin2O-HM5 cos (O- ) (1)

The first term in (1) is the uniaxial aniso-
tropy energy, where K is the anisotropy
constant and 0 the angle between the mag-

netization vector and the preferred direction
of magnetization (easy direction). The sec-

ond term is the energy of magnetization in
the applied field of amplitude H and of di-
rection p.

Magnetization curves obtained from (1)
are analyzed as a function of by Stoner and
Wohlfarth' and for crossed fields by Smith.2
Chu and Singer3 give a graphical method,
based on these energy considerations, for the
determination of theoretical hysteresis loops.
This communication gives a simple analyt-
ical method as well as a graphical construc-
tion more accurate and easier than the first
method, which is sometimes difficult be-
cause of the flatness of the energy minimum.
As is known, the magnetization assumes the
direction in which the total energy E is a
minimum.

aE a2E
-- = -->

0.ao a6l (2)

Two stable orientations exist for certain
values of the field. By a continuous varia-
tion of the field vector, a jump occurs when

1 E. C. Stoner and E. P. Wohlfarth, "A mechanism
of magnetic hysteresis in heterogeneous alloys," Phil.
Trans. Roy. Soc., A, vol. 240, pp. 599-642; 1948.

2 D. 0. Smith, 'Static and dynamic behaviour of
thin permalloy films," J. Appl. Phys., vol. 29, pp. 264-
273; March, 1958.

3 K. Chu and J. R. Singer, 'Thin film magnetiza-
tion analysis," PROC. IRE, vol. 47, pp. 1237-1244;
July, 1959.

the present minimum disappears; this case is
realized when

a2E
-- = O.
(2

An analytical expression for the theo-
retical hysteresis loop, given by (1) and (2),
is easy to obtain. The easy and hard direc-
tions are called x and y. The projections
Hx and H, of the field and the projections
Mx and M, of the magnetization are con-

sidered. M. and M, are related to the angle
by

AMx = M8 cos 0; M,, = M, sin 0. (4)

Reduced variables can be introduced in
order to get dimensionless equations:

H.M h Hy5Af
2K

;
2K

Ml MYMx= M ; my= M (5)

Combination of (1), (2), (4) and (5) gives the
system:

Mr2 + Mi2 = 1

hy
hz _8 = - 1. (6)

in,,

The simplest way to compute hysteresis
loops in the easy and hard directions, by
means of these equations, is to consider rnz

or my as the independent variable and hy, or

h. as a parameter, and then to compute h,
or hy. The four main cases are shown in
Fig. 1(a) below, and Fig. 1(b), next page. The
jumps in the first two curves occur when
0h5/dm5=0 which, combined with (6), gives

lax

h,,

-1,5 -1,0 -0,5 0 +0,5 +1,6 +1,5

Theoretical Hysteresis Loops of
Thin Magnetic Films*

The theoretical static behavior of single
domain thin magnetic films can be deter-
mined on the basis of a few hypotheses:

* Received by tlif IRE, November 2, 1959.

0

Fig. 1(a)
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In the hard direction, the curves are always
reversible, and the initial susceptibility is

amtUy1,,_=19hu b-_O hz + I

An essential property of (6) is the linear
dependence of h. and hy for a given value of
M., m0 or of the direction e of the magnetiza-
tion vector. Furthermore, it can be shown4
that all the straight lines in the (h., h,) plane
are tangential to the critical curve (7). This
property can be used for the graphical de-
termination of hysteresis loops under various
conditions (Fig. 2), as first proposed by
Slonczewski.5 The straight line going
through the point (h., h,) and tangential to
the critical curve forms, with the x axis, an

angle equal to the angle formed by the
magnetization vector with the easy direction.

Experimental curves agree very well
with the theoretical curves obtained under
the simplified initial hypotheses, provided
single domain structure and rotational
processes only take place. This is the case
for the reversible curves shown in Fig. 3.

u W., 1,0 1,)

Fig. 1(b)

Fig. I -Magnetization projection m, and min. (a) As a function of the field h. in the easy direction and with the
field h, in the hard dire,tion as parameter; (b) as a function of the field h, in the hard direction and with
the field h5 in the easy diirection as parameter.

h
y

Fig. 2-Critical curve and geometrical construction of the magnetization direction 0.

the relation
1/2213 + /41,2/3 = 1. (7)

This equation represetits the critical curve.
The magnetization just before a jump is

in = 41i3; InOt = /IN,13. (8)

In the easy direction, the curves are revers-
ible when h,>1. The initial stisceptibility in
the reduced curves is then

Ont5l 1_IhhO = 11

h,,h,=1,1

Fig. 3-Experimentai M-H loops of a Ni-Fe film ot
about 80-20 composition show rotational and re
versible behavior at low frequency (500 cps).

H. J. OGUEY
Res. Lab., IBM Corp.

Zurich, Switzerland

4 P. Franklin, "Advanced Calculus." McGraw
Hill Book Co., Inc., New York, N. V., p. 343: 1944.

5 J. C. Slonezewski, 'Theory of magnetic hysteresis
in films and its application to computers,' IBM Rept.
No. RM 003.111.224 October 1956 (unpuiblished).
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Narrow-Band Filtering of Random
Signals*

The misconception that the output of a
narrow-band filter is more nearly Gaussian
than some corresponding non-Gaussian
random input appears to be widespread. The
incorrectness of this concept is demonstrated
by the following examples.

First, consider the random process con-
sisting of the pure cissoids,

x(t) = e2Tj(ft+O)1 - X < t < so,

where the frequency.f is a random variable
with arbitrarily given probability distribu-
tion,

PrI.fXI = F(X), -o <X < o,

and the random phase ¢ is uniformly dis-
tributed on the unit interval. The process
thus defined' is stationary in the wide sense,
with autocovariance easily seen to be

(x(11)x(1)) - f e2ii(t.-t2)dF(X). (1)

[Note that any (unit power) power spectrum
may be thus realized.] If this process is ap-
plied as input to a filter with transfer func-
tion

Y(27rjf) f1 < f < f",
= 0 otherwise, (2)

then the output, renormalized to unit power,
has at any fixed time the form,

A-1/2e2j with probability A,
0 with probability 1 - A,

where A= F(f") - F(f'), and where Ois a ran-
dom variable uniformly distributed on the
unit interval. This distribution of the output
does not approximate the (complex) unit
normal distribution in any reasonable sense
as f" -f'--40. The analogous real process and
filter also give rise to a non-Gaussian output
distribution.

A more striking example is provided by
n

x(t) = n-1/2 eij(fVtev), -oo < t < 00, (3)
v-1

wherefv, , p = 1, * , n are mutually inde-
pendent random frequencies and phases,
respectively, each distributed as in the
example above. The autocovariance of proc-
ess (3) is given by (1), as before. If n is large,
then the distribution of x(t) of (3) at any
fixed time will be nearly Gaussian, by the
central limit theorem. If now f' and f" are
chosen so that nA is moderately small (say
nA<0.25) then the output of filter (2) will
have at any fixed time the form (again, re-
normalized to unit power)

0 with probability 1-nA+O((nA)2)

(nA)i1/2e27i with probability nA+O((nA) 2)
(other) with probability O((nA)2),

* Received by the IRE, October 22, 1959.
I J. L. Doob, "Stochastic Processes," John Wiley

and Sons, Inc., New York, N. Y., p. 525; 1953. It is
to be emphasized that each sample function of the
process is a pure cissoid, of fixed frequency and phase,
extending indefinitely in time. The random element
is the choice of frequency and phase.

with A and 0 as before. Thus a random signal
whose distribution at any fixed time is nearly
Gaussian is converted by narrow-band filter-
ing to one whose variables are much less
Gaussian.

It may be argued that the processes de-
scribed above are not ergodic and the author
is willing to admit the possibility that nar-
row-band filtering of a non-Gaussian sta-
tionary (wide sense) process which is ergodic
in the wide sense2 might give a process whose
variables are individually more nearly
Gaussian. However, the above examples in-
dicate that a proof will have to be more
delicate than the heuristic arguments us-
ually given. (In these arguments, small cor-
relation is confused with small stochastic
dependence.)

S. P. LLOYD
Bell Telephone Labs.
Murray Hill, N. J.

2 By this we mean a process whose sample func-
tion autocorrelations (time average) are equal to the
process autocovariance (statistical average) with
probability 1; the definition of Doob is different. See
J. L. Dooh, op. cit., pp. 461-464, 493-497.

Rapid Periodic Fading of Medium
Wave Signals*

The occurrence of a peculiar type of
rapid fading, called "flutter phenomenon," in
broadcast signals have been reported by
Subba Rao and Somayajulu.' They ob-
served this type of fading regularly on the
41-m and 61-m bands and occasionally on
the 19-m band, but never on the medium
wave band. Recently, Yeh and Villard2 re-
ported the occurrence of a more rapid fading
of signals in the 41-m band propagating
over long paths crossing the magnetic
equator.

Using a superheterodyne broadcast re-
ceiver, the AVC system of which was dis-
connected, and a recording millivoltmeter,
it has been possible to record the same type
of rapid fading of signals on the medium
wave as well as short wave bands. A few
typical records are reproduced here. The par-
ticulars of these records are as follows:
Fig. 1(a) shows fading of transmission in the
19-m band from Karachi, received at 1935
hours Indian Standard Time (IST) on March
3, 1959. Fig. 1 (b) shows the same in the
61-m band from Madras, received at 1845
hours IST the same day. Fig. 2(a) is a record
of such fading of signals at 280.4-m re-
ceived from Delhi at 2027 hours IST, also
the same day. Fig. 2(b) represents another
such record of the 280.4-mc signals obtained
at 1912 hours IST on March 16, 1959 and

* Received by the IRE, October 22, 1959.
N. S. Subba Rao and V. V. Somayajulu, "A

peculiar type of rapid fading in radio reception,"
Nature, vol. 163, p. 442; March, 1949.

2 K. C. Yeh and 0. G. Villard, Jr., "A new type of
fading observable on high-frequency radio transmis-
sions propagated over paths crossing the magnetic
equator," PROC. IRE, vol. 46, pp. 1968-1970; Decem-
ber, 1958.
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Fig. 2(b)
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Fig. 2(c)

Fig. 2(c) shoxs a more rapid fading of the
same signals at 1850 hours IST oix March
12, 1959. On the tinme axis, fotir large di-
visions represeiit oiie miiinute.

It may be nioted that the rate of fading
of the meditiumi wave signals is of the same

order as that of the short wave signals,
namely, about 1.5 to 3 cps. No knox iimode
of propagatioii can accounlt for sic h a rate
of fadinig at this waxvelength. Ftirther records
are beinig made.

The gift of a Varian type G-10 graphic
recorder from the U'. S. Governmient tiiider
the Iiidia \Vheat Loan Edticatiouial Ex-
change Scheniie is grateftilly acknoxxledged.

HARIHAR MISRA
Physics D)epartnllenit

axavenshax College
Cuttack 3, India

Report on the AGU Study of the
Metric System in the United States

The American Geophysical Union's Spe-
cial Committee for the Study of the Metric
System in the United States has noted the
recent publication of our "Letter to the
Editor" and its accompanying Question-
naire in the PROCELDINGS.i

We wish to express our sincere apprecia-
tion for the courtesy of the IRE in present-
ing this matter to its readers. We xvish also
to thank yvour members xxho aided the Com-
miittee by a generous response of completed

qtiestionnaires. Many of the replies included
letters contaitinig helpful suggestions anid
offering financial assistance if requested.

Those readers xwho have access to the
September, 1959, Transactions of the Amiers-
can Geophysical Union will find there a full
report of the Committee, together with an

analysis of the replies to the Questionnaire
received up to July. At this date, three

* Received by the IRE, November 1, 1959.
F. WV. Houigh, "AGU Committee for the Study of

the Metric Svstem in the United States," PROC. IRE,
vol. 47, p. 584; \pril, 1959.

nlilths later, 1080 haxe been anialyzed.
The scienitific aind enigitneerinig field was
rather Nx-ell cox-ered by publication last
spring of the l.etter or Quiestionnaire, or

both, in eight of the leadinig jouirnals anid
magazines of the 17nited States. B3riefly, to
the milost signiticant (tliestioii as t(J x-hether
it xould be desirable to replace the English
Sx-stemii with the Mletric as the "oin1v official
system" of x-xeights and mleasures iln the
United States, iliiiety per cenit haxve replied
in the affirmliatixe. The ax erage suiggested
period of t-ailnsitionI xxas about 22 vears;

this indicates agreemeiit wxith the Commiiiiit-
tee oii the necessity for a loiug transition
period to avoid ecoilomlic dislocation through
edu(cationi in the schools, throLigh a iitriui-al

retiremeilt of presenltly active older personi-

nel, anid through the ilorllal obsolescence of
existinig equiipmenit.

I'he Conigress of the tUniite(d States, for
the lirst timle in nearly thirty y ears, is faced
with a decisioni OIl miietric legislation, re-

cently iiitroducetl in both Houses. Hotise
Bill, HR7401, May, 1959, by Mr. Brooks of
Louisiana, anid Seniate Bill, S2420, Jtlly,
1959, by Mr. Neuberger, both call for a

feasibilit' sttldy of the problem by an ap-
propriate Gox erilmient agency, wxith ftund
authorization. .X thirdl actioll of iinterest is
the introduictioni in J utly, 1959, by Rkepre-
sentative Fultoll, of House Concuirrenit Reso-
luttion 364 xxhich wxould place the Congress
oni record in faxor of the Metric Sxstemn.

It is apparent that the United States
must SOOiI decide wxhether to change over

gradually, duriiig the niext generationi, to a

far simpler and miiore logical sx steili of
xveights aiid miieasLires, or to coiitilite to lix-e
in comparatixve isolationxwith the remaillillg
ten per ceiit of the world's populationl not y et
under the Metric Sx stem.

Fio-YI) \V. HOUGH

Chairmiiani, Committee for the
Sttidy of the Metric Sy-stei

in the UInited States,
American Geophysical Union

1515 Massachusetts Axe., N. WV.
\Washington 5, D. C.

Noise Spectrum of Phase-Locked
Oscillators*

The funldamiienital parameter that best
describes a phase-locked klystron is the
noise spectrtin of the oscillator in the phase-
locked condition.i Some time ago a program
for studying the sources of noise in phase-
locked oscillators xxas established in the
Microwave Spectroscopy Laboratory of the
Research Laboratory of ElectroInics, Massa-
chusetts Instittute of Technology. The fol-

* Received by the IRE, October 22, 1959. This
work was supported in part by the U. S. Army (Signal
Corps), the U. S. Air Force (Office of Scientific Re-
search, Air Research and Development Command),
and the U. S. Navy (Office of Naval Research).

1 M. W. P. Strandberg, Letter to the Editor,
Radiotek. i Elektron., vol. 3, p. 1220; September, 1958.

lowing remnarks are a sumimiary of the results
of this project at its termiinatioin.

Siiice the first deemonstration2 of the simil-
pie utilitx of phase-locking klystron tech-
niques in the inicrowxave regioni, there has

beeni considerable concern abouit the purity
anid alidit\ of thle resultiing spectrum.

Soturces of nioise, either amplitude-nmodula-
tioni inoise or phase-mloduLlationi nioise, can

arise at mainy poinlts in the servo-control
loop. The importanice of the x-arious sources

of noise is ilmost convincingly demllonlstrated

by experinmenital measurement. For this
reason, a test facility conisisting of two Felch
oscillators,' at I nic and(l 5 imic, was built;
active tube imultipliers, iniultiplinig to 300
ilc a;nd 700 Imic, were constructed; and elec-
trontic phase-locking e(lulipmiieiit for K-baud
ai(l N-banid klvtstronis was assembled or

conlstructed. The tinlal svstemn is showni in
the block diagramn of Fig. 1. It consists esseni-

tially of a siliconi-diode harmoniic genierator,
balailcedl imiixer, 4v55-kc IF amiiplifier, phase
(leimio(lutlator, (Ic amiplilier, and phase-cor-
rectinig network to the klNstroll repeller.
Prexvious phase-stabilization circuiits imieas-
ured in this laboratory hax-e inidicated acarrier
noise lexel of approximately 60 (lb/Cps.1
It xas otir initenitionl to uise the mleasuiremiienits
for comparing the nloise amlplitude as a funlic-
tioII of the multiplication ratio and(l as a

futictioin of the lowx-frequency crx stal-refer-
ence oscillator frequen( y.

TN\ o klx\strons were stabilized in this
fashioni aind were beateni againist each other
in a sutperheterody ne receixver; the resuiltinig
beat luote (arisinig fromii a smIlall difference
ill the funudaimental crystal-oscillator fre-
(luelcies) could be displax e(l Ol an oscillo-
sCope anid the carrier-to-noise ratio cotdld be

anialx zed ith a Genieral Radio harmonic
distortioni analyzei.

Ulforttulnately, when tle sx stem reachedi
satista tory operating (ondition, it as

fotind that e\-en xwith a frequencyiXnutiltipli-
cationi of 10,000 fromii a loxw-lexel Felch crys-

tal oscillator the nioise power per frequency'
interval was multich too low, to be imeasure(d
oil the dlistortiot alnalyvzer. 'The claritv of the
beat niote undi(let these condlitioins can be setie
fromFi ig. 2. TI he X ideo bandxxwitlth of the
presenitatioIn sxstein xvas 4 mi so that the
photograph shosx s the total noise signal.
Although ino detUnite n-ieastiremiiei ts are

available, the nioise lexel must be less than
100 (lb below carrier per cps.

We coniclu(le that xvith reasonablx- (lecent
feedback electronic s, the noise arisinlg fromii
the fcindamienital cryvstal oscillator or the
multiplier chaili is nlegligibly' smiiall, ex eni

with a freqtenc X uIultipli ation ratio of
10,000. Stated other xax- this memi is- that
there shoukl be ino diffictultx in operating a

phase stabilizer fromii a 10-inic cry stal ill the
100-kimc fre(.queny regioni, and so on1.

There is 11O (loubt that the system as xxe

hax e operated it is far frouxi optimlUII. The
IF frequen1cy is IOxx. This was governed Ix

a desire to hax e it less thaii the fundamenteal

2 M. Peter and M. W. P. Strandberg, "Phase
stabilization of microwave oscillators,' PROC. IRf,
vol. 43, pp. 869-873; July, 1955.

3 F. P. Felch and J 0. Israel, "A simple circuit
for frequency standards employing overtone crys-
tals," PROC. IRE, vol. 43, pp. 596-603; May, 1955.

4 M. W. P. Strandberg, "Phase stabilization of
microwave oscillators," PROC. IREI, vol. 44, p. 696;
May, 1956.
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-line of electric foree

Fig. I-Electric field distribution between two
parallel planes.

the equation of motion.' The small pertur-
bation from y = b is expressed by

yi = qs cos (az - 6) + pi sin (az- 6),
Fig. I-Phase-locked stabilization of microwave frequencies.

Fig. 2-Beat note of two phase-locked klystrons.

crystal-oscillator frequency. Thus the sys-
tem was limited to a locking range of less
than 0.5 mc; the hold in range, however, was
approximately 104 mc. Even with this rela-
tively poor design, these experiments have
removed any doubt about the feasibility of
phase-locking techniques-in the face of the
argument that in the process a catastrophic
amount of noise will also be generated. There
is no doubt that this noise limitation will be
met as the multiplication ratio becomes
greater. As far as we can foresee, a multipli-
cation ratio of 10,000 should be quite suffi-
cient for most purposes, and should still be
adequately remote from the multiplication
ratio that would yield a noisy spectrum in
the stabilized klystron output.

The over-all, long-time, relative phase
stability of the two systems has not been
studied because a study of the phase sta-
bility of the particular multipliers used
would not be of general interest. The secular
phase shift in the multiplier output can be
reduced by limiting the number of multiplier
stages and carefully controlling the input
signal, temperature, operating potentials,
and so forth. It would seem that a single-
stage multiplier would be ideal for this pur-
pose because it would minimize the amount
of control that would have to be introduced
to remove secular phase drifts from the
multiplier chain. These secular drifts would
only be evident if two klystrons were stabi-
lized through two multiplier chains to a single
crystal reference source, and the relative
phase of each klystron with respect to the
other determined. Few applications would
have such stringent stability requirements.
On the other hand, there are advantages in
having a simple multiplier chain, simply
from the point of view of convenience.

Some investigation of single-stage multi-
pliers is being carried out in the Microwave
Spectroscopy Laboratory, M.I.T. In par-
ticular, it has been pointed out by Sharp-

less' that gallium arsenide shows no carrier
storage effects for switching times of the
order of 10-1O seconds. Gallium-arsenide
crystals, kindly supplied by the Texas
Instruments Company, are being investi-
gated under operating conditions in which
they are driven hard by a 10-mc potential
into the conduction region and into the
Zener breakdown region. At 10 mc, with
100-mw power at 10 mc into the crystal,
we should be able to obtain 0.1 ,uw of power
at 10,000 mc. This would be more power
than is needed to obtain satisfactory low-
noise phase-locking.

The author would like to acknowledge
the assistance of J. G. Ingersoll in carrying
out the phase-locking experiments reported
here.

M. W. P. STRANDBERG
Dept. of Physics and Res. Lab. of Electronics

Massachusetts Institute of Technology
Cambridge, Mass.

iW. M. Sharpless, 'High-frequency gallium
arsenide point-contact rectifiers,' Bell Sys. Tech. J.,
vol. 38, pp. 259-269; January, 1959.

Beam Focusing by RF Electric
Fields*

It is well known that the periodic elec-
trostatic fields can focus electron beams.
One might suppose that the RF electric
fields with a distribution similar to those
fields can focus the beam. We studied the
case of a strip beam passing through a
parallel plane waveguide which carries E51
mode, and obtained some general conclu-
sions.

Assumptions used are: 1) small perturba-
tion, 2) the contribution of magnetic fields
may be neglected, and 3) the term
(dy/dz)dv/dt may be neglected. The second
assumption is reasonable if uo<<c and if the
operating frequency is not near the cutoff
points. Following the well-known procedure,
one gets the path equation, eliminating t in

* Received by the IRE, October 26, 1959.

a-=-+ #, 6 =-Zo.
go gU

(1)

Substituting (1) into the path equation, one
gets the condition of stability.2

It is of interest that the beam can not be
focused by forward traveling waves. The
power required to focus the beam by back-
ward waves, Pi, is given by

Pi = 8.02 X 106 Io b (watts/in)
Fi(w) sin (- r)

Fs(c.,)=(-./_,/ )2

Uo
I 1+ V1-VI / -)2

c

-a/1 - ( c./w1)2tI
(2)

The magnitude of perturbation qs/b is of the
order of 3 X 10-2 ± VIsoa. In the case of
standing wave focusing, the necessary power
P2 (one-directional) is

P2 = 1.01 X 108 o/A/Vo (watts/m)
F2(w) sin (b r)

a

=210 (wi _(3)
t°}1(U°)2{1- /)2

q2/b is of the order of 0.4XVIIs/V,
P2 is larger than P, because the forward
traveling waves have defocusing action. As
the magnitudes of Fi(wo) and F2(w) are of
the order of 1, P, and P2 are considerably
large for reasonable Io(A/m) (see Fig. 2).
It is noted that P, is proportional to Io,
while P2 to Is/\/Vo.

The explanation for defocusing action of
forward traveling waves is as follows. The
electric field of Eo, mode is given by

I P. K. Tien, 'Focusing of a long cylindrical elec-
tron stream by means of periodic electrostatic fields,'
J. Appi. Phys., vol. 25, pp. 1281-1288; October, 1954.

2 Report presented to the Meeting of the Profes-
sional Group on Microwave Tubes of the IEE,
Japan; July, 1959.
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10 le 10 l 1 10
lo (A /cm)

Fig. 2-Power required to focus the beam. Solid lines:
power for standing waves. Dotted lines: power for
backward traveling waves.

E,= sin k,y cos (wct ± ,Iz),
Ez = + k cos k, y sin (cot + fi). (4)

Putting t =0, (4) becomes

E = sin k,y cos [z,
Ez =- k cos k,y sin fiz. (5)

The field distributions of both forward and
backward traveling waves are identical and
similar to periodic electrostatic fields. To
clarify the action of those traveling wave

fields, it is helpful to see those fields from a

moving coordinate that is traveling with a

xelocity equal to the mean velocity uo of
electrons. Then (wt±[z) is transformed into
(co/U±3)z -(co/us)zo. The field distribution
on the movinig coordinates is obtained by
substituting wc/us± into ,B of (5) and shift-
ing the origin of coordinates. There are two
cases: 1) co/us±0 anid , have the same sign
or 2) they have the opposite signl. In the
former case, the distributioll is similar to
periodic electrostatic fields. In the latter
case, the phase relation betweeni Eu and E,
is opposite to (5); electronis are axiallNy de-
celerated when they experience otitward
force anid accelerated whein they experienice
inward force, which is contrary to the case

of electrostatic lenses. In our Eo5 imiode, the
backward wave corresponds to the formiier
case and(l the forward wax e to the latter.
This meanis the forward wave has defoctlsinig
action.

The phase relationi betweeni electric field
comiiponents in slow waxve circuit is the same

as (5). In general, one may coniclude that
backward traveling waves anid forward
tra-veling waves which are slower thani elec-
trolls cani foctus the beaml, but forward
traveling waves which are faster thani elec-
trons caililot.

E. SUGATA
I\. TERADA

K. URA
Y. 1KEBUCHI

Dept. of Electronic Engrg.
Osaka University

Higashinoda, Miyakojima
Osaka, Japan

Determination of Sign of Power
Flow in Electron Beam Waves*

The question very oftenl arises of whether
a particular electroli beam waxve carries
positive power or negatix e power This can

be particularly perplexinig in dealing with
transverse waves, because, associated with
every transverse waxe in ani axially flowing
electron beam, there are axial wave motionis.
The total power carried by the wave is,
therefore, a combiniation of axial anid tranis-
verse componeiits, onie of which miay be posi-
tive and the other one negative. WVe propose
here a method of determiniing the poxx'er flow
for any wax'e, axial or transxverse.

The best way to set tip a "pure" electron
waxe of phase xvelocitx- Vi, is to couple the
beam looselyp to a circtiit capable of carrying
a pure waxe at the samiie phase velocity; un-

der this conditioli the circuit waxve will
slowly excite the beamixwave. For typical
electron beams, we ineed conisider only quasi-
static fields, where the phase velocity is so

low that the electric fields of the wave differ
negligibly from the fields of sotile electro-
static configtiration iuoxving at velocity vi

with respect to a stationary observer. If we
imagine ourselxes moving at xelocity cia, we
see purely static periodic fields. In such
fields the radial velocity perturbations im-
parted (eventually') to the electrons must
represent energy which is equal and opposite
to the axial eiiergy change experienced by
the electrons. hat is, as the electrons move
throtigh the static periodic fields anid develop
increasitng radial velocities, they have the
same increase inl radial energy as decrease in
axial energy. If, therefore, a radial velocity
i'r is imparted to the electronis, ani axial
x'elocity' chanige a!4 is likewise im-iparted, in
stuch a wax' that the total change inl the ac

energy or power in the beami is zero. The
beamll in the coordiIlate systemi of the wave
is moxvinlg to the left at xvelocity (Vb-1i),
where vi, is the beaul xelocitv ill the labora-
tory coordinates. The emlergy relationship is

2 + (i, ,t + V1Z)2 = _ 'i) 2 l

xwhich reduices to

I'r2 2V,(s - c) vJ22 = 0;

for simlall siglials,
Vr12 = 2fV. (v1 q,b) (2)

Now fa!, the axial velocity perturbation and
T, the transverse velocity, are invariant with
respect to the transformatioml from the mov-

inig coordinates to the laboratory system.
Consequently, inl laboratory coordinates, the
total ac energy of the electrons is propor-
tional to

IZ'ac =',2 (Vt + -Z)2_%2 = ftr2 + 2vXz' (3)

(for small sigilals) Substittmtiilg from (2)
we obtaimn

11'ac = Vr2 + f,Y2 2

The "sigl" of the ac power carried by the
beam will be the same as the sigIn of Wa(. The
relative proportionl of axial and transverse

* Received by the IRE, November 12, 1959.
1 The "negative power" concept was first intro-

duced by L. J. Chu. It is of great importance in gain
and noise considerations.

power can also be obtained from-i (4). '1'he
factor z,2 is always positive so that the
energy imparted to the electrons depenids on

the factor (zt/vb-v). Fromn this factor, one

cain readilv shoN that the tonditiion fhr the
waxe to carrx niegatixeCpow er is

Lb12'1 > I . (5)

The phase velocities of space charge
waves and cyclotroni waves arc giveni bx

VI (space cluirge) =

CC'1 ±

VbI
Vl(cyclotrron) =

1 +

where in general, wp and w, have values tle-
pending on the beam geometry, as is well
knownl. From (5), the slow space charge
wave and the "slow" cyclotron wave both
have negative power flow.

XW. R. BEAM
Rensselaer Polytech. Inist.

Troy, N. Y.

Response of a Square Aperture to a

Thermal Point Source of Radiation*
Antennia patterns are defined for poiuit-

source continuous wave targets. In these
days of radio astronomy and thermal grountd
mapping, however, it is of interest to show
the effective anitenna pattern againist a black
body point source. It is evident from-i the
start that an increase in banidwidth will re-

ceive more power, but produce somie pro-

gressive pattern change fromii the familiar
cw pattern.

Power radiated fromi a black bod) in the
radio spectrumii is giveni by t;he Ray leigh
jeans' approximlation to Planiks radiationi
formula.1

dP 2rckl' power

A 7 dA X4 unit area- unit wavelength

where
A T-projected area of soLurce visible to

antenna
= wavelenigth of radiationi

k = Boltzmiiann's conistanit eniergy per de-

gree of temiiperature
T=absolute temiiperatture

=x elocity of light
Ain antenna is sensiti-ve to onlx onie

polariz.ation ald thus cani collect ouilv half
of tlis. tiioti nt of power.

d.P 1' 7' xatts
---- = Ck ---= 1.3X 10 -- (2)
AT dXA 4 4 meter3

ith X expressed inl meters, and T expressed
ill degrees Kelvini.

An antenniia remiioved fromii the soturce a

distanlce p andcl having an effective aperture

Received by the IRE, Novemiber 9, 1959.
' R. A. Smith, F. E. Jones, R. P. Cliasmar, "The

Detection and Measurement of Infrared Radiation,"
Oxford University Press, London, Enigland, p. 27; 1957.
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Eq. (7) is shown in Fig. 1 (on the left) for
X1/X2=0, 0.5, 0.9, 0.99 or, to say this another
way, for an infinite, octave, ten per cent, one
per cent bandwidth. With increasing band-
width the slightly increasing beamwidth and
lowering of the sidelobe level shouldbe noticed.
Eventually, the lobes as such disappear. It
is also of interest that for a given upper-fre-
quency limit, once an octave bandwidth has
been achieved only about 12 per cent more
power is available by extending this to zero
low frequency limit.

M. S. WHEELER
Air Arm

Westinghouse Electric Corp.
Friendship Internatl. Airport
Box 746, Baltimore 3, Md.

Fig. 1

of A, receives power,
A 7irckT X'2 A7
42= -dX. (3)

The effective area, A, is, in general, fre-
quency-sensitive and depends upon the an-
tenna design and target angle relative to the
antenna. A square aperture uniformly il-
luminated would produce2

sin -sin 2

A,(OX) = A ( (4)

where the physical area A =a2.
The reason for the selection of a square

aperture is that this allows integration of (3)
and just as ably demonstrates the effect as
does a circular aperture which must be ma-
chine evaluated. Carrying this out, one finds

A Dispersionless Dielectric Quarter
Wave Plate in Circular Waveguide*

Certain applications of circularly polar-
ized waves at microwave frequencies require
that the axial ratio of the wave approach
unity (0 db) as closely as possible and main-
tain this value over a broad band of fre-
quencies. Previous applications had per-
mitted the use of quarter wave plates which
generated circularly polarized waves having
an axial ratio of as much as 3 db. This note
describes an improved dielectric quarter
wave plate for circular waveguide which
generates a circularly polarized wave with
an axial ratio under 0.2 db over the 12 per
cent frequency band from 8.5 to 9.6 kmc.

It is well known that a circularly polar-
ized wave can be generated by loading a
waveguide of circular or square cross section
with a slab of dielectric material in such a
manner that equal-amplitude orthogonal
waves experience a 900 differential phase

ATckTA [sin (-sin 0 - -sinG -sin (- sin 0) +-- si 0

P =
[4pI21 [27ra sin 0]3

Notice that in the limit at 0--0 (target on

the antenna axis)
ATckTA 1 (I-_ ). (6)

4p2 3 Xi X23

Using this as a normalization with X2 = OC,
the relative power pattern may be written

I27ra \ 27ra
sin -- sin 01- sinG

X2 X2

1 X2VI127ra
6 1 sin0

6 \Xi X2

In2a \ 27ra
sin sin 0 - - sin 0

1

1 27ra 3
sin 6

6 Xi

(7)

2 Silver, "Microwave Antenna Theory and De-

sign," Radiation Laboratory Series, vol. 12, McGraw-
Hill Book Co., Inc., New York, N. Y.

(5)

shift upon passing through the loaded sec-
tion of waveguide. The design of this type
of a dispersionless differential phase shifter
in square waveguide has yielded to rigorous
analysis. 1-3 On the other hand designs for use

Dgo= [1 (2 ;'

-~~~~~~~ 2-Ip-(

* Received by the IRE, October 19, 1959.
W. P. Ayres, "Broadband Quarter Wave Plates,'

Electronic Defense Lab., Mountain View, Calif., Tech.
Memo. No. EDL-M46; September 30, 1955.

2 'Antenna Phenomena Research," Antenna Lab.,
Dept. of Electrical Engrg., Res. Foundation, Ohio
State University, Columbus, Final Engrg. Rept. No.
594-7; November 1, 1955.

3 H. S. Kirschbaum and S. Chen, "A Method of
Producing Broadband Circular Polarization Employ-
ing an Anisotropic Dielectric,' Antenna Lab., Dept.
of Electrical Engrg., Res. Foundation, Ohio State
University, Columbus, Engrg. Rept. No. 662-2;
July 16, 1956.

in circular waveguide have been arrived at
largely on an empirical basis because of the
difficulty in obtaining exact solutions for the
circular waveguide case.1 4

It is possible, however, to apply analyti-
cal techniques to the problem of dispersion-
less dielectric quarter wave plates if the
parameters of desired differential phase
shift, frequency limits and waveguide size
are fixed and dominant mode propagation
is assumed throughout. For these condi-
tions, the solution obtained is specific rather
than general and a design must be calcu-
lated for each set of parameters of interest.
The method evolves from a consideration of
the expression of the differential phase shift
Azc in a dielectric slab loaded waveguide

where X, is the guide wavelength existing in
the waveguide when the slab is parallel to
the plane of the E vector, and Xt is the guide
wavelength produced when the slab is trans-
verse to the E vector. Using the definition
for guide wavelength

X ,E

XX= _

(1) may be rewritten

Ad) = 2r/[,P ( )2

X /EP(AX)2)

C )]
where e, and Et are effective dielectric con-
stants required to satisfy (2) for measured
values of X, and Xt. The effective dielectric
constant will be smaller than the dielectric
constant of the material employed since a
waveguide partially filled with a dielectric
material will have the same phase delay as a
waveguide completely filled with a material
of lower dielectric constant.

The dispersion D in a differential phase
shift device may be defined as

D = A4 -/\02,
where Aoi and A02 are the differential phase
shifts occurring, respectively, at fi and f2,
the frequency limits of interest. Assuming a

given waveguide size and frequency band,
and setting z, = 900, the expression for dis-
persion about 90° differential phase shift be-
comes

-2/V)EI - (X2/2\ (5)

kl/-c) E - (X1/X)\i

Eqs. (3) and (5) were evaluated for the
frequency band from 8500 to 9600 mc, as-

suming a 15/16-inch ID circular waveguide.
In order to systematize the computation,
E, and E, were chosen according to a regular
progression of both the mean effective dielec-
tric constant em and the ratio of effective
dielectric constants p where

4R. A. Brown and A. J. Simmons, "Dielectric
Quarter Wave and Half Wave Plates In Circular
Waveguide," Naval Res. Lab., Washington, D. C.,
Rept. No. 4218; November 10, 1953.
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=nlc +/eX,ex antI p
- - (6)

Cet

The results of the coutiptttationis are shown
in Figs. 1(a) andl 1(b). For the coniditionis
choseni, the differenitial phase shift turnis out
to be solely a funu tion of p atod the dispersion
is depenldent Oulx UpOIn the altne of e,,.
These curves, applie(l to the experinmental
measuremenits of e- anid Et for arionLs thick-
nesses of both polystyrene anid tefloto, re-

sulted in plots of differenitial phase shift
[Fig. 2(a)] anid dispersioi l[ig. 2(b)! as a

functioni of dielectric slab thicktiess. Note
that for the assuttmed case, mtitlltlll (lis-
persion occurs in the regioni of high (lifter-
ential phase shift.

In designing a dispersioiiless quiarter
wave plate on the basis of these cuirx-es, con-

siderationi must, of course, be gix en to proper
impedanice matching. Only, a stepped miiatch-
ing structure was conisi(dere(d in order to
calculate the dispersioni anid differenltial
phase shift occurring in the matching sec-

tioIt. Using polystyrene of sufficienit thick-
ness to give a positive dispersion (3/16 inch
in. this case), steps wxere calctulated to yield
a binomiiial impedance change in the planie of
the slab. Becaulse of the thininess of the
slab, it was hoped and borne ottt by suLbse-
quenit measurements that no special match-
inlg imeasures would be required in the planie
perpendicular to the slab. After calctilatinig
the differential phase shift introduced by the
matching section, the lenigth of the body of
the quarter wave plate was comipuitedi to
produce an over-all differenitial phase shift
of 900. Dispersion in the designi was calcuI-
lated to be abouLt 10.

Model qularter wave plates were con-

structed ac( ordi.;g to the calcuilated di-
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Fig. l-(a) Differential phase shift vs ratio of effec-
tive dielectric constants for 15/16-inch ID circular
waveguide at 8.5 kmc. (b) Dispersion about 90° vs
mean effective dielectric constant for 15/16-inch
ID circular waveguide in the frequency range 8.5
to 9.6 kmc.

mensions tisinig both polys-tyrelle adc
Rexolite, a miiaterial whose dlielectric coni-

stant is the same as that of polystyrene.
Axial ratios of between 0.2 and 0.3 (dhf over
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Fig. 2-(a) Differential phase shift vs thickness of
dielectric slab at 8.5 kmc. (b) Dispersion about
90° vs thickness of dielectric slab.
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.187" F11F0o .020

Fig. 3' dispersionless quarter wave plate showing
dimetisions in inches. Material is polystyrene.

-E FIELD PARALLEL tO DIELECTRIC SLAB
--E FI ELD PERPENDICULAR TO DIELECTRIC

05

10
0

I0(~ ~ ~

85 90 9.6
FREQUENCY- hmnc

(a?

Or11;
r 8.5 9.0 9.6

FREQUENCY-kmc

(b)

Fig. 4-(a) VSWR vs frequency for E field parallel
and perpendicular to dielectric slab. (b) Output
axial ratio of quarter wave plate.

the 12 per ceut freqenvcy band weere ob-
taimied. Suibsequtenit miieasuremiienlts ind(iicated
that the differential phase shift wsas slightly
im exces;s of the desired 90'. BIN shortening
the bodv of the dielectric eleitenlt (f).15 inch,
the enor in hlet differential phase shiut wlas

relLICe(l allnd alaciicl-ier wave plate wxhiclh
generates a c irctnlarlx polarize(l xx-ave of less
tlje 0.2-dcb axial l.atio was obtainedl. Ihis is
withini 2 per (ent of perfect cir(ular polari-
zationi, 'T he dimenwionls of the tlOnal mo(lelt,
dlesignied to tit in 15/16-inch 1I) circutlar
wav-egutide, are shown in I' ig. 3, andl the
electrical perfornmance characteristics of the
ullit are shown t in F igs. 4(a) and 4(b).

1R. . TOMPKINS
Radar Division

Naval Research Lab.
W;\ashinigtoni 25, D. C.

Measuring the Mean Square Ampli-
tude of Fading Signals Using a

Selected Quantile Output Device
(SQUOD)*

In many experimenits it is necessary to
measLure the mean-sqtlare amiplitude of a

vary ing signal. The use of a square law de-
tector is obvious. However, if the mean am-

plituide varies over a wide ranige, a system of
attenuators has to be used, xwhich is a dis-
adv-antage in auitomlatic eqtuipmnent designed
to meastire the signial ox er long periods

The ideal receixer for mneasuring the
amplitude of a signial which may vary over

a wide range is one wx ith a logarithmic char-
acteristic such as that described by Cham-
bers anii Page. The iimean otttptut from such a

receixer (loes 1iot, however, corresponid to
the root meani sqluare siglial. WA'hen the fad-
ing is completely ralidomn, for inistanlce, the
meani otitptit is abotut 9 db in power below
that correspot)(lilg to the rtiis siginal.

The pttrpose of this niote is to draw at-
tentioni to the fact that, if the signal iniput
to a ttotilittear receix er conlsists of steady
aild rasdom-iomolponeilts as dec(ribed by
Rice,2 theii the (Itlaiitile of the otitptt volt-
ages, choseit so that the receiver otutput is
less thail the (lutiatile for 60 per ceilt of the
time, is almnost eq(tial to the OEttptUt corre-

spondinig to the rins-signial iniptmt. This is
shown in Fig. I where the error in dlecibels,
bv xwhich the iniptlt sigials ceorrespotldinig to
the variotus (lIiaittiles exceed the ruis-signal
iniptit, is plottedl against the ratio of the
square of the anttplittlule of the ranidomii comii-

potlenit to the mean-square x'altte of the sig-
inal, a meastire of the depth of faditig. It is
seet) that the qtuatile chosett leads to an

error of less. thani 0.26 (lecibel, no miiatter
what the depth of fading.

A device called a "Selected Quantile Out-
put Device," or SQU.OD, has been con-

* Received by the IRE, December 1, 1959.
T. H. Chambers and I. H. Page, "The high-ac-

curacy logarithmic receiver," PROC. IRE, vol. 32,
pp. 1307-1314; August, 1954.

S. 0. Rice, "Mathematical analysis of random
noise,R BeUl Sys. Tech. J., vol. 23, pp. 282-332, July,
1944; and vol. 24, pp. 46-156, January, 1945.
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structed for determining the required quan-
tile. The circuit, shown in Fig. 2, includes an
amplitude comparator-the first ECC81-
between the voltage input from the receiver
and output to the recorder. The input volt-
age is a dc negative-going voltage varying
from +20 to -20 volts. The adaption of the
circuit to positive-going voltages is obvious.

The comparator operates a relay. With
the relay closed or open, the condenser C (12
mf) charges or discharges through the re-
sistance R, at uniform rates determined by
the 15-volt or 22-volt batteries respectively,
with R2 (approximately 300 Q.) providing a

fine control. The electrometer tube 4066 is
used in a circuit basically due to Farmer.'
The grid current is about 10-12 amp, allowing
values of R up to about 10l° ohms. The volt-
age on the condenser C is thus transferred
to the grid of the last half of the second
ECC81, which acts as a cathode follower
with a constant current load. As the battery
voltages are fixed relative to the output volt-
age, the charging and discharging rates re-
main fixed.

The OA81 diode connected to the anode
of the first ECC81 insures that, should the
input voltage drop and the second half of the
tube take all the current, the second anode
cannot drop much below 85 volts and can-

not force its grid to draw current.
The 4-mf condenser shunts the output of

the electrometer tube and removes all rip-
ple caused by fluctuating emission of the
filament. This capacative shunt path is
taken via the condenser C, in order to mini-

-2 _ I

MEAN SQUARE RANDOM COMPONENT
MEAN SQUARE SIGNAL

Fig. 1-The error in decibels by which the various
quantile exceed the rms value, plotted against the
ratio of the mean square value of the random com-
ponent to the mean square valtue of the signal
when the selected quantile exceeds the signal for
50, 60, and 70 per cent of the time.

iA r +150tt^ C
A our7

4560 ':' :-1 t~~~~~~~
Fig 2-iciofthOKUD

3 F. T. Farmer, "Electrometer for measurement of
voltages on small ionization chambers," Proc. Phys.
Soc., vol. 54, pp. 435-438; September, 1942.

mize phase lag in the control loop. As the
electrometer tube has a gain of approxi-
mately one, the capacity seen in shunt with
C from R is negligible.

The device is sensitive to changes of in-
put voltages of 0.05 volt, and has a working
range of about 60 volts.

The SQUOD, in conjunction with the
logarithmic receiver, is being used fo. auto-
matic and accurate recording of the mean-
square amplitude of echoes reflected from
the ionosphere, and may be of use in other
applications in which quantities to be meas-
ured are subject to random fluctuations.

The authors gratefully acknowledge the
receipt of research grants from the Univer-
sity of New Zealand.

A. E. ADAM
J. D. WHITEHEAD

Physics Department
University of Otago

Dunedin, New Zealand

Observations on Angle Diversity*
Recently several papers have appeared

discussing the use of angle diversity' 2 in a
tropospheric scatter system. These papers
suggest that, at the upper UHF and SHF
bands, angle diversity is much more efficient
than any other type of diversity. It is the
purpose of this note to attempt to clarify
the characteristics of angle diversity, and to
point out that it is probably no better than
simple space diversity from S/N points of
view and that the total real estate required
is also the same. Angle diversity, however,
will provide greater bandwidth capability
because the very narrow beams utilized will
cut down multipath delays.

To be specific, let us consider the analysis
presented by Vogelman, et al.' They suggest
the use of a very large antenna with multiple
feeds at the transmitting end to illuminate
the entire effective scatter volume with non-
overlapping beams (measured by the 3 db
points). By implication, each of the beams
would illuminate only a fraction of that
volume. Thus, if five feeds were used, each
beam would illuminate approximately one-
fifth of the effective scatter volume. Let us
pursue the implication of this a little further
by considering two cases. In each case, the
total power output at the transmitter is the
same. In one case, the power is split among
the several feeds in a large antenna. In the
other case, all the power is put into one
smaller antenna whose beam fills the same
volume as all the beams of the larger an-
tenna do. Since the total power being fed in
at the transmitting end is the same for both
situations and the volume through which
the power flows is also the same the power,

* Received by the IRE, November 2, 1959.
lR. Bolgiano, Jr., N. H. Bryant, and W. E.

Gordon, "Diversity Research in Scatter Communica-
tions with Emphasis on Angle Diversity," Contract
AF 30(602)-1717, Final Rept., pt. I; January, 1958.

2 J. H. Vogelman, J. L. Ryerson, and M. H.
Bickelhaupt, "Tropospheric scatter system using
angle diversity," PROC. IRE, vol. 57, pp. 688-696;
May, 1959.

density flux through the scatter volume
must be the same for both cases. It would
appear, therefore, that in general it would
be preferable to put all the power into one

feed of a smaller antenna than to use a com-
plex arrangement of multiple feeds and mul-

tiple frequencies in a large antennas as has
been suggested.2 One qualification must be
added. If the required total power output
is many times the power output capability
of a single tube, then the paralleling of
many tubes at the tranismitter may also be-
come a difficult problem. However, to offset
this difficulty, we have the following ad-
vantages: 1) paralleling several tubes is more
efficient in terms of radiated power because
the off-centering of the multiple feeds in-
volves a loss of probably 3 to 6 db per feed;
2) the alignment of the larger beam asso-

ciated with the smaller antenna becomes
simpler; and (3) much less bandwidth is
required.

Now let us consider the receiving end.
If multiple feeds are placed in onie large an-

tenna, angle diversity could be achieved.
However, the same S/N statistics can be
achieved by the more conventional means
of spaced smaller antennas and, moreover,
the total real estate required would be the
same for both cases. To make this clear, con-

sider an antenna whose beamwidth just
fills the effective scattering volume. In this
discussion this antenna will be called the
reference antenna. This antenna wvill realize
its full free-space gain. Any larger antenna
will suffer an antenna-to-medium coupling
loss such that the received signal would be of
comparable magnitude to the signal re-

ceived on the reference antenna. Thus an
antenna which has five times the area of the
reference antenna will "see" approximately
one-fifth of the effective scatter volume. A
corollary to this is that phase coherence of
the incoming wave is not maintained over
the dimensions of this larger antenna. As a
matter of fact, the phase of the incoming
wave is coherent over an area approximately
one-fifth that of the antenna itself. This
means that we can place five smaller an-

tennas, each the size of our reference an-
tenna, in a diversity system in the same
area occupied by the larger antenna, and as
already stated, each of these smaller an-
tennas will receive a signal of magnitude
comparable to that received by the larger
antenna. Thus, from this example we see
that the one large antenna (five times the
area of our reference antenna) which utilizes
five different feeds arranged for diversity
will give the same S/N statistics as five an-
tennas each the size of our reference an-
tenna. Also, the area occupied by either
antenna system is the same. As mentioned
at the beginning of this letter, the one ad-
vantage that a system utilizing a larger an-
tenna with multiple feeds has is greater
bandwidth capability. However, to achieve
this angle diversity for the purpose of in-
creasing bandwidth capability, one does not
have to utilize multiple feeds and multiple
frequencies in a large antenna at the trans-
mitting end. One smaller antenna whose
beam just fills the effective scatter volume
will suffice.

HAROLD STARAS
RCA Labs.

Princeton, N. J.
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Author's Comment3
Mr. Staras in his communication "Ob-

servations on Angle Diversity" has assumed
that the purpose of this type of diversity is
to illuminate the entire scatter volume with
a uniform power density flux. I would like to
point out that this is not the case. The pur-
pose of angle diversity is to increase the re-
liability of tropospheric scatter communica-
tions. To this end, let me illustrate the ad-
vantages of angle diversity with numerical
values rather than by pointing out flaws in
Mr. Staras' letter.

Using Mr. Staras' illustration, let us

compare the following two cases:

Case 1. A 30-foot antenna with 4 units ar-

ranged for space diversity in the
same geographic area as Case II;
two antennas over two. Power per
reflector is the same as power per
feed in Case II. The frequency is
10 kmc.

Case II. A 60-foot antenna with 4 feeds in a

row at 0° elevation. Power per feed
is the same as power per reflector in
Case I. The frequency is 10 kmc.

The distance between transmitter and re-
ceiver is 300 miles; Realized Gain4 per an-

tenna pair (1 receive and 1 transmit) for
Case I is 86 db; and Realized Gain per beam
pair (1 receive and 1 transmit) for Case II is
89.2, 89.9, 89.9, and 89.2, respectively. Using
50 per cent reliability for one path of Case I,

identical transmitter power and receiver
sensitivity, the reliabilities for the individual
beams of Case II are 75 per cent, 80 per cent,
80 per cent and 75 per cent respectively.5

With quadruple space diversity, Case I
gives an over-all reliability of 88 per cent or
120 errors per 1000, while 4 feed angle di-
versity gives in Case II an over-all reliability
of 99.7 per cent or 3 errors per thousand.

JOSEPH H. VOGELMAN
Dynamic Electronics Div.

Capehart Corp.
Richmond Hill 18, N. Y.

'Received by the IRE, December 4, 1959.
4L. P. Yeh, "Tropospheric Scatter System De-

sign," Westinghouse Electric Corp., Baltimore, Md.,
Tech. Rept. No. 5; October, 1Q57. See Fig. 4.

5 [bid., Fig. 6.

General N-Port Synthesis with
Negative Resistors*

This note gives an n-port synthesis for
aniy nXn admittance Y(p)], impedance
VW( ], or scattering S(p)], matrix, in
which the matrix elements are general ra-

tional functions with real coefficients con-

taining zeros and poles of arbitrary multi-
plicity anywhere in the complex frequency
(p) plane. It will be shown that the syni-
thesis can always be performed with passive

* Received by the IRE, November 20, 1959. This
work was done under Contract AF-18(600)-1505
sponsored by the Ai my, Navy and Air Force.,

elements (R, L, C, gyrators, ideal trans-
formers) and negative resistors. This total
group will here be defined as "physical
elements. "

First consider the synthesis of Y(p). Ex-
press each element y/i(p) = Zakpk+y)i(0)(p)
where yij(0)(p) is a proper fraction and
hence has no poles at o. Theni Y(p)
= ZpkAt+ Y,(p), where the Ak are real
constant matrices. Let us consider the syn-

thesis of one of the matrices pkAk. Ak may

be separated into its symmetric (Ak") and
skew symmetric (Ak') parts, and each of
these diagonalized by a real congruent trans-
formation. The symmetric part pkAk" goes

into diag (pk, pk, * , -r+,' 0n) where
the rank of A"k' is r. The skew svmmetric
part, pk Ak', goes into

diag [0 p-k 0][
pk

] On+,l) On

where the rank of Ak' is m, an even num-

ber. Each 0j is a scalar zero. We have then
merely to show the synthesis of the diagonal
elements

±pk, pk op_

and by appropriate transformers and paral-
lel interconnections' pkAk may be synthe-
sized as an n-port.

Fig. 1 shows how the admittance ele-
ment ±pI is synthesized; and in conjunction
with the negative impedance converter cir-
cuit of Fig. 2, it is clear that ± p2 only re-

quires passive elements and negative resis-
tors. Fig. 3 shows how the admittance ±pn+l
can be synthesized in terms of elements of
lower degree. Hence, by induction any pk
may be constructed of physical elements.
Fig. 4 shows the realizationi of the admit-
tance matrix

ro -pkl
[pk

in terms of physical elements, where the ad-
mittance element ± pk, synthesized above,
is used as a building block.

The next step is to synthesize Yo(p),
whose singularities are all in the finite p
plane. Let Go- be the positive real part of that
pole of Yo(p) located farthest to the right of
juc in the complex p plane. Then make the
frequency transformation S = p-T, T >aO.
The function Yo(s) is now analytic on jow and
in the right half p plane, though it need not
be passive (i.e., it need not possess a posi-
tive quadratic form for internally dissipated
power). The synthesis of such a Y(s) has
been given previously as a passive network
some of whose ports are augmented by series-
connected negative resistors.' Each coil L
in the network for Yo(s) is now replaced by
the series combinationi of L and a negative
resistor -Lr, and each conidenser C by C in
parallel with negative conductance -CrT
This gives Yo(p) as a network with physical
elements, and the parallel combination of
Y0(p) with pkAk completes the synthesis.

H. J. Carlin, "The synthesis of noni-reciprocal
networks," Proc. Symp. on Modern Network Synthesis
II, Polytechnic Institute of Brooklyn, Brooklyn,
N. Y., vol. 5, pp. 11-44; April, 1955.

Fig. 1.

Fig. 2.

.

Fig. 3.

)

Fig. 4.

It is clear that Z(p) may be synthesized by
a dual process.

Suppose now that S(p) is specified, and
neither the Z(p) nor Y(p) representations
corresponding to this S exists. Since S exists,
the admittance matrix YA of an augmented
network exists,2 corresponding to the net-
work for S(p) with a unit positive resistor
added in series to each port. YA3= (I-S).
YA(P) is synthesized as described above to
give the augmenited network NA. To finid N
corresponding to S, we "de-augment" NA by
adding -1 ohm resistors to each port of NA
No attempt has been made to minimize the
number of elements, but the synthesis
given proves the general theorem:

Any nXn scattering matrix of rational
real functions of p can be represented by a lin-
ear, time invariant, lumped n-port network
containing only passive elements and negative
resistors.

The number of resistors can be reduced
by the following technique. Consider Y(p)
and suppose all boundary poles have been
renmoved, so that Y(jw) is bounded. Simple
poles on p =jw with positive residlue matrices
are removable as passive lossless nietworks,
anid higher-order botunidary poles as well as

simple boundary poles with nioii-positive
residue matrices are synithesized by a simple
modificationi of the technlique gi-vens above
in connectioi with Figs. 1-4. Write Y(p)

-Yl(p) + Y2(p), where, by combininlg ap-

propriate terms of a partial fractions expani-

2 H. J. Carlin, "The scatterinig matrix in network
theory," IRE TRANS. ON CIRCUIT THFORY, VOI. CT-3,
pp. 88-97; jtune, 1956.
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sion, Yj(p) has only left-half p-plane poles
and Y2(p) has only right-half p-plane poles.

Now Y(p) = Yl(p) +Y2(p), where Yj(p)
=G+Y1(p), Y2(p) =-G+ Y2(p). G = diag
(gl, g2, * * , gn) where the gk are all real,
non-negative, and may be chosen equal to
each other, with gk the maximum value re-

quired to make Yi(p) and-Y2(-p) positive
real matrices. This can always be done with
a real finite gk since Y(jco) is bounded, and
Y1(p) and-Y2(-p) =G- Y2(-p) are both
analytic in the right half of the p plane.0 The
positive real matrix Y1(p) may always be
synthesized as a passive network containing
at most n resistors all positive. By a theorem
of Youla,3 if -Y2(-p) is PR, then Y2(p) may
be synthesized as a network containing loss-
less elements plus at most n resistors, all
negative. Combining Y,(p) and Yj(p) in
parallel gives Y(p). Utilizing duality, we

may state the following general theorem.
Any nXn immittance matrix of rational

functions, which has no boundary (p =jco)
poles other than those of simple order with
non-negative residue matrices at these bound-
ary poles, may be synthesized as an n-port
network containing only lossless elements and
at most n-positive and n-negative resistors.

A driving point impedance of the above
type, for example, requires at most one posi-
tive resistor and one negative resistor.

H. J. CARLIN
Microwave Res. Inst.

Polytechnic Inst. of Brooklyn
Brooklyn, N. Y.

3 Microwave Res. Inst., Polytechnic Institute of
Brooklyn, Brooklyn, N. Y., MRI Quarterly Rept. No.
16, R-452.16-59, pp. 55-56; April 15, 1959. Contract
No. AF-18(600)-1505.

VIE(s) Y4.& w 2'~ Z3is V" y2 S Is

Fig. 1-A signal flow graph method for determining
ladder network functions.

There are no feedback paths, so the de-
terminant has a value of unity. The follow-
ing relations may then be written by inspec-
tion2 (if it is remembered that any node may
be treated as a sink).

V(s) = Y4(S)Z3(S) Y2(s)Zl(s) +-Y4(s)Z3(S)
V2(s) + Y4(s)Zl(s) + Y2(s)ZI(s) + 1, (6)

= Y4(S)Z3(S)Y2(s) + Y4(s) + Y2(s), (7)
V2o(S)

I,(5) y4(S)
V2(s)

(8)

From these,

Zi2(s) = Vj(s)/II(s) = (6) divided by (7);
I2(s)/I(s) = (8) divided by (7);
V2(s)/Vl(s) = the reciprocal of (6);
Z21(s) = V2(s)/II(s) = the reciprocal of (7).

Thus, all the network functions may be
obtained by inspection of one graph.

The form of the result is slightly different
from that given by Kuo and Leichner, and
the relative convenience or shortness of the
methods may depend on the particular
problem, and on the types of immittance
involved.

G. H. BURCHILL
Nova Scotia Tech. College

Halifax, Nova Scotia

2 S. J. Mason, "Feedback theory-further proper-
ties of signal flow graphs," PROC. IRE, vol. 44, pp.

920-926, July, 1956.
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Fig. 1-Various "ideal" response curves.

responses of curves A to D in Fig. 1, where
cO is a nominal cutoff frequency.

For curve A, the amplitude response is
flat up to con while the phase response is
flat beyond o. It is described by'

--+ /1+ -
coo coo

(1)

For curve B, the amplitude response is
flat up to wo and decreases at a 6 db/octave
rate beyond coo. It is given by'

R
Z =

2 'oarc tan x
exp ---dx)

7r vO x /

(2)

For curve C, the phase response is linear
up to cOw and remains at -7r/2 radians be-
yond cO. Here we have2

R
-. (3)

A Signal Flow Graph Method for
Determining Ladder Network
Functions*

An iterative method for determining lad-
der network functions was described by Kuo
and Leichner,l with the suggestion that the
signal flow method was not very convenieint.
For comparison, a signal flow solution is
presented here.

Using the same circuit as Kuo and Leich-
ner, a ladder with series impedances ZI(s)
and Z3(S) and shunt admittances Y2(S) and
Y4(s), and the same equations written in
their simplest forms,

V22(s) = V2 (s), (1)

I2(S) = Y4(s)V2(s), (2)

VI(S) = J2(s)Za(s) + V2(s), (3)
II(s) = Y2(s)IVa(S) + I2(s), (4)
Vi(s) = Ii(S)Zi(S) + V,/(S), (5)

a signal flow graph may be drawn (Fig. 1).

* Received by the IRE, November 2, 1959.
'F. F. Kuo and G. H. Leichner, 'An iterative

method for determining ladder network functions,"
PROC. IRE, vol. 47, pp. 1783-1784; October, 1959.

A Different Approach to the
Approximation Problem*

The response curves that are usually de-
sired in network theory cannot be exactly

+ ( Sexp ( arc tan
coo CoO S

For curve D, the phase response is linear
up to coo, reaching -7r/4 radians, and in-
creases to -ir/2 radians beyond CO. Here2

1 + - exp --arctan-+-arc tan-\Cwo 2 cos s s coo

synthesized. A reasonable approximation to
the desired response is therefore made and
the corresponding network is synthesized.
Where an infinite number of "reasonable
approximations" exist, there are an infinite
number of solutions to the problem.

It is possible to follow a less arbitrary
approach, based upon the fact that a phys-
ically realizable response curve can be ex-

pressed as an exact function of s, where
s=jCO. Consider the amplitude and phase

* Received by the IRE, October 27, 1959. This
work was supported in part by the Office of Naval
Research under Contract Nonr-839(05).

(4)

As an application of curves A and B,
consider a numerical problem involving a

Bode step transition.' The system is shown
in Fig. 2. Unity transconductance amplifiers
are assumed. Three of the interstage net-
works, ZRC, consist of a 1-farad capacitor in
parallel with a 1-ohm resistor. The fourth
network, Zs, is to be synthesized so as to

'S. Deutsch, 'Synthesis of Infinite Zero-Pole
Network Structures," Microwave Res. Inst., Poly-
technic Inst. of Brooklyn, N. V., R-739-59; May,
1959.

2 S. Deutsch, 'A General Class of Maximally-Flat
Time Delay Response Ladders," Microwave Res.
Inst., Polytechnic Inst. of Brooklyn, N. Y., R-773-59;
September, 1959.
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002 0A05 0U 02 0.5 2 5 10
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Fig. 3-Ailiplittide aiid pth.se responises of the
step tranisition tran-sfer inpedanrce.

achieve a gix-en system tranisfer impedance,
ZTR. The various inlpedances are related by
ZTR=ZRC3Z,S. Two restrictions are imposed
ott Zs: the first shtiiit elemiienit imtist be a 1-
farad capacitor, anid Z.s miltist approach 1

ohm as s approaches zero.

The given amiiplittide anid phase re-

spouises of Z7 f are show-ni as the solid curves

in Fig. 3. From (1) auith (2), xxe cani express

ZTR analv ticallx' as

ZTII + f + --)

0O. 5 O(). S!)

2 arc tan
x

2Lexp V- d-X..

r[exp (2 f012 arc tan
d) (-4

Since ZRc=l/(s+l), the Zs drivinig-point
impedance is given b

Z,s = Z7-R(S + 1 '3. (6)

WYhen (5) anid (6) are comhbiied, the fol-
lowing series expanision is obtained:

s + 0.8197 +
961
-

1.698
+

0.06414

Zs s2 s3

1.674 5.706 3.960 2.820
_- -_

s4 s5 s6 s7

3.388 22.93 10.27 40.41
S8 S9 s1D sit

0 4416 oha

D, 1208

o. 6194 f f .393 ohml

0.120820 c 0 3166 h

0. 6194 f ° 0.1631 s °
1208h 1$~~~~~~~~~~~ Ez5T .T f T?

o a S E

8~~~~~~~~~~~

Fig. 4-The slhapinig nietwork approxi-
matioll for Fig. 3.

Siice (7) is aii iiitiliite series, it can be real-
ized onl0) xxith ail iititii te liumbil)er of ele-
iiieiits. Fig. 4 showxxs the correspoii(iitig niet-
work approximiiationxwith 20 elemiienits. The
dotted curves i 1 Fig .3 show the Z7rR re-

spoinses wheii the netxvork of Flig. 4 is em-

ployedl. Onie caii approat-h the desired re-

spoiuse to any degree of act-iracy bh- carrying
(7) ouit to ad(litioinal terias antI sxvthesizing
altlitional elenients in the iletwork of Fig. 4.

SID D)iETTiSCII
D)ept of Elec. Eiigrg.
Mi(-rowaxe Res. lust.

Polyxtechbiic list. of Brooklyi
Brooklyn, N. Y.

The Block Loaded Guide as a Slow
Wave Structure*

Fig. 1 shows a square cross-section wave

guide cut into two U-shaped parts alonig the
ceniter line of two opposite wxalls, and loaded
with small copper blocks and dielectric. The
blocks rest on1 a bed of polyfoam and lie in a

line along the center of the gtiide. They
occtipy a region which, in the I'Elo modes
of the emipty gtiide, wotild conitaini the maxi-
mnim electric field. Thus, thex coinstittite a

capacitative load, which is still further in-
creased bv the strips of dielectric filliuig the
space between theml ai(Il the gtii(le wall.
Individuallx, the blocks are resonators
with funidamiiental frequencies belox the
cutoff frequency of the guide; together they
form a cotipled chain, anid act as a sloxx waxve

circutit.
The field configuratioin of the slow wave

resembles that of the c-orresponding TIEl0
wave and is sketched in Fig. 2 (b). The grotip

velocity is controlled by the size of the gaps

between blocks and side walls, by the nature
of the dielectric, and by the spacing be

(7)
* Received by the IRE, November 25, 1959.

tweeti blocks. he first txxto factors together
conistittite a load(liAg capacity, aind sllo\\ the
wax e llntch tle s-ame maititer as dielectri(
loadiiig abtleo I he Ilock spacing d-eleterti lies
mc t)1liltg bcetxx en re-s ltalor-s, .id(l lie

mia(le to aixatlx arbit rary degree (o-lof hg

at the (c0st of alt iiarro\er l)alaidx idth. \ third
mllo(de of p11op)agatnotl, sketched in F ig. 2(dl,
niax l)t' colmp)aredl \ith the 1 MI monle of
thie enpt\t gi(le, ot- it h the ulod(le of propa-

gatioin along ai coa\;ial Iitie. It contrast wxit h
the latter, it has a loxx freqoLetiCx C lttti, (ie-
termitie(d priiicipallx hy the (listaice b)e-
tweeu blocks. I he cuttoff max be lo eredi bx
usingo azdielectri miaterial to separate the
blohcks, or by platiing smaller copper l)locks
letw eeii the large i)iles, as showit ini Fig.
1(b). loth of these are iimethods of increasiiig
the k to block capacitx IIi the itotationi
tisedl here, I aiidl I I are the slow xax e indoles
anialogous; to the TE1, imiode, aitld III is the
mode analogotis to the 'IM, iiode. OnIN one

of the slox iiiodee I) was sttidied ini the
niodel. The other (Il was not provided with
anyx dielectric loatling, anid was heavily
dampedl by the (ut alonig the gtiide wall.
The magnietic hlelds of I and II have a coIll-
poiient parallel to the length of the gtui(de,
anidl the field of I I is mainly traiisvxerse.

The dimilenisionis of the test structure are

show it in Fig. 1 and correspond to cuttoff fre-
qtieicies in the empty gtii(ie of 9.5 kInuc for
the TIEin iTlocle aitd 13.4 kioc for the TIMIMI
nio(le. hree sizes of hlock xere tsed- in the
first txwo cases xitl a (Iiiartz tlielectric, and

in the last (case xxith a stat k of mica strips
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Correspondence

TABLE I

Block size Capacity gap Interblock Slowing Mid-rangeBlock size ~~~~~~~ ~~~spacingfactor frequency

0.210 inch X0.210 inch X0.360 inch 42 per cent 0.210 inch 4.6 5.5 kmc
0. 420 inch 7.0
0.630 inch 14

0.210 inch XO.210 inch XO.470 inch 25 per cent 0.210 inch 6.3 4.5 kmc
0.420inch 9.5
0.630 inch 20

0.210 inch XO.210 inch XO.560 inch 10 per cent 0.210 inch 10 3.0 kmc
0.420 inch 17

It will be shown that if a slightly more
complicated system behind the antenna is
used, then an antenna pattern correspond-
ing to T2N may be obtained on receive. Funda-
mentally, the method consists of utilizing
the identity:2
1

T2N(X)
2

(1)

between the line of blocks and the side walls.
Signals were coupled in and out by loops
which could be rotated to make tests of the
magnetic field direction. Loaded with n
blocks, and lightly coupled to a power source
and detector, the structure formed a multi-
ply resonant system with n mode I reso-
nances below the cutoff frequencies of the
empty guide. In the ideal case, these give
points on the dispersion curve of an infinite
line;' in the model, there were unavoidable
end effects, but tests performed, by adding a
block at a time and repeating measurements,
showed that five or six blocks gave a reason-
able approximation. Slowing factors (free
space velocity . group velocity) were esti-
mated by taking the gradient of the disper-
sion curve at its mid point, i.e., where the
blocks form 4 X sections, and where the slow-
ing factor has a stationary minimum value.
In most tests, polyfoam spacers were used
between neighboring blocks, but some
tests were also made with quartz spacers
and with the block and teflon arrangement of
Fig. 1 (b). The principal effect of this change
was to increase the block-to-block capacity
and to bring mode III down into the mode-I
range (where the two types of resonance
could be distinguished by rotating the
coupling loops). Mode I was hardly affected
by altering the block-to-block capacity,
although a small reduction in the slowing
factor was noted with the Fig. 1 (b) arrange-
ment, probably because of additional elec-
trostatic coupling between the resonating
sections.

Some slowing factors for different block
sizes and spacings are shown in Table I,

The mid-range frequencies vary slightly
with interblock spacing, and the values
given are only approximate. "Capacity
gap" denotes twice the distance between a

block face and the side wall, expressed as a

percentage of the total wall-to-wall dis-
tance. Blocks were spaced from the side
walls with quartz or mica, and from one an-

other with polyfoam.
At many of the resonances, Q-values in

excess of 1000, corresponding to a loss of
under 2 db per meter at a slowing factor of
20, were obtained. This low loss is probably
explained by the absence of metal-to-metal
joins in the structure. It should be possible
to obtain larger slowing factors by substi-
tuting strips of A1203 ceramic (k-10) or
TiO2 ceramic (k-80) for the quartz.

In general, the block and dielectric
loaded guide is distinguished by low loss,
versatility of design, and ease of construc-

1ID. A. Watkins, "Topics in Electromagnetic

Theory," John Wiley and Sons, Inc., New York, N. Y.,
pp. 9-10; 1958.

tion; and it should be particularly appropri-
ate where strong coupling with the mag-
netic, rather than with the electric, field is
required. It may be noted that, in the test
model, the region of strong electric field was
filled with material, but the region of strong
magnetic field (altogether 2 of the volume)
was free. As a traveling-wave maser struc-
ture it would have some special advantages.
With mode I as the signal and mode III as
the pump, the two H fields would be mu-
tually perpendicular, and would overlap in
the empty spaces above and below the
block and dielectric strip. An external dc
field applied at right angles to the length of
the guide would be perpendicular to the
signal field, and could have various orienta-
tions with respect to the pump. The char-
acteristics of modes I and III can be deter-
mined with a certain amount of mutual in-
dependence, and mode III can be set beyond
the mode I range, so that no fraction of the
signal is coupled into the incorrect mode.
Capacitative loading slows the wave, with-
out a corresponding narrowing of the pass
band. It reduces the cross section as well as

the length of the structure, thus simplifying
the problem of mounting in a strong mag-
netic field at low temperatures, and also
making it possible to obtain a good filling
factor, with economy in the amount of para-
magnetic material and in the pumping
power needed to keep it continually acti-
vated.

W. B. MIMS
Bell Telephone Labs., Inc.

Murray Hill, N. J.

Reduction of Sidelobe Level and
Beamwidth for Receiving Antennas*

In the conventional application of the
Dolph-Tchebycheff technique' an array of
N+1, isotropic, in-phase radiators, spaced
X/2 apart, yields an optimized relationship
between the beamwidth and sidelobe level
of the antenna pattern, provided the method
of combining the signals from the individual
elements is the usual simple one. The weight-
ing coefficient for each element is determined
by the correspondence required between the
antenna pattern TN(u) (where u =sin 0 and

is measured from broadside), and the
Tchebycheff polynomial, TN(X), of degree N.

* Received by the IRE, November 20, 1959.
C. L. Dolph, "A current distribution for broad-

side arrays which optimizes the relationship between
beam width and side lobe level," PROC. IRE, vol. 34,
pp. 345-348; June, 1946.

Certain features of this new technique are
similar to those used in a scheme3 for im-
proving two-way patterns.

Fig. 1 shows a schematic drawing for the
case of a nineteen-element array. The term
ei(u, t) denotes the RF signal which results
when signals are combined from the individ-
ual elements in the conventional Dolph-
Tchebycheff manner. In addition, the
center element is tapped so as to yield two
equal RF signals, e2 and e3. The three chan-
nels are then combined as shown in Fig. 1.
The complete expression for the voltage in

each branch of the device is given in Table I.

Fig. 1-Diagram illustrating new technique for re-
duction of sidelobe level and beamwidth for re-
ceiving antennas.

TABLE I
VOLTAGE IN EACH BRANCH OF ANTENNA

SHOWN IN FIG. 1

ei(u, t) = TI6Ts(u)coswt

e2(U, t) =(1 /%2) cos wt

e3(u, t) = (1 /V2) cos wt

e4(u, 1) = 2Tli8(u) cos cot

eC(u, t) Tis(u) cos (t

e6(u, t) = Ti8(u) cos wt

e7(u, t)-e5 + e2 = (Ti8(u) + 1/ 2)cos cot

e8(u, t) e6 - = (T2s(u) -1/I/2) cos sat

es(u, t) = 4T182(u) cos2 wt = 2Ti82(u)(cos 2cot + 1)

elo(u, t) = ('1s(u) + 1 /V 2)2 cos2 st = (1 /2) (T182(u)
+ I2 Tns(u) + 1/2)(cos 2wt + 1)

en(u, t) = (T1u(w) - 1 /V2)2 cos2 ,t = (1 /2)(T182(u)
- /2 Tis(u) + 1/2)(cos2st + 1)

e12(U, t) = eio + enl -eg = (82 - 1/2)(cos 2cot + 1)
= (1 /2)T36 cos 2swt + (1/2)T36

The output el2(u, t) thus corresponds to
a Tchebycheff polynomial of degree 36. In
principle either the time-varying or the di-
rect current component of en2 may be de-
tected.

2 'Tables of Chebyschev Polynomials S.(x) and
C.(x)," NBS Appl. Math. Ser. 9, U. S. Govt. Printing
Office, Washington, D. C.; December, 1952.

3 R. L. Mattingly, Bell Telephone Labs., Private
Communication; July, 1959.
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Characteristics of this antenna are com-
pared to those of several conventional arrays
in Table II. Because of the lack of a unique
basis for comparison of this new technique
and the conventional Dolph-Tchebycheff
technique, the cases below were computed.
The results of the application of this new
technique are listed in row one.

TABLE II
PATTERN CHARACTERISTICS

Case CoSbignal No. of Full Sidelobe
No. Cmeinthod Ele- Beam- Levelo.Method ments width

I Newtechnique 19 10.70 -19 db
2 Conventional 19 12.00 -16 db
3 Conventional 19 13.30 -19 db
4 Conventional 19 10. 7 -12.5 db

If it is required that the new and conven-
tional techniques yield the same beamwidth,
then comparison of cases 1 and 4 shows that
the new technique yields sidelobes which,

theoretically, are better by 6' db. If the side-
lobe level is the primary consideration, then

step in the cascade would make use of the
identity:

(2)

cases 1 and 3 show that the new technique
yields a full beamwidth which is better by
2.60. The set of weighting coefficients for
cases 1 and 2 are equal except for the center
element. In this last comparison the new
technique yields an improvement in full
beamwidth of 1.3° and the sidelobe level is
improved by 3 db.

These improvements of the conven-
tional Dolph-Tchebycheff pattern are ef-
fected at the cost of decreasing the effective
one-way range by about 25 per cent. In ap-
plications where power is abundant and high
discrimination is desired, this new technique
could be cascaded with still further improve-
ments in the pattern. For example, the next

A new technique which improves the
conventional Dolph-Tchebycheff antenna
pattern has been presented. It has been
shown that the beamwidth and the sidelobe
level may be reduced at the cost of increas-
ing the complexity of the components behind
the antenna and by allowing a decrease in
the effective range.

The new technique is applicable only for
receiving antennas. The nonreciprocity is
due to the use of nonlinear detectors as an
integral part of the scheme.

OLIVIER R. PRICE
Microwave Lab.

Hughes Aircraft Co.
Culver City, Calif.
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