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Fig. 2. Elliptic coordinate system and reflector guide as a cut section
of closed elliptic waveguide.
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Fig. 3. Mathleu function ce; (y, g) versus angular coordinate 5 for

various values of ¢ (field distribution in X direction).

become concentrated in the region close to the Y axis (3 = #/2)
in the waveguide (Fig. 2). The degree of concentration increases
with increasing value of ¢ and, correspondingly, the magnitude of
the electromagnetic field decreases rapidly with increasing distance
from the Y axis. Hence, for large values of ¢, portions of the conduct-
ing wall of the elliptic waveguide can be removed in the regions
where the field magnitude is negligible. This is indicated in Fig. 2
by the dashed parts of the elliptic boundary. What then remains
is an open waveguide of width W with a eross section similar to
that shown in Fig. 1 being turned around 90°. The field distribution
in elliptic waveguides thus can be well used for the description of
the fields in open waveguides for large values of ¢ encountered for
oversized dimensions of the distance D between the two cylindrical
reflectors (D > 2). This requirement is always satisfied in practical
open reflector-type waveguides.

COMPARISON OF THE RESULTS WITH THOSE
OBTAINED BY OTHER APPROACHES

It was shown by Morse and Feshback [10] that for large values
of the parameter ¢ (large number of periods of the standing waves
between the reflectors) the Mathieu functions ce, and se, can be
approximated by series of Gaussian~Hermite functions as

cen(@n) = An 2 _[exp (—22/2)Hn(2) + exp (—22/2)Hn ()],
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sem(@n) = Bn 2 [exp (—22/2)Hu(z1)

=m0

—exp (—22/2)Hu (22) ],
In these equations, we have
(49)4(n — /2 + 2v7)
(49)Y4(n + /2 + 2v7).

We observe that these functions for m = 0 are similar to those
shown in Fig. 3. The series of Gaussian—Hermite functions, repre-
senting as an approximation the Mathieu functions, are identical
to the functions found by considering wave propagation in the
reflector guide based on the transverse wave-beam approach accord-
ing to Schwering [1] and Nakahara [2].
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Surface Wave on a Ferrite Magnetized Perpendicular to
the Interface

DALE F. VASLOW

Abstract—A semi-infinite ferrite magnetized perpendicular to the
interface is found to support a nonmagnetostatic surface wave. The
wave exists within a finite wavelength band and a finite frequency
band. Since the wavelength is typically of the order of 1 cm, large
samples of polycrystalline ferrite material may be used for the
experiments.

The propagation of magnetostatic surface waves on a ferrite slab
magnetized in the plane of the slab and transversely to the direction
of propagation has been studied theoretically [1] as well as experi-
mentally [27, [3]. The effects on the magnetostatic surface wave
produced by adding a conductive plate or a dielectric layer backed by
a conductor to one side of the ferrite slab have also been investigated
[47-[6]. Morgenthaler [7] and Jao[8] have studied the propagation
of magnetostatic surface waves on a ferrite slab magnetized {rans-
versely to the direction of propagation, but at an arbitrary angle ¢
to the ferrite slab surface. They found that for 8 in the range 6, <
0 < x — 0, where 0, (8, < w/2) is the critical angle, no magneto-
static surface wave exists. Nonmagnetostatic surface waves termed
“dynamic mode’’ or ‘dielectrically induced’” surface waves have
been studied theoretically for a semi-infinite ferrite magnetized
parallel to the interface and transversely to the direction of propaga-

Manuscript received July 26, 1973; revised January 28, 1974. This
work was supported in part by the National Science Foundation under
Grant GK-16203. .

The author was with the Department of Electrical and Computer
Engineering, University of Wisconsin, Madison, Wis. 53706. He is now
with General Atomic Company, San Diego, Calif. 92138.



744

tion [9] and both theoretically and experimentally for an axially
magnetized ferrite rod [107.

In this short paper, it is shown theoretically that a surface wave
exists on a semi-infinite ferrite for § = »/2 (magnetostatic field
perpendicular to the interface). Since the wavelength of this surface
waveis of the order of the electromagnetic wavelength in the medium,
the magnetostatic condition [117] is not satisfied, and electro-
magnetic induction cannot be ignored. This surface wave is a slow
wave that exists over a finite wavelength band and a finite frequency
band. The frequency band lies within the range of frequencies for
which the main diagonal component u; of the ferrite permeability
tensor is negative. Since the wavelength is long (typically of the
order of 1 cm), experiments will require large ferrite samples, much
larger than have been used in magnetostatic surface-wave experi-
ments. For such long wavelengths, however, the quality of the
ferrite surface should be relatively less important, thus suggesting
the use of polycrystalline ferrite material.

A plane interface x = 0 separates a vacuum (uoe) half-space
(x < 0) from a half-space (x > 0) of ferrite (uopr,e0e,) magnetized
in the z direction. The relative permeability M. of the ferrite is

Pr = 32 + w (G + 37) + im(§% — 39),
mo= [0 — Qu(Qx + 1)1/(2 — Qa®),
pe = Q/(Q* — Qg?),

Q = w/ay,

and
Qy = "-’c/wM;

where o is the wave frequency, w, the gyromagnetic frequency, and
wy the saturation magnetization frequency. Traveling waves in the
y direction having the dependence of f(z) exp [ (kumy — wt) Jare
considered where 7 is the normalized wavenumber and ky = wy/c =
wr (o) V2

The application of Maxwell’s equations to the fields in the ferrite
region having the dependence f(z) = exp (¢kuiz) results in the
dispersion relation

Agt+ B4+ C =0 (1)

where A, B, and C are defined in a previous communication [127.
In (1), ¢* has two solutions, {:? and ;% The two unique solutions
¢ = taand { = &, which satisfy the physical requirement of causality,
are chosen from the four solutions +¢; and ¢, [12]. For the pur-
poses of this short paper, as will be shown later, the correct choices
for ¢, and {3 are those that have positive imaginary parts. For this
choice, the ferrite field amplitudes decay exponentially as z — w.
In the vacuum region, f (z) = exp (~ikmt.z), where{, = (Q* — %112
for @ > nand &, = <(n* — Q)12 for n > Q, Note that ¢, is chosen to
have a positive imaginary part so that the vacuum field amplitudes
decay as £ — — oo. 3

The application of the boundary conditions that the tangential
electric and magnetic fields be continuous across the vacuum—ferrite
interface yields the following dispersion relation:

T+ T4+ T5=0 @)
Tyo= —go(ta + ) [Saks — & (2 — 12) ] (3a)
Ty = (1 + &)¢ate(n — ) (3b)
Ty = — (1 + &) (i — n?) (n* — ne?) (@ — 0) /(2 — Qp?) (3¢)
where
7o = [2692/(1 + &) J(@® — ) /(@ — 05?)
7 = 268/ (1 + &)
@ = (QulQn + &/ (1 + ) 112
and
n2 = Q{e) 2

We shall denote by SW the regions of the Qv space where ¢, is
imaginary, and ¢, and {, are both imaginary or complex such that
fa = —&". Real solutions for the surface wavenumber 5 can be shown
‘to arise from (2) only in the regions SW.
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Fig. 1. Brillouin diagram of the surface wave for Qg = 0.5 and e, = 13,

T; is negative in the shaded region.

The Brillouin diagram (2 versus 7 space) in [12, fig. 1] shows the
nature of ¢, and ¢5. Within the dotted area, bounded by curves d and
e, &, and & are complex and ¢ = —{* In the areas shaded by hori-
zontal (vertical) lines, {,({s) is real. The regions with no shading
with dots and horizontal (vertical) lines correspond to {, ({) being
imaginary. The nature of {. can also be represented on the Brillouin
diagram by drawing a single straight line defined by » = Q. This line
lies to the left of curve b. To the left of the line 4 = Q, ¢, is positive
real and to the right ¢, is positive imaginary.

The regions of the 2— space where surface-wave solutions, that is,
real solutions of (2) for », can exist can be narrowed down further.
In the regions SW, 4 > n2 > 77, which implies that T; and T are
negative. Consequently, the surface-wave dispersion relation (2) can
have a solution only if T is positive. In Fig. 1, the regions of the
Q-1 space where T’ is negative are shown by shaded lines. Clearly,
no surface waves exist in these regions. Thus surface-wave solutions
are possible only in those portions of the regions SW where T is
positive. Numerical search for the location of the wavenumber of
the surface wave was restricted to these parts of the regions SW.

The dispersion relation for @y = 0.5 and ¢, = 13 was obtained
numerically and is shown as a line segment in Fig. 1. On the Brillouin
diagram the dispersion relation begins at the intersection of 4 = ns
and @ = Qp (curves b and f) and terminates on »n = 43 (curve a)
[127. For wy/27 = 5 GHz, it is seen that the wavelength range is
from 0.82 to 3.3 em and the frequency range is from 2.5 to 3.64 GHz.
The group delay time per unit length 7'; is of the order of 1 ns/cm.
T4 increases as the frequency increases for a fixed magnetic field
strength but decreases as the magnetic field strength increases for a
fixed frequency.

In coneclusion, it has been shown theoretically that a surface wave
exists on a semi-infinite ferrite magnetized perpendicular to the
interface when the effect of electromagnetic induction is not ne-
glected, as it is in the magnetostatic approximation. This surface
wave is a slow wave that exists over a finite frequency band and a
finite wavelength band. The frequency band lies within the range
w./2n < f < [welw, + war) ]V2/27, where y; < 0. The wavelength is
typically of the order of 1 em, while a typical value for the group
delay time per unit length is 1 ns/em.
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RF Burnout of Ku-Band Mixer Diodes
GEORGE E. MORRIS, MEMBER, IEEE, AND GEORGE A. HALL

Abstract—This short paper describes the experiments conducted
to determine the burnout capability of various types of Ku-band
mixer diodes when subjected to narrow RF spikes. This condition
results frequently in pulsed microwave systems where the receiver
is not adequately protected or where the system’s limiting devices
degrade or fail.

The maintenance problems resulting from mixer failures are
severe and may become more so with increased usage of Schottky
barrier diodes.

INTRODUCTION

Included in this study are four types of diodes all mounted in
1IN78 type coaxial packages. These include 1N78C point contact,
gold—germanium (AuGe)-gallium arsenide (GaAs) Schottky bar-
rier,! palladium (Pd)-GaAs Schottky barrier,! and titanium-molyb-
denum~gold (Ti~Mo—Au)-silicon (Si) Schottky barrier. The ecri-
terion for failure was taken as a 1-dB increase in the 30-MHz IF
noise figure. Failure at the 1-dB point was not considered valid
unless there also occurred a corresponding decrease in diode crystal
current. It was found that once the crystal current of a particular
test diode decreased in an amount greater than 25 percent of the
initial value that the diode could not recover but continued to de-
grade with increased incident power.

The diodes used for this study had noise figures in the following
range. (Ti~-Mo—-Au)-Si Schottky barrier: 7.5-8.0 dB; (AuGe)—-GaAs
Schottky barrier: 6.5-7.0 dB; Pd-GaAs: 6.5-7.0 dB; and 1N78C’s:
7.5-9.5 dB.

EXPERIMENTAL

To simulate near system environment, a pulse from an Army
Ku-band PPS-5 radar operating at 16.2 GHz was transmitted
through a gas transmit-receive (TR) tube without keep-alive. The
radar pulse was about 1.2 kW in amplitude and 0.25 us wide with a
repetition rate of 4000 pulses/s. The resultant spike from the TR
was approximately 1.5-ns duration and 30-W peak amplitude.

The maximum spike amplitude was determined by observing the
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Fig. 1. Diagram of RF burnout test system.

deflection of a sampling oscilloscope through a calibrated attenuator
and comparing this with the vertical deflections from known power
sources. This scope calibration technique was accomplished with
the aid of a variable precision attenuator, a temperature compen-
sated thermistor, and a power bridge [1]. The experimental setup
is shown in Fig. 1.

Fig. 1 shows an 0.25-us pulse emitted from the PPS-5 radar fed
into a 30-dB cross-guide coupler. A small amount of this power is
coupled into the calibration arm and is routed into the sampling
scope by switch 1. The main portion of the 0.25-us pulse hits the
TR tube which emits leakage in the form of a narrow spike. This
spike can either be dumped into a load by switch 2 or guided into the
spike arm. Switch 3 allows the spike to enter into the calibration arm
for determination of peak amplitude or into the arm containing the
diode under test. The 10-dB coupler located in the spike arm allows
power from the signal generator (LO source) and noise tube to be
incident on the diode at the same time as the spike. The calibrated
attenuator following the TR tube was used to adjust the incident
spike levels for each test.

A complete burnout test for each diode consisted of the following.
During this test, the diodes were mounted in a single ended (MA)
model 595C Holder, and before each run, calibration of TR leak-
age was made. The incident power was adjusted to a low level
(10-20 mW) and switched into the test diode. The peak reflected
power, the noise figure, and the crystal current were monitored
during the test period of 1 min (approximately 240 000 spikes). After
this time period, the power was directed into a load by switch 2, and
the diode’s crystal current and noise figure were recorded. This
procedure was repeated using the same diode with incremental in-
creases in incident peak power until the diode failed.

Because the same diode was used for each power level test, the
possibility of cumulative effects causing premature burnout was of
concern to us. To check this possibility, a set of 1IN78C point con-
tact diodes were selected and divided into two groups. Diodes in
group 1 were burned out using the procedure previously described.
Once the typical burnout level was established, the second group was
subjected to a one shot burnout test at this level. It was found that
the diodes in group 2 had approximately the same number of failures
as those diodes in group 1. It therefore seemed logical to assume that
any cumulative effects resulting from narrow pulse energies were
minor.

The spike amplitude emitted from a gas TR is not constant with
time, and as a result, every transmitted pulse will not reach the
maximum level [27. For this reason, extreme care was taken during
calibration to ensure that no spike exceeded a chosen deflection level
with a constant attenuation setting. This was done by using the
manual scan option on the sampling scope and photographing the
spike for 2-3 min through an open shutter. The peak power data
presented in Figs. 2 and 3 are the maximum amplitude spike refer-
enced to the calibration amplitude observed before and after each
diode run.

RESULTS

The burnout characteristics of the four types of diodes are pre-
sented in Figs. 2 and 3. Here, lots of 20 1N78C point contact and
24 (Ti-Mo—Au)-Si Schottky barrier diodes (Fig. 2) and 7 (Au—Ge)—
GaAs Schottky barrier and 6 Pd—GaAs Schottky barrier diodes



