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circulator including those of the adjusting elements and
the electromagnet is about 1 m in length and 0.5 m in
height, and the total weight is 120 kg.

IV. CoNCLUSION

A 30-kW CW waveguide Y-junction circulator at 915
MHz has been realized with protruding metal cylinders
into the waveguide junction, with thin ferrite disks on
their flat surfaces. On the basis of this result, a 100-kW
CW waveguide Y-junction circulator was developed by
inserting three additional metal disks within the junction
region, and by attaching ferrite disks on each surface of
the water-cooled metal disks. Each ferrite disk is water-
cooled efficiently and the input power to the circulator is
divided equally by a multilayer structure.

The design of a 100-kW CW waveguide Y-junction
circulator at 915 MHz was obtained by analyzing the
relationship between the ferrite dimensions and the air-
gap considering power dissipation in the ferrite. The di-
mensions of the ferrite disk and the air-gap were de-
termined very easily, and the utility of this design tech-
nique was confirmed experimentally. It was found that the
internal dc magnetic-field distribution influences the per-
formance of the circulator.

This approach was found to be very important for
designing high-power circulators which require low inser-
tion loss. The 30-kW and 100-kW Y-junction circulators
have good performance, are compact and can be built
economically. The results indicate that a 100-kW CW
waveguide Y-junction circulator at 2450 MHz and at
other frequencies can be realized by using this type of
configuration.
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Generation of Microwave Power with a
Spark-Gap Cavity

VELIMIR M. RISTIC, MEMBER, IEEE, AND THOMAS P. SORENSEN

Abstract—A theory of a /4 transmission line resonator containing a
spark gap is developed and parameters such as output spectrum, band-
width, Q factor, and efficiency are derived. Equivalent circuits incorporat-
ing different spark-gap parameters are presented and used for numerical
simulation of cavity output. Several fixed and variable frequency cavities
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are constructed and tested. Typical peak power outputs are 7.2 kW into
50-Q line at a frequency of 2.1 GHz, and 27 kW into 50-Q line at a
frequency of 1.5 GHz. For proper operation of this device the spark
resistance must fall to a value less than the characteristic impedance of the
line in a time less than T where f,=1/2T is the required frequency.

I. INTRODUCTION

PARK GAP switches are well known as they have
been used in radar equipment for many years as
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transmit-receive (T-R) switches, and more recently in de-
vices such as travatron [1], frozen-wave generators [2],
baseband radar systems [3], and pulsed laser systems [4].
In this paper, we develop a theory of a A/4 transmission
line resonator with a spark gap as a means for exciting the
resonator. The emphasis is in using such a cavity for the
generation of high peak-power RF bursts in the frequency
range from 0.2 to 3 GHz. It is shown that by appropriate
modeling of the spark gap the parameters and the output
power of the cavity are predictable. For proper operation
of these devices the spark resistance must fall to a value
less than the characteristic impedance of the line in a time
less than T where f,=1/2T is the required frequency.

II. THEORY OF TRANSMISSION LINE RESONATOR

Consider the transmission line shown in Fig. 1. In the
first analysis it is assumed that the spark is a perfect
switch with zero formative time and a constant resistance
R,. It is also assumed that the switch (i.e., spark gap) is
physically very close to the partial short position and the
partial short is approximated by a perfect short.

Let ¥, be the voltage on the transmission line when the
switch is closed at time #=0. The magnitude of the
reflected voltage V), which travels towards the open
circuit is given by Vg=VyZ,/(Ro+ Z,) where Z, is the
characteristic impedance of the line, and the current flow-
ing through the resistor is given by Iy = V,/(Ry+ Z,). The
wave traveling down the line is reflected without change
of voltage sign at the open circuit and reaches the resistor
again at time t=2L/v=T, where L is the length of the
line and v the velocity of propagation along the line.
Following the analysis by Lewis and Wells [5], it can be
shown that, at the output, the ratio of the second voltage
peak which occurs when T<¢<2T to the first peak at
0< < T is given by

and that the ratio of any other voltage peak to the
preceding peak is given by

V(NT<t<(N+1)T) R,—Z,
V((N-1)T<t<NT) Ro+Z,’

@

The spark is assumed to have a finite rise time less than T
with a wavefront c(7), where c(¢)=0 for <0, c(#)=1 for
t> T where 0< ¢(£) <1 represents the wavefront for 0< ¢
< T. Setting b(#)=c'(¢), we have b(£)=c'(¢) for 0<t< T,
and b(#)=0 for all other values of ¢.

The coupling is assumed small if the resulting coupling
resistance is small in respect to spark-gap resistance R,. If
V(f) is the Fourier transform of the output voltage v(?)
then the output power spectrum, P(f) is equal to
|V (f)?/Z, where Z, is the characteristic impedance of
the output transmission line, as shown in Fig. 1.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-26, NO. 5, MAY 1978

i rf
open circuit partla;l short power
L - out
A
Vo
\l
(a)
spark gap region
- L -
_ ,spark gap
o switch /,
{b) Zo 29
o/c | Vo < short
O—
-— L o
Fig. 1. Schematic (2) and equivalent representation (b) of the transmis-

sion line resonator; Z, and Z, are the characteristic impedances of the
resonator and output transmission lines, respectively, R, is the spark-
gap (switch) resistance, and L is the length of the resonator. The
cross-hatched radial line in (a) indicates a partial short.

The resulting power spectrum P (f) is given by

KV3|B(AHP
P(f)y=———P,(R, 3
(D= PR ©
where K is a constant representing the coupling. Further-
more,
1 1—cos 2nft
PI(R9f)= 2 2 2 f
R*+1\ 1-((R*~1)/(R*+1)) cos 2afT
“)

where B(f) is the Fourier transform of b(f) and R=
R,/ Z, is the normalized spark resistance. The 3-dB band-
width and the Q factor of the system can be determined
from (4) for R<«1. If the fundamental frequency is de-
noted by fo=1/2T and the 3-dB point frequency by f;,
the half-power bandwidth is given by

af=20f,~f)=22 f, 5)
and the resulting Q factor is
Jo 7
= e IS ——— 6
O] R ©

In order to calculate the effect of rise time on the magni-
tude and shape of the output spectrum it was assumed
that

3(1—cos(wta/T)), for0pt<T/a
e()=1o, for t<0 ¥
1, fort>T/a

where a > 1. It was established that if the rise time was
halved, i.e., a change from 1 to 2, the power at the
fundamental frequency was increased by a factor of 1.43.
The partial short may be considered more accurately as a
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Fig. 2. Equivalent circuits for the cavity: (a) with coupling inductance
L,; (b) with coupling inductance and spark-gap capacitance C; and
(c) with coupling inductance, spark-gap capacitance, and loading Z;.

small inductance, L, across the transmission line so that
the system may be more accurately represented as shown
in Fig. 2(a). This is another step in a more realistic
modeling of the device. The voltage across the output
transmission line is then given by L,(dI/df). Substituting
L, for K in (3) the maximum peak power at fundamental

frequency for any “a” is then given by

64L2VEf2 (cos(w/2)a )2
Z,Z2R+ 1)\ 1-(1/a)* ]

The efficiency of coupling, E can be defined as the ratio
of the maximum peak power divided by the product of the
fundamental frequency and the initial energy stored in the
length L of the transmission line, and is given by

e 5120212  cos(w/2)a ’ ©
Z,Zo(R+1)* 1=(1/a)’

Up to this point it has been assumed that the coupling
was small enough so as not to affect the resonant circuit.
In order to make the system more efficient, however, large
coupling is required. The effect of strong coupling
mechanism on the resonant circuit will now be consid-
ered.

(3)

max

A. Theory of Transmission Line Resonator for Arbitrary
Inductive Post Coupling Including Spark-Gap Capacitance
Effects.

Consider a transmission line shown in Fig. 2(b) where it
is assumed that the spark is a perfect switch with zero
formative time and that it has a constant resistance R,
The spark-gap capacitance C shown is the interelectrode

371

capacitance and is given by C=¢,4/d, where 4 is the
area of the face of the electrodes and d the interelectrode
spacing. It is also assumed that the switch (i.e., spark gap)
is very close (compared to line length) to the partial short
position. The partial short may be represented by an
inductance L, across the output transmission line of char-
acteristic impedance Z,. Fig. 2(c) shows the equivalent
circuit of this system with indicated voltage and currents.
Solving the transmission line equations in real time and
then using Fourier transform we obtain the expression for
the output power spectrum

L2V (1—cos 27f1)

P()= z2z, H()

(10)

where

2
H(f)={(—w2L1CR+R)2+(wTLIIR+ %‘)‘) }

-{1—cos 27T }

2

1 @L,CRR,

+2{wRR,C(1-w?’L,C)—wL|| 5= ————
{ 0 ( 1 ) I(ZO le

-sin 27 fT
w?’L?
+(1+ = ‘)(1+w2c2Rg)(1+cos 2afT).

(1)

2
1

The maxima of the output power spectrum, under the
assumptions of wl,/Z,X1, wL,/Zy<1, wCRyk1, and
®wCRR <1 occur at frequencies

@, = Noo {1+(RR C—i);—w} (12)
n 0 0 ZO T 0

where N=1,3,5,--- is the harmonic number and w, are

the new resonant frequencies. The effects of coupling

when the spark-gap capacitance is neglected can be in-

vestigated using (10) with C=0. For R« 1 and Q>1, the

Q factor of the nth-order maxima is given by

7N - 7N
4R+ ZyZ)) HR+N*32/ZZ))

n

(13)

Thus we see that for small values of coupling and normal-
ized spark resistance, the effect of the coupling on the
resonator may be represented by a frequency shift given
by (12) with C=0 and an increased normalized resistance
given by

N2W2L?
ZOZI

R;=R+ (14)
Moreover, it is seen from (13) when coupling effects are
comparable to spark losses, the bandwidth increases for
the higher harmonics. Equation (13) may now be used to
separate the coupling spark resistance effects if the band-
width of the fundamental and of any other harmonic are
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Fig. 7. Cross-section of the fixed frequency device.
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Fig. 8. Construction of the variable frequency device. The isolating
resistor R, can be replaced with A/4 stub to increase efficiency.

where B, is the bandwidth of the Nth harmonic and @, is
the Q of the fundamental.

It is seen that the effective coupling impedance is pro-
portional to L?/Z,Z, whereas the frequency shift due to
the partial short coupling is proportional to L,/ Z,. Thus
to maximize the coupling and minimize the frequency
shift we must have Z,< Z,,.

In order to obtain the time response of v,(¢) a digital
computer was employed, using a fact Fourier transform
algorithm to calculate the inverse Fourier transform of the
output voltages. Only frequencies up to and including the
nineth harmonic were used in calculating the time re-
sponse. The program can easily be adapted to filter the
response and thus, for example, plot only the fundamental
harmonic, if peak power at only the fundamental
harmonic is of interest.

Figs. 3 and 4 demonstrate the computer output for
varying values of wyLy/Z, with Z,/Z,=1 and R=0.05.
The value of C has been set to zero in these plots as we
wish to examine only the coupling effects. It may be
shown that when neglecting effects of the coupling
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Fig. 9. Normalized output voltage (a) and power density (b) of the
cavity versus normalized time and frequency, respectively. These out-
puts should be compared with the experimental results shown in
Fig. 10.

mechanism, the Q factor is given by
0.~ aN aN .
" 4R (1- Lu2RC?) 4R(1 IN2WIR3C?)
Thus we see that for w,CRRy<1 and «,CRR;K1 the
effect of gap capacitance on the resonator may be repre-

(17)

sented by a frequency shift given by (12) with L;=0and a
decreased normalized resistance given by
Ry=R(1—1N%IR2C?). (18)

The effect of gap capacitance therefore is to decrease the
bandwidth of the output spectrum and increase the peak
spectral level. These results for small values of w;R,C
would indicate that the gap capacitance might possibly be
employed to obtain a limited bandwidth output when the
normalized spark gap resistance is large. Figs. 5 and 6
show the theoretical spectral and time responses as the
capacitance of the gap is increased. Only frequencies less
than 2f, are used in evaluating the time response. In each
case the normalized spark resistance R is set equal to 1.6.

III. EXPERIMENTAL INVESTIGATION

Several fixed and variable frequency cavities were con-
structed [6] and tested with air, N, He, and SF, at
pressures up to 200 lb/in?. The cross-sections of the
devices are shown in Figs. 7 and 8. The modeling of the
spark gap was successful as indicated by the numerical
output, Fig. 9 and the experimental data, Fig. 10. Typical
peak power outputs are 7.2 kW into 50-Q line at a
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Fig. 10. Output voltage of the cavity. (a) Time response, horizontal
scale 10 ns/cm, vertical scale 200 mV /cm with 60-dB attenuation in
the line; (b) Spectral response, horizontal scale 100 MHz/cm (0-1
GHz coverage), vertical scale linear.

frequency of 2.1 GHz and 27 kW into 50 @ at a frequency
of 1.5 GHz. The rise times were on the order of 200 ps.
Using the available data [7] for normalized spark-gap
resistance it was concluded that operation of the device at
X band is feasible.

IV. CoNcLusIONS

For proper operation of this device at frequencies less
than 3 GHz the spark resistance must fall to a value less
than the characteristic impedance of the line in a time less
than T where fy=1/2T is the required frequency. The
faster the rise time the more efficient is the operation of
this device.

If a partial short is used, for minimal frequency shift
due to coupling, the largest possible ratio of Z,/Z, (where
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Z, is the characteristic impedance of the line and Z, is the
characteristic impedance of the output transmission line)
should be used, and the inductance L, should be adjusted
for the required coupling. At low frequencies when the
cross-sectional dimensions are limited it may not be possi-
ble to make L, large enough to give the required coupling.
In this case it will be necessary to decrease Z, in order to
increase the coupling. The decrease of Z,/ Z, will result in
a decrease of the resonant frequency. At frequencies
higher than 3 GHz the spark-gap capacitance may be used
to give a limited bandwidth output even though the nor-
malized spark resistance, R is less than unity.
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Correction to “Behavior of the Magnetostatic Wave in a Periodically Corrugated YIG Slab”

MAKOTO TSUTSUMI, MEMBER, 1EEE, YASUNORI
SAKAGUCHI, anp NOBUAKI KUMAGALI, SENIOR MEMBER, IEEE

In the above short paper,! in (21) the minus sign was inadver-
tently left out. Equation (21) should read as follows:

— B,y cos §+ B,y sin f= — B, cos 6+ B, sin §.
Consequently, the following correction should be noted.
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1) In the second and seventh lines of (23) substitute +(7/d)A
and +(K,+Q2w/d)m) for —(w/d)A and — (K, +(27/d)m), re-
spectively;

2) In (24) and (27), the factor [1—((w/d)A)] and [p,—
((m/d)AY] should have read [l + ((w/d)AY] and [p, +
((7/ DAY, respectively.

Since the numerical computation was based on the assump-
tion that 1>>((w/d)A)? and p,;>((w/d)AY, the results and con-
clusions reported in the paper are unaffected by this revision.



