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Complex Radiation Impedance of
Microstrip-Excited Magnetostatic-! !.krface Waves

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

Abstract-A technique is described for computing the radiation reac-

tance of microatrip-excited MSSW’S from a Hilbert transform of a
previously derived exprcsaion of the radiation resistance. The aerk comtd-
nation of the radiation reactance, radiation resistan~ and an inductive

reactance corresponding to a shorted section of ndcrostrip fine forms an

eqnivafent circuit charac@rizing the excitation prows. Supporting imped-

ance measurements are presented and limitations of the model are dis-

cussed.

1. INTRODUCTION

T 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. Rn 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 Xn by taking a Hilbert

transform of Itm, 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.

11. 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. Cross-sectional view of the excitation geometry. The magnetic
bias lies along the + Z direction.

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 Rm of an infinitely long transmission line.

The electromagnetic wave propagating along the trans-

mission line is assumed to be of the form exp [ — aoz –

i( floz – CW)] 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

Zi = Z; tanh (CXO+ i~o)l (1)

where 1 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 sol<< 1 and /3.1<< 1 are valid. Re [Zi]

then simplifies to the expression

R,=Re [Zi] = Rml/2. (2)

Since the input impedance must be an analytic function

of frequency, its real and imaginary parts are related by

the Hilbert transforms [3]. Imagina~ 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

line, i.e.,

Zi+itiZO1/c

shorted transmission
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where c is the electromagnetic wave velocity in the micro-

strip line and 20 is its characteristic impedance. The full

equivalent circuit thus consists of three series elements

and is characterized by an input impedance

R1 Xl
Zi=*i-i*i-iu~

where X~ is the Hilbert transform of R~.

III. RADIATION REACTANCE

The radiation resistance & was shown to

the expression [1]

R~=(/l++A_)/2

where

of the form

(3)

be given by

(4)

~ sin (bkO/2) 2

A ‘ = ‘“Rm (bkO/2)
[2kOd{(p,,s+ l)2-p;,} ]-2

[

. z-l –4kOi exp ( –2kOt) – exp ( –4kOt)

[1 +exp (-2kot)]2

o{(Iw+ 1) sinh (k.d)+pl, cosh (kod)}z

+(~1’~+2pllkod){(pl’s+ 1)2– p~l}

- { P12s[(P12s+ 1)’-kj +?,) Cosh (X@)

R~o=(pll–p12.s– 1) exp (–kod) tanh kot

/A~o( P,,- P,’s+tafi kot)

A~o= 1 + pll(t/d)(l – tanhzkot)

“[ ~?~-(lb~-tafik,t)’]-’. (5)

Q and the wavenumber k. are related by the dispersion

equation

exp z,ko~,= (P11-P12s-1)(~II+~12s-tafi Ikolt) . (6)

(p,~+p,’~+ l)(p,, -p,’s+tafilkolt)

In the above expressions, p,, and p12 are diagonal and

off-diagonal components of the permeability tensor, re-

spectively. s = ~ 1 and the dimensional quantities b, t,and

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

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

Xm(6))= ~P
1

+ m R~ (a’)
— da’

T -m
~r—u (7)

where P denotes the principal value of the integral. Using
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the condition

J
+m &J

P —=0—* 6)—(.!J
(8)

the singularity in (7) may be removed and X~ (u) ex-

pressed as

Magnetostatic-surface waves on an infinite plane surface

exist within a frequency range having a lower limit o I

given by

‘til=Y[(Hi+47M)H, ]’/2 (10)

and an upper limit CJ2which depends on the state of

metallization of the magnetic surface

@’= y(H[ + 2mM), if unmetallized

(d2= y(lil +4TM), if metallized, (11)

In the above expressions, y is the gyromagnetic ratio, Hi is

the dc magnetic field within the medium, and Al is the

saturation magnetization. If there is a dielectric medium

between the metal and the magnetic film, then CJ2 lies

between the two values given by (1 1), 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 al< u <02. We assume that

RM (u)= O, for U<Ql and U>U2,

From (4) and (5) we may also write R~( --Q)= R~(cJ),

since changing the sign of a is equivalent to reversing the

direction of prclpagation. This merely interchanges the

roles of the two terms A + and A_. Using these properties

of R~ (a), (9) may be transformed into

R~ (o) In

[1

(l-u/@’)(: + 1)

Xm(u)= —
77

()
(1+(.d/L02) :-1

Thus the imaginary part of the radiation impedance is

obtained from (II 2) by a simple numerical integration.

IV. RESULTS

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 (1=2 mm) having YIG film
thicknesses of 6.2 and 10.5 pm, respectively, were studied

using two cliff erent microstrip exciters. The two microstrip

lines consisted of 0.18- and 0.05-mm wide strips, respec-

tively, on 0.25 -nnrn 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 ‘wmputed MSSW radiation resistance
(Rm//2) and reactance (x#/2) for a shorted microstrip line.
(a) lr=O.18 mm, d=6.2 pm. (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

deternine the reference plane (front edge of the sample)

for the input impedance. The complex radiation imped-

ance (R~l/2) + i(Xw 1/2) was found by taking the dif-
ference 2i(ll # O) – Zi(H = O). 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

-20 ~,
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Fig, 3, Measured (circles) and computed MSSW radiation resistance
(R~l/2) and reactance (XmI/2) for a shorted microstrip line.
(a) LI=O.05 mm, d=6.3 pm. (b) b =0.05 mm, d= 10.5 pm.

than anticipated. Furthermore, the discrepancy in the

shape of Rm 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, l= l.[ 1 – (2y/b)]]j2 is

assumed, the factor sin (bk/2) in (5) is replaced by
.10(bk/2) where .70 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., aOl, ~01<< 1, no

conductive lo&es, no energy stored in volume waves, and

plane MSSW propagation, could introduce

errors.

V. CONCLUSIONS

With certain simplifying assumptions, it

shown that a meaningful three-series element

additional

has been

equivalent
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circuit representation of MSSW excitation can be ob- cases examined. For narrow strips, the correct qualitative

tained without resorting @ the computational con~pletity dependence upon geometrical parameters is observed, but

of a full Maxwell equation—boundary vak problem the bandwidth of the radiation resistance is consistently

approach. Although the radiation resistance is a cort~- overestimated. ‘Nw radiation reactance therefore also dif-

plicated function, it is of analytic form and thus is readily $ws significantly from the predicted response. Despite

evaluated for a wide range of experimental conditions. these limitations, we believe the model to be a useful

The radiaticm reactance can be obtained from a numerical guide in the desi~n of MSSW devices, both in selecting

Hilbert transform of the resistance wit% little extra tom- optimum geometrical parameters for the desired applica-
putational effort. Finally, the third element of the model tion and in designing appropriate matching circuitry.

can be derived from the characteristic impedance and

guide wavelength of the microstri.p line in the absence of ACKNOWLEDGMENT
MSSW excitation.

It is, unfortunately, not possible to draw a set of univer-
The authors arc indebted to A. Braginski of the West-

sal curves showing the dependence of Z~ on the various
ingkouse Research Laboratories and H. Glass of the Elec-

geometrical and material parameters. In this paper we
tronics Research Division of Rockwell International for

movidinz the YICT sarmies.
have shown only those curves relevant to our experimem ‘

tal parameters to demonstrate the validity of the model;

in general, Z~ must be calculated for each set of pas-ame-

ters of interest. However, from (4), (5), (6), and (9) it can
[1]

be seen that, for a given bias field, Z~ (u) does not change

if the microstrip width b, dielectric thickness f, and mag- [2]

netic layer thickness d are simultaneously scaled by a

constant factor. [3]

The experiments show that the equivale~lt circuit model

is most effective for relatively wide stripwidths, but it
[4]

accurately predicts the peak radiation resistance M all

.
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H[armonic Analysis of SAW Transducers

ANDBILLJ.HUNSIPJGER

Abstract—Tl~e excitation fuution of ass unapdti inter&@til trmss-

ducer (TDTJ is detetined by memdng the discrete impulse response,
taking into account the Jirst seven h-otim of the frquency domain.
Using a tirmc.segregation meth@ a$l ~0~-SAW time-dowk COmpOne~ti

are suppremeti A sir@e @ansdurAr is isolated by a metid of autdwon-

volution that utilizesa *@retietiIy defivd pkwe fwdion. The rwtiting

excitation function provides exptimen~l insight into the operation of

IDT ektrodes and compares WA with the tb~retid r-~m d’ Sfith

and Pedler [3]. The basic wtiysis twti~que w be ~d for other
conf@rations, once the frquenicy-domh phme response of one trasls-

ducer is kmwn.

1. INTRODUCTION

A
N EXPERIMENTAL analysis technique has been

devised which produces the time-domain excitation

function of an isolated interdigital transducer (I13T). l%e
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time-domain excitation 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 I?edler [3], Bahr and Lee [4], and

Szabo et al. [5] have presented theoretical descriptions of

the SAW electric fields produced by the I13T.

This paper describes a technique for mei~suring 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 impedanee system and transforming it to produce

the time-domain SAW amplitude distributicm resulting

from the driving source fields.

11. SAMPLED TIME-DOMAIN CALCULATIONS

The frequencydomain transfer ratio is measured for

the distinct purpose of being transformed to the time

domain. The frequencies at which the transfer functions

001 8-94$ 0/’78/0600-0447$00.75 ~ 1978 ~~~~


