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Complex Radiation Impedance of
Microstrip-Excited Magnetostatic-Surface Waves

ACHINTYA K. GANGULY, DENIS C. WEBB, MEMBER, IEEE, AND CRAWFORD BANKS

Abstract—A technique is described for computing the radiation reac-
tance of microstrip-excited MSSW’s from a Hilbert transform of a
previously derived expression of the radiation resistance. The series combi-
nation of the radiation reactance, radiation resistance, and an inductive
reactance corresponding to a shorted section of microstrip line forms an
equivalent circuit characterizing the excitation process. Supporting imped-
ance measurements are presented and limitations of the model are dis-
cussed.

I. INTRODUCTION

HE CHARACTERIZATION of the complex radia-

tion impedance in terms of geometrical and material
parameters is essential for the effective design and devel-
opment of useful magnetostatic-surface-wave (MSSW) de-
vices. In a previous paper [1], an expression for the
radiation resistance R,, per unit length of an infinitely
long YIG-loaded microstrip transmission line was ob-
tained. R,, was then related to the real part of the input
impedance of the most commonly used excitation geome-
try, a shorted transmission line. Unfortunately, the tech-
nique used to obtain R, could not be directly employed to
calculate the imaginary contribution to the radiation im-
pedance X,,,.

In this paper, we calculate X,, by taking a Hilbert
transform of R,, an approach used successfully by
Nalamwar and Epstein [2] for surface-acoustic-wave ex-
citation. Although R,, is expressed in a specific analytic
form, it is in general so complex that it must be computed
numerically. With very little extra computation, X,, may
be obtained by the Hilbert transform method. From a
knowledge of R,, X,,, and the properties of the microstrip
transmission line, a full equivalent circuit characterizing
the excitation process can be derived.

Experimental results are presented in Section IV. Both
real and imaginary portions of the radiation impedance
are included for completeness. Because of their impor-
tance in realizing wideband operation, examples of a
narrow microstrip width (0.05 mm) and a thick YIG film
(10.5 pm) not evaluated in our previous study [1], are
treated here. Finally, the comparison between experimen-
tal and theoretical results is discussed in Section V.

II. EQUIVALENT CIRCUIT REPRESENTATION

The real part of the radiation resistance for the struc-
ture shown in Fig, 1 was determined by solving Maxwell’s
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Fig. 1.

equations with appropriate boundary conditions at the
various interfaces [1]. To avoid the excessive complexity
of a full Maxwell equation approach with mixed
boundary conditions, the current carried by the microstrip
line was approximated by a uniform surface current. The
power carried away by the MSSW was related to the
surface current by the complex Poynting theorem, result-
ing in an analytic form for the radiation resistance per
unit length R, of an infinitely long transmission line.

The electromagnetic wave propagating along the trans-
mission line is assumed to be of the form exp [~z —
i( Byz —wt)] where the attenuation a, is due entirely to
energy carried away by the MSSW. For efficient MSSW
excitation, the YIG-loaded section is terminated in a short
circuit. If the transmission line has characteristic imped-
ance Z;, the input impedance to this shorted section is

Z;=Zj tanh (ag+ify)! 1

where / is the line length from the short to the point of
measurement. In the experiments described in this paper
and, in fact, for most experimental conditions of interest,
the approximations ay/<1 and By/<1 are valid. Re [Z]]
then simplifies to the expression

R=Re[Z]=R,l/2. )

Since the input impedance must be an analytic function
of frequency, its real and imaginary parts are related by
the Hilbert transforms [3]. Imaginary contributions which
are linear in frequency can not be inferred from this
argument, however, and must be deduced from physical
reasoning. This is analogous to the surface-acoustic-wave
input impedance determination in obtaining the static
capacitive susceptance of the interdigital fingers [4]. In the
present case, we note that, far from the frequency range of
MSSW excitation, the input impedance must reduce to the
usual value for a short section of shorted transmission
line, i.e.,

Z~iwZyl/c
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where ¢ is the electromagnetic wave velocity in the micro-
strip line and Z; is its charcteristic impedance. The full
equivalent circuit thus consists of three series elements
and is characterized by an input impedance of the form
_ R, X, Zyl 3)
= it i —
) 2 c (
where X, is the Hilbert transform of R,,,.

I1I.

The radiation resistance R,, was shown to be given by
the expression [1]

Rm=(A++A—)/2

RADIATION REACTANCE

(4)

where

-2
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w and the wavenumber k, are related by the dispersion
equation
—1)( 1y + pios —tanh | ko|?)
pps +tanh |Kolr)

(g — pas

(Bt pps+ 1), —

In the above expressions, u;; and p,, are diagonal and

off-diagonal components of the permeability tensor, re-

spectively. s= +1 and the dimensional quantities b, ¢, and

d are defined in Fig. 1. Magnetic damping and anisotropy
have not been included in these expressions.

X,,, the Hilbert transform of R,,, is given by the relation

+ oo Rm W’

X, (@)= Lpf "= 2nl) ©

where P denotes the principal value of the integral. Using

exp 2|kod|= (6)

do’
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the condition

v do
Pl o= ®)
the singularity in (7) may be removed and X, (w) ex-
pressed as

X, (o )__f+ooR (w) R (w)

©)
Magnetostatic-surface waves on an infinite plane surface
exist within a frequency range having a lower limit w,
given by

=y[(H,+47M)H,]'" (10)

and an upper limit w, which depends on the state of
metallization of the magnetic surface

w,=y(H,+27M),
=vy(H,+47M), (11)

In the above expressions, y is the gyromagnetic ratio, H, is
the dc magnetic field within the medium, and M is the
saturation magnetization. If there is a dielectric medium
between the metal and the magnetic film, then w, lies
between the two values given by (11). The exact value
depends on the relative thicknesses of the dielectric and
the magnetic media. The expression for R, (w) applies in
the frequency range w; <w<w,. We assume that

R, (w)=0,

From (4) and (5) we may also write R, (—w)=R, (),
since changing the sign of w is equivalent to reversing the
direction of propagation. This merely interchanges the
roles of the two terms A, and 4 _. Using these properties
of R, (w), (9) may be transformed into

(l—w/wz)(;}@l— + l)

if unmetallized

if metallized.

for w<w, and w>w,.

Ry(@)

L

X, (w)=

(1+w/wz)(—“;":—1)

wy/wy Rm (le) - Rm (w)
x?— (‘*’/"-’1)2

Thus the imaginary part of the radiation impedance is
obtained from (12) by a simple numerical integration.

20

Twy Jy

dx. (12)

IV. RsesuLTs

Calculated curves for the radiation reactance and corre-
sponding radiation resistance of the shorted microstrip
transmission line are shown in Figs. 2 and 3 (solid curves).
The YIG film is assumed to be placed on top of the
microstrip (configuration A of [1]). Two samples ap-
proximately 2 mm wide (/=2 mm) having YIG film
thicknesses of 6.2 and 10.5 um, respectively, were studied
using two different microstrip exciters. The two microstrip
lines consisted of 0.18- and 0.05-mm wide strips, respec-
tively, on 0.25-mm thick alumina substrates. A magnetic
field of 740 Oe was chosen to set the optimum excitation
frequency at about 4 GHz.
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Fig. 2. Measured (circles) and computed MSSW radiation resistance
(Rni/2) and reactance (X,//2) for a shorted microstrip line.
(a) 5=0.18 mm, d=6.2 pm. (b) b=0.18 mm, d=10.5 pm.

The experimental points (circles) in Figs. 2 and 3 were
obtained using a Hewlett-Packard 8545 automatic
network analyzer as described in [1]. Time-domain re-
flectometer measurements were used again to accurately
determine the reference plane (front edge of the sample)
for the input impedance. The complex radiation imped-
ance (R,//2)+i(X,,l/2) was found by taking the dif-
ference Z,(H+0)— Z,(HI =0). Because the crystallo-
graphic orientation of the samples is not known, the
frequency of maximum radiation resistance of the experi-
ment and theory were set to coincide; no other parameter
was adjusted.

The best overall agreement between theory and experi-
ment is seen to occur for excitation with the wide strip
where all essential features of the response—amplitude,
bandwidth, and shape—are well predicted by the model.
Agreement is considerably poorer for the narrow strip
case. Although the maximum value of radiation resistance
is accurately predicted by the theory and an expected
increase in bandwidth with decreasing strip width is ob-
served, the measured bandwidth is considerably smaller
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Fig. 3. Measured (circles) and computed MSSW radiation resistance
(R,i/2) and reactance (X,,//2) for a shorted microstrip line.
(a) b=0.05 mm, d=6.3 pm. (b) 5=0.05 mm, d=10.5 pm.

than anticipated. Furthermore, the discrepancy in the
shape of R, causes a large corresponding discrepancy in
X, because of their transform relationship.

A likely major source of error is the assumption of a
uniform current distribution in the microstrip line. If a
more realistic current distribution, I=I[1—(2y/b)]'/? is
assumed, the factor sin (bk/2) in (5) is replaced by
Jo(bk/2) where J, is the Bessel function of order zero.
Although not completely accounting for the narrow strip
excitation behavior, it does have the effect of reducing the
bandwidth of R,, by 20 percent without altering its maxi-
mum value. Further improvement in the agreement might
be expected with a more accurate current distribution.
Other assumptions in the model, e.g., ayl, B,/<1, no
conductive losses, no energy stored in volume waves, and
plane MSSW propagation, could introduce additional
eITorS,

V. CONCLUSIONS

With certain simplifying assumptions, it has been
shown that a meaningful three-series element equivalent
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circuit representation of MSSW excitation can be ob-
tained without resorting to the computational complexity
of a full Maxwell equation—boundary value problem
approach. Although the radiation resistance is a com-
plicated function, it is of analytic form and thus is readily
evaluated for a wide range of experimental conditions.
The radiation reactance can be obtained from a numerical
Hilbert transform of the resistance with little extra com-
putational effort. Finally, the third element of the model
can be derived from the characteristic impedance and
guide wavelength of the microstrip line in the absence of
MSSW excitation.

It is, unfortunately, not possible to draw a set of univer-
sal curves showing the dependence of £, on the various
geometrical and material parameters. In this paper we
have shown only those curves relevant to our experimen-
tal parameters to demonstrate the validity of the model;
in general, Z, must be calculated for each set of parame-
ters of interest. However, from (4), (5), {(6), and (9) it can
be seen that, for a given bias field, Z _(w) does not change
if the microstrip width b, dielectric thickness ¢, and mag-
netic layer thickness 4 are simultanecously scaled by a
constant factor.

The experiments show that the equivalent circuit model
is most effective for relatively wide stripwidths, but it
accurately predicts the peak radiation resistance in all
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cases examined. For narrow strips, the correct qualitative
dependence upon geometrical parameters is observed, but
the bandwidth of the radiation resistance is consistently
overestimated. The radiation reactance therefore also dif-
fers significantly from the predicted response. Despite
these limitations, we believe the model to be a useful
guide in the design of MSSW devices, both in selecting
optimum geometrical parameters for the desired applica-
tion and in designing appropriate matching circuitry.
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Harmonic Analysis of SAW Transducers

CARL M. PANASIK anp BILL J. HUNSINGER

Abstract—The excitation function of an unapodized interdigital trams-
ducer (IDT) is determined by measuring the discrete impulise response,
taking into account the first seven harmonics of the frequency domain.
Using a time-segregation method, all non-SAW time-domain components
are suppressed. A single transducer is isolated by a method of autodecon-
volution that utilizes a theoretically derived phase function. The resulting
excitation function provides experimental imsight into the operatiom of
IDT electrodes and compares well with the theoretical response of Smith
and Pedler [3]. The basic amalysis techmique can be used for other
configurations, once the frequency-domain phase response of one frams-
ducer is known,

I. INTRODUCTION

N EXPERIMENTAL analysis technique has been
devised which produces the time-domain excitation
function of an isolated interdigital transducer (IDT). The
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time-domain excilation function is defined as the instanta-
neous surface acoustic wave (SAW) amplitude displace-
ment distribution resulting from a voltage impulse applied
to the transducer. Works of Engan [1], Hartmann and
Secrest [2], Smith and Pedler [3], Bahr and Lee [4], and
Szabo et al. [5] have presented theoretical descriptions of
the SAW electric fields produced by the IDT.

This paper describes a technique for measuring the
SAW amplitudes produced by these driving source fields.
The time-domain excitation function is found by measur-
ing the transducer frequency-domain voltage transfer ratio
in a low impedance system and transforming it to produce
the time-domain SAW amplitude distribution resulting
from the driving source fields.

II. SampLED TiME-DOMAIN CALCULATIONS

The frequency-domain transfer ratio is measured for
the distinct purpose of being transformed io the time
domain. The frequencies at which the transfer functions
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