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Microstrip Excitation of Magnefostatic Surface Waves:
Theory and Experiment

ACHINTYA K. GANGULY anp DENIS C. WEBB, MEMBER, IEEE

Abstract—A model is developed for excitation of magnetostatic
surface waves (MSSW) with microstrip transmission lines. Energy
carried away in MSSW propagating perpendicular to the microstrip
is related to electromagnetic (EM) energy propagating along the mi~
crostrip line by an equivalent radiation resistance. Supporting experi-
mental results are in excellent agreement with predictions derived
from this model.

I. INTRODUCTION

AGNETOSTATIC surface waves (MSSW) are po-

tentially important for carrying out signal process-
ing directly at microwave frequencies because of their low
propagation loss, ease of excitation, and possibility for
electrically variable delay. Operation of MSSW delay
lines has been demonstrated from 1 to 15 GHz [17, [2];
much higher frequency operation appears feasible. Thus
MSSW devices are in a sense complementary to surface
acoustic-wave (SAW) devices in that their useful fre-
quency range begins at frequencies where problems of
fabrication and loss begin to make SAW devices impracti-
cal.

A central problem in development of useful MSSW de-
vices and in particular in designing suitable matching
circuitry is the characterization of the excitation efficiency,
or equivalently, the radiation resistance, in terms of geo-
metrical and material parameters. Previous investigators
have calculated dispersive characteristics [37, [4] and
characteristic impedances [5] of composite dielectric—
magnetic slab structures. However, the problem of surface-
wave excitation has not been considered.

Microstrip excitation of MSSW has proven particularly
convenient [17], [37]. Because coupling from electromag-
netic (EM) waves to MSSW is very strong a single metal-
lic strip rather than a meander line is sufficient. This is
in contrast to SAW excitation where an interdigital trans-
ducer is necessary. In this paper we consider two different
excitation geometries, shown in Fig. 1. Configuration A
is somewhat easier to implement and enables several
samples to be evaluated with a common microstrip line.
Our experiments therefore concentrated on this geometry.
Configuration B is useful for constructing totally planar
configurations. As will be pointed out later in the text,
the two geometries exhibit somewhat different excitation
properties.
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Fig. 1. Microstrip excitation of MSSW. (a) Using a standard
alumina substrate (configuration 4). (b) Using a GGG substrate
(configuration B).

The approach used in this paper for calculating the
radiation resistance is basically one of power conservation.
In Section II the electric and magnetic fields associated
with MSSW are obtained by solving Maxwell’s equations
with appropriate boundary conditions at the various
interfaces. Magnetic anisotropy and magnetic relaxation
are included. The current carried in the microstrip line
is approximated as a surface current which is uniform
within the microstrip and zero outside of it. This intro-
duces an inhomogeneous boundary condition on the tan-
gential component of the magnetic field at the interface
containing the microstrip. The effects of reflection of
MSSW at the edges of the microstrip are not considered.
Results for the magnetostatic approximation are obtained
from the solution of Maxwell’s equations by assuming
that the wavelength of MSSW are much shorter than that
of EM waves at the same frequency. Since there is no sig-
nificant difference in the values of radiation resistance
calculated from the full Maxwell equations and the mag-
netostatic approximation, the magnetostatic approxima-
tion was employed in most of the numerical calculations.
In Section III the complex Poynting theorem is used to
determine the radiation impedance, Z,, = R,, + i1X., of
an infinitely long YIG-loaded microstrip transmission
line. The input impedance Z; of a shorted transmission
line is, in general, a complex quantity involving the propa-
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gation constant and characteristic impedance of the line
as well as Z,. When the total attenuation and phase shift
through the shorted section are not large, a condition met
in many cases of experimental interest, the real part of Z;
can be approximated by R.l/2, where [ is the length of
the transmission line. Although we present results for
only the real part of Z;, a method for determining the
imaginary part is also suggested. Finally, the experi-
mental techniques employed in verifying the theory are

discussed in Section IV; experimental results are sum--

marized in Section V.

II. TE MODES

The system shown in Fig. 1(a) (configuration 4) will
be considered in detail. That shown in Fig. 1(b) (con-
figuration B) can be analyzed by a straightforward ex-
tension of this case; hence, only pertinent results will be
quoted. A cross-sectional view of the geometrical con-
figuration is shown in Fig. 2. It consists of a three-layered
semi-infinite slab. A magnetic layer having a tensor per-
meability, i, is sandwiched between two dielectric regions.
The microstrip line for excitation of MSSW lies between
the magnetic region (II) and a dielectric region (III).
Note that this dielectric region corresponds to that of the
alumina substrate [Fig. 1(a)]. Perfect conductors are
assumed. The z axis is taken parallel to the internal mag-
netic bias field Hy. Hj is the sum of an externally applied
static magnetic field H, and the anisotropy field H,.

Since the geometry is assumed uniform and infinite in
the z direction, solutions to Maxwell’s equations are of
two types of modes, those derivable from ¥, and those
derivable from H,. We will consider only transverse elec-
tric waves (components E,, H,, and H,) propagating
in the y direction. The constitutive equations to be used
with Maxwell’s equations are

B = pgi-H and D = ez, -F (1)

where o and ¢ are the vacuum permeability and dielectric
constant, respectively. The general expression for the rela-
tive permeability, u,, in anisotropic media, including the
effect of damping, has been given by Vittoria and Wilsey
[6]. In both air (region I) and the dielectric layer (region
HI), p, is a unit matrix. ¥t will be assumed that the di-
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Fig. 2. Cross-sectional view of the excitation geometry [Fig. 1(a)].
The origin is taken at the interface between Regions IT and III
at the centerline of the microstrip. The internal magnetic bias
field lies along the 4z direction.
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electric properties are isotropic in the three regions I, II,
and III, and the relative dielectric constants, e, in these
regions will be denoted by &, &, and &, respectively.

The solutions for the TE modes of the system may be
written as follows.

Region I: — o <z < —d

+o0
.BI = /.L()H,; = Mo/ Ak exp (ﬁl l k [ X)

—0

cexp [—t(ky — wr)] dk

H,

Il

+oo
—i/ sBidrexp (1] k| )

cexp [~—ilky — wr)]dk. (2)

Hand H, are chosen so that they tend to zero at z = — oo,
Hére s = k/| k|, the sign of k.

Region II: —d <z <0

+o0 — 2
BI:MO/ {l_‘yﬁ%_ﬂ}zgkexp || )
p1Be + pies

—0

Baipey — pao?

Ckexp(—ﬁzlklx)}

kB2 — uis
- exp [—i(ky — ot)]dk
400

[sBrexp (B2 | k| &) + sCrexp (=B | k| 2)]

(3)

—1

H,

I

cexp [—i(ky — wr)] dk.
Region IT1: 0 < z < ¢
“+o0
Bo=po [ [Deoxp (8]k|2) — Buexp (8| k] 2)]

—00

cexp [—i(ky — wr)] dk
-+o0
~i [ selDuexp (8a] k| 2) + Buexp (] k| 2)]

cexp [—t(kby — wr)]dk. (4)

Expressions for Ez are obtained from that of B, by multi-
plying the integrand with ws/| k1. In (2)—(4) B;, B:, and
Bs are given by

H,

I

B = [1— (w/cok)>]t/2 (5)
B = (Mzz/ l~t11)1/2[1 -+ (621/200/ 0075)2(11-122 - Muﬂzz)/ Mu]m (6)
63 == [1 —_ (631/2(.0/00]9)2]112 (7)

where ¢o = 1/(uoeo)*? is the velocity of light in vacuum.
The coefficients 4, B, C, D, and E are determined from
the following boundary conditions: B, = 0 at x = ¢ and
is continuous at # = 0 and —d; H, is continuous at
2 = —d and discontinuous by jo, the surface current den-
sity, at « = 0. We consider the microstrip to be of neg-
ligible thickness and incorporate it in the boundary condi-
tions as a surface current. We take the following form for

Jo:
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ly| <b/2
ly | > b/2

(8)
(9)

jo = (Lo/b) exp [i(wr)],
=0,

where I, is the current in the microstrip of width b.
From (2)—(9), using the inverse Fourier transform, we
get,

ilos sin (bk/2) (on + o) (1/8s) tanh Bs | k| ¢

Akz—

o2 (bk/2) F (o)
cexp[—(B:— By) | k| d]
5 — _ s sin (bk/2) (esBy+ 1) (1/8y) tanh fy | | | ¢
g 2r  (bk/2) F (ko)
O = — iI_o_s"sin (bk/2) '(a2,31 - 1) (1/,33) tanh Bs | k | t
¢ o2r  (bk/2) F (kyw)
cexp (—26: k| d)
7 - ggﬁ.sin (bk/2). 1
T or (bk/2) . Bs[L + exp (28: 1 k] 0)]
. 0&(011;61 “|— 1) - al(“?ﬁl - 1) exp (_232 I k | d)
F(kw)
where oy and @, are given by
_ pupn — et _ M —
o = ——“1162 R and o2 —————”uﬂﬂ i (11)
The function F (k,w) in (10) is defined by
F(kw) = (afs + D[z + (1/Bs) tanh Bs | k| £]
— (agBs — D[en — (1/8s) tanh Bz | k| £]
cexp (—26: 1 k| d). (12)

The surface-wave propagation takes place at wave vector
| k| = kos given by [7]

F (kosy0) = O. (13)

The w versus kg curves may have two branches [5], [81—
the lower branch falling within the frequency limits
0 < o < wm, while for the upper branch o > wn.

wm = v(Ho + 4xMy) (14)

where 7 is the gyromagnetic ratio and 4xM, is the satura-
tion magnetization. For YIG, 4rM, = 1750 Oe at room
temperature and v/2r = 2.8 MHz/Oe. The lower branch
corresponds to MSSW while the upper branch corresponds
to “dynamic” waves [87]. Since we are interested only in
MSSW  excitation, the upper branch will be ignored
although the theory is valid for the entire frequency
spectrum. For a given frequency o, ko, will be different
for s = -£1. In the following we will suppress the sub-
seript s on ko for notational convenience.

The components of the electric and magnetic fields can
be obtained by substituting (2)—(4) in Maxzwell’s equa-
tions. We thus obtain the following equations:
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1) —o <2< —d

B, = —ip +n° G(k)w) (0‘1'S + a2s) €xp [Bl I k I (:L‘ + d)]
- exp (—iky) dk/F (ko)
Hy= — [ 86 (kw) (cn + as) exp [Bi] b | (& + )]

—00

- exp (—iky) dk/F (k) (15)

2) —d<z<0

+e0 >
B, = —im G(kyw) { aas(asBy + 1) exp [B2 | & | (& + d)]
— as(agfy — 1) exp [—Be | k| (z + )]}
- exp (—tiky) dk/F (k,w)
+o0 .
H, = — G (ko) {(caBr + 1) exp [B: | k| (z + d) ]
+ (s — Dexp[—Be | k| (z +d) I}
- exp (—iky) dk/F (k,») (16)
30t
—+o0
Bx = —'I:Mo G'(k,w) {azS(txlfﬁ + 1) exp (62 l k ] d)
- a18(012ﬁ1 — 1) exp ("—,32 [ k l d)}
sinh 8; | k| (¢ — =) .
. sinh B [ k| £ exp (—1ky) dk/F (k,w)
+oo
H, = — G(k,w) {(anfy + 1) exp (B2 k| d)
cosh @ | k| (t — )
+ (a‘Zﬂl_l) exp (_BQIkld)} COShﬁ3|k!t
- exp (—tky) dk/F (k,w) + H;® (17)
where
HLO = Iyexp (+iwTt) /“’ sin (bk/2) .COShﬂg || & — =)
’ 27 o (DE/2) cosh B | k| ¢
- exp (—iky) dk. (18)

In (15)—(17) G(k,») is given by

_ Tyexp (fwr) .sin (bk/2)
Gllw) = =5 (bk/2)

_exp (~ | k| d) tanh g | ] ¢
Bs )

The term H,® in (17) takes into account the discon-
tinuity in H, at = 0. Setting z = 0 in (18), it is easy to
see that H,© = (Io/b) exp (+iwr) for |y | < b/2 and
zero otherwise. All other terms in the expressions for By,
H,, and E, are continuous at the interfaces at + = 0 and

(19)
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—d. These terms have the general form

/+°° sin (bk/2) Q(k,w)
_w  (bk/2)
It can be shown that all derivatives of F(k,w) exist at

k = ky and the first derivative is nonzero. Therefore,
F (k,w) has a simple zero at k£ = ko and we can write

(]C - k)o) 7=l
n!

Flha) dk.

Fkw) = (b — ko) i F® (ko)

n=1

(20)
where F™ (ko,w) is the nth derivative of F with respeet to
k evaluated at k = ko. By differentiating (12) we have
FO (kow) = 2sdBaAio(aify + 1) (as + (1/8;) tanh Bskt)
n

where
4 . (oq +,a2) (1 — tanh? ngot)
262d ((Xlﬁa -— tanh B:skot) (a2ﬁ3 + tanh 63]€ot) ﬂ32

A =1+

_ (w/cok)? [ (o + a2)
28akod | (1B + 1) (a2 — 1) B

kod ( It122 - #11/1-22) €2

+ B

€3 ((Xl + C\lz) {tanh Ba‘kot et ﬂgkot(l — tanh? szot) }
Bs(aiBs — tanh Bskot) (asBs + tanh Bskot)

_ &(Bs + B tanh Bskqt)
B

a,?
{(OHBI + 1) (0!1,33 i tanh ﬁskot)

a22
+ (a1 — 1) (asBs + tanh Bskol) } ] ’ (22)
Since F(k,w) has simple pole at k = ko, we may evaluate
the integrals by the method of contour integration in com-
plex k plane. The contour will consist of the real k axis and
an infinite semicircle on the upper half-plane so that out-
going waves in the +y and —y directions are obtained.
We ignore the effects of reflection at the edges of the
microstrip. Sin (bk/2) is not well behaved on the upper
half of the complex %k plane. In order to avoid that diffi-
culty we break up the integrands into two terms by writing

1 _I—F(k,w)/F(w,w) 1

Flew) ~ Flbw) T F(ow) D

where
F(w,w) = (B + 1) (ae/Bs + 1) /Bs. (24)

Each of the integrals in (15)—(17) will thus separate into
two parts. We consider first the part arising from the
first term in (23). These contributions to the field com-
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ponents will be denoted by a superscript (1). This part
may now be evaluated by contour integration since the
integrands are now well behaved, except for the pole at
k = ko. By applying the method of residues we obtain
the equations for all the field components. We write down
explicitly only those components which we will later need
in the calculation of radiation resistance.

Region IT1: 0 < z < ¢

IoRko . sin (bko/Z) exp ( —’ﬁskot)

H® = %:d  (bko/2) B[l + exp (—2Bskdt) ]
[ty
— exp [Bsko(z — ) J] exp [—i(koys — wr)]  (25)
where
Buw = (asfs — 1) exp (—PBekod)
- tanh Bskot/ (aeBs + tanh Baket) Aro.  (26)

Region I1: —d <z <0

HO® — IoRko.SiIl (bko/Z) [
§ 2d  (bke/2)

#22/ B2 + w18 €xp [ﬂzko(ﬂf +- d)]
pBe + p1es af — 1

/B — pus exp [—PBoko(x + d)]]
pnfe — p1eS af + 1

«exp [—i(kays — o7)]

g0 - —iIostO.sin (bko/2) [exp [Beko(z -+ d) ]
Y 2,32d (bk’o/2) a2,31 —_ 1
_ﬁ@PMM+@q e
wh 1 exp [—i(koys — wr) .
(27)
Region I: —w <2< —d
H ® — [oRko-Sin (bk0/2) . oy + [s73
‘ 2ﬁzd (bko/z) (06151 + 1) (QQBI - 1)
- exp [Biko(z + d) Jexp [—i(koys — wr) ] (28)

In all the regions the electric field is given by E.,® =
(w8/ko) B+, H,®, H,®, and F," represent the respective
components of the magnetic and electric fields associated
with the surface spin-wave propagation. Their amplitudes
have sin £/ variation with the width of the miecrostrip.
The magnetostatic approximation holds when ko>
Y20/ ¢q, ¢ being the velocity of light in vacuum. If we neg-
lect terms of order (ew/coko) and higher, the following
approximate forms for 81, 82, and Bs are obtained from (5)-
(7):
(29)

(30)

Br=1=p
Bz = (pze/pm)*? = B.
From (11), (22), (26), (29), and (30)
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a1 = puf + pes and o = pnf — s (31)
llr22/52 + p1es - Mzz/ﬁz — K128 -1 (32)
pufBe + pizs 1P — pis
Aw = 1+ pu(t/d) (1 — tanh? ko)
+[u?8* — (ues — tanh kot)21*  (33)
Riw = (uuB — s — 1) exp (—pBked) tanh kot/
" Ago(puB — pes + tanh ket).  (34)

The expressions for H,®, H,®, and E.® under magneto-
static approximation can easily be written down by sub-
stituting (29)~(34) in (25)-(28).

The contributions to B,, H,, and E. from the second
term in (23) will be denoted by B.®, H,®, and E,®, re-
spectively. In region III (0 < x < t) the term Hy;® of
(17) will be included in H,©®. B,®, H,®, E,© represent
the components of fields due to the current in the miecro-
strip line when there is no coupling with the spin system.
In general, numerical procedures are necessary to eval-
uate these quantities. However, simple expressions for
B9 and H, under magnetostatic approximation can be
obtained in all the regions for the cases where { — «. For
example, in Region I (—o <z < d)

{B=Dd+]z[}2+ (y +b/2)*
{B—1d+ |z} + (y — b/2)*

B x(O) = — 2[&0[1.1131‘1 %0 In
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1[ (E X H*)-dS = 0 (36)
2/

where S is the closed surface bounded by the yz planes at
2z =t and — o, the 2z planes at y = +y,, and the zy
planes at z = 0, Az. For the MSSW modes considered
here, (E X H*), =0 and (E X H*), =0 at z = ¢ and
z = . Thus the power lost per unit length W, by the
EM wave propagating along the strip in passing through
the enclosed volume is given by

t
Wi = Re (s/2) / E.OHH® gy = Re (P + P)  (37)

where P, and P_. denote the surface integrals for a unit
length over the two zz planes at y = 4y, with normals
pointing in the 4y and —y directions, respectively.
s = 1 denotes the +y and —y MSSW propagation di-
rections, respectively. Since E, = wsB,®/k,, we have
from (36) and (37)

o

Pd:'__ 2

—d 0
[/ | Hpy® |2 do + / {pa | Hoa® 2
—w —d

2
— fppH WO H 1P dr + f | Hoxii® 2 dx] .

\0
(38)
On substitution of H,® and H,® from (25)—(28) in (38),

{8 — Vd + |z}
H,® = ~2unBAwarctan . weget
{B—Dd+|z]p+y —b/4 Pp=34,11L (39)
(35) where
Ay = Ry p 1 |sin (bke/2) 2[ o+ a 1 exp (Bekod) | exp (—Brked) |*
T8 (kd | (Dko/2) (B + 1) (B — 1) | 2(Bsko)rd | oufy — 1 by +1
. 1 —exp [_4(133]00)1315] — 2(Bsko) & exp [_2(/33k0)Rt] sin {2 (8sko) It}/ (Bsko) 1 Q2 (Mzz + M12,328>*
2|8 2| 1+ exp (—2Bskat) [* (Bsko)rd | aaBy — 112 \onibs + paos
| exp [2(Bsko)rd] — 1 i ay (;fz - mzﬂas)* 1 — exp [—2(Beko)rd]  sin (Boko) rd
2(Buko) ad | sy + 1|2 \pusBy — pns 2(Bako) rd (Boko) 1d
. {”22* _ ”12*32*8 ) o eXp D‘(szo) zd] o™ + ,;,12*,82*8 . ag exp [—i(ﬁﬂko) Id] H (40)
putBe* — p*s  (awfy — 1) (ar*Br* + 1) pu™Be* + pes  (*8* — 1) (ab + 1)) 17

The fields in the other two regions have the same general
functional dependence. H,® and H,©@ are fields associated
with modes not propagating in the y direction which ap-
proach zero for y >> b. Thus they do not contribute to the
radiation impedance but rather give a small complex con-
tribution to the characteristic impedance of the micro-
strip line.

HI. RADIATION IMPEDANCE

The average power carried away by magnetostatic sur-
face waves can be related to the power lost from the elec-
tromagnetic wave through the complex Poynting.theorem

The symbols (---)z and (---)7 in (40) denote, respec-
tively, the real and imaginary parts of the quantity inside
the parenthesis. ko is obtained by solving (13). oy and o
are given in (11). ko, a1, and a» depend on the value of s.

P, and P_in (39) can be interpreted as the power radi-
ated per unit length by the waves traveling in the +y and
—y directions, respectively. Since we have assumed that
the medium is infinite in the y directions, there are no re-
flected waves. Thus the total radiated power per unit
length is the real part of Pr given by

Pr=P,+P_=3A;+A) | L a3zZ.| L2 (41)
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where Z, = R, + iX,. is the equivalent radiation im-
pedance for an infinitely long microstrip line. Z,, will be
real when the ferromagnetic linewidth AH = 0. In the
frequency range [3] y(H, + 20Mo) < w < y(Ho + 4mMo)
the wave propagation is not allowed in the —y direction.
Z., 18 then equal to 4.

To this point only configuration 4 has been considered.
Analysis of configuration B proceeds exactly as before, with
the discontinuity in H, occurring at ¢ = —d. For con-
figuration B we find that the fields H,® and H,® can be
derived from the expressions given in (25)—(28) by simply
omitting the factor

(agB1 — 1) rexp (—pBakod)
(csfs + tanh Bkot)

Furthermore, A is now given by (40) with R = 1/4 0.

If the damping of the surface waves is neglected and
the magnetostatic approximation made, then we have
from (29)—(31) and (40)

sin (bko/2)
(bko/2)
) [ 1 — 4kt exp (—2kot) — exp (—4kot)
[14 exp (—2ket) P
« {(ps + 1) sinh (Bked) + wuB cosh (Bkod) }?
+ (#123 + 2,“-1152700(1) { (I-H?S + 1) — ,unzﬁz}
— {prs[(us + 1)? — pu®6°] — 2un?6?} cosh (28kd)

tanh Bskot.

2

[28kod{ (us + 1)? — 6%} |

Ay = powlao?

— puB(p? — 1 — pu’8*) sinh (28kd) } (42)
pu, pe, 2nd up are obtained from [6, eq. (8)] by setting
the damping parameter A = 0. Ry is given by (34).

A particularly simple form for the radiation resistance
R,. can be obtained when ¢ — «. By using the dispersion
relation for MSSW, we obtain, after some manipulation
from (42),

Al = M(sin (bko/2)>2 b
SET2 (bko/2) kod[ (pe F 1)? — pups]

(43)

where

1/2 4( )1/2
kd=(‘ﬁ> 1n[1+ —— ] 44
’ s p1? — [ (urpg)V? 4 172 (44

ko is independent of the direction of propagation when.
t — . Equation (43) holds for configuration A. For con-
figuration B the roles of A, and A_ are interchanged.
Therefore the radiation resistance R, = Re (4, + 4_)
is the same in both configurations and given by

sin (bko/2) ]2
(bko/2)

Rm = ,lbow[

. pai(pae? + 1 — paass)
kod[ (w2 + 1)2 — papae J[ (w12 — 1)? — pnspen ]

(45)
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In Fig. 3 the radiation resistance (R,,) is plotted as a
function of frequency. The curves marked (a) and (b)
denote, respectively, R, in configurations 4 and B. The
solid curves are obtained from Maxwell’s equations while
the magnetostatic approximation is used for the dashed
curves. As seen from the figure, there is no significant
difference in the results obtained by the two methods. In
all subsequent calculations magnetostatic approximation
will be used to save computation time.

The ratio of Re (A.) to Re (A_) gives the ratio of
power delivered to the 4+ and — directions, respectively.
This is illustrated in Fig. 4 for the two excitation con-
figurations. Unlike SAW excitation where P_/P, = 1,
P, # P_ in general for MSSW and essentially unidirec-
tional excitation is possible. Furthermore, the roles of the
+ and — waves become interchanged for the two con-
figurations in the higher portion of the frequency range
(high k). This is because the two oppositely propagating
waves have amplitude maxima on opposite sides of the
YIG film surface and the microstrip most strongly excites

(b) — Maxwell's Equation
—~ Magnetostatic Approximation

35 36 37 3.8
Frequency- GHz

Fig. 3. Radiation resistance R, versus frequency obiained from
Maxwell’s equations (solid curves) and the magnetostatic ap-
proximation (dashed curves). Curves marked (a) and (b) refer,
respectively, to the configurations of Fig. 1(a) and (b). Param-
eters used are: { = 254 ym; b = 178 ym; Hy = 650 Oe; ez =
e = 10; d = 6.25 pm.

14 - (b}

10+

Hem 650 0e
t=254,
d= 6.25

b= l77.gp

I
\
L
-
I

10 log, (P-/P,)

35 3.6 37
Frequency — GHz

Fig. 4. Relative power carried by MSSW propagating in the 4y
and —y directions. Curves marked (a) and (b) refer, respectively,
to the configurations of Fig. 1(a) and (b).
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the wave having the  largest amplitude at the surface
where the strip is located.

The calculated radiation resistance will now be related
to experimentally measurable parameters. We assume
that the voltage and current of the EM wave propagating
along the microstrip line are of the form exp [ —aw —
1(Boz — wr) ], where ay, the attenuation constant, arises
solely from excitation of the MSSW modes. Furthermore,
the voltage and current are related by a characteristic
impedance Zy. The average power carried by the trans-
mlssmn line is

P=3Z| I |~ (46)
Also .
P .
Wi = ® . 2a0P. (47)
9z ,

From (37), (41), (46), (47), and equating I, to I,, we
obtain .
(48)

For optimum MSSW excitation the YIG line should
be terminated in a short circuit. Experiment and theory
will therefore be related for this configuration (Fig. 5).
The characteristic impedance and propagation constant
are in general different for the YIG-loaded and unloaded
microstrip sections. These quantities were recently de-
termined by Wu and Rosenbaum for the YIG microstrip
structure [5]. At the junction of the two lines, the im-
pedance Z;, seen looking toward the short, is

Zm = 20070.

Zi = R,, + ?,Xz = Zo tanh (O!o + ’Lﬂo)l. (4:9)
From (48) and (49)
Zm = 2aoZ,~/tanh (ao + 7,,30) l (50)

Experiments [5] have shown that the imaginary part of
- Zyis smaller than the real part by at least an order of mag-
nitude. In this approximation, it can be shown that

_ 2R 1+ tanh? ayl tan? gl
B = tanh ool 1 + tan? 8ol 1)
Xn = e 2
Re (Zz) ™ (52)

When ad < 1 and 8o < 1, (51) reduces to

Rg —_— 1,

— |

Fig. 5. Excitation of MSSW by a shorted transmission line. Sub-
script 1 denotes the unloaded section; subscript 0 denotes the
YIG-loaded section.
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(53)

Reference [5] and experiments described in the following
sections verify that this relationship is valid over a con-

“siderable range of experlmental conditions of interest.

We can consider the transmission line Z; to be térmi-
nated in an ‘impedance Z; = R; 4 jX.. The ratio of
the power P, which is dissipated in R, i.e., converted to
MSSW, to that delivered by the generator P; is given by

P 4Z:R;
— = : . 54
Py (Ri+Z)*+ X2 (, )
With agl, 8l < 1, this equation reduces to
P, 2Z1B1 ,
im 1 (55)

s 2t B2

Since essentially unidirectional excitation is possible and
R,l/2 can approach Z;(Zy > Z; from [5]), nearly total
conversion from EM to MSSW energy is possible. More-
over, since (49) and (54) are general expressions, by using
Zy and B, from [57] and ao, determined here, both the real
and imaginary parts of Z; as well as the loss in conversion
from EM to MSSW energy can be determined even when
aol, Bl = 1.

IV. EXPERIMENT

Both of the previously mentioned exeitation schemes
were investigated experimentally. A picture of the alumina
substrate geometry used is shown in Fig. 6. Slices approxi-
mately 2 mm wide were cut from 3/4-in-diam GGG wafers
on which YIG films ranging from 1.7 to 6.25 ym had been
grown. {(Dimensions of the individual samples evalu-
ated are given in Fig. 7.) The samples were mounted on
the microstrip line in the manner shown in Fig. 1(a). The
microstrip circuit consisted of 0.18-mm-wide strips on a
0.25-mm-thick substrate. For these dimensions the char-
acteristic impedance Z; of the line is 60 Q, and the ratio
of free space to guide wavelengths, Ao/), is 2.6 [9]. The

Fig. 6. ,Experimental aluming microstrip geometry.
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Fig. 7. Measured and computed values of the input resistance B
for configuration A [Fig. 1(a)] for four different thickness YIG
samples at Hy = 650 Oe; b = 177.8 um; and ¢ = 254 um (4,
measured).

latter number was verified by a time-domain reflectometer
measurement. The required magnetic bias field in the
plane of the film perpendicular to the long axis of the
sample was provided with an electromagnet. The right-
angle bend in the microstrip cireuit minimized the magnet
gap required.

A HP model 8545 automatic network analyzer was used
to make the impedance measurements. Each individual
series of measurements spanned a 400-MHz band of fre-
quencies in 5-MHz steps. The magnetic. bias field was ad-
justed to center the bands at one of three frequencies—3.5,
4.5, or 6.0 GHz. In order to compare the experimental and

theoretical results, the measured input impedance to the

microstrip circuit was translated along the microstrip
transmission line to the front edge of the YIG/GGG
sample using the values of Z; and \/X cited in the pre-
vious paragraph.

Ohmie losses in the mierostrip line were accounted for by
taking the difference R;(H £ 0) — R;(H = 0). Essen-
tially the same procedure was employed in investigating
the configuration shown in Fig. 1(b). The microwave
signal was first launched on a 50  (0.025-in strip on a
0.025-in alumina substrate) microstrip line. It was then
coupled to a 0.001-in-wide Cr-Au strip plated on the
YIG/GGG sample by means of thermal-compression-
bonded gold wire, 0.001-in in diameter. No matching sec-
tions were employed. A single YIG film sample was eval-
uated using this configuration. It was 6.2 uym thick and
0.5 cm wide.

V. RESULTS

Fig. 7 shows the theoretical and measured input re-
sistance R; of four different thickness YIG samples as a
function of frequency at a constant magnetic bias field of
955 Oe. Fig. 8 shows the dependence of R; upon bias field
for a constant film thickness. All results are for the con-

figuration A excitation geometry. In determining R

(theoretical) the damping parameter, \, is taken to be
zero and the approximation R; = R,l/2 [(53)] is used.
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Fig. 8. Measured and computed values of the input resistance By
for configuration 4 [Fig. 1(a)] (4, measurad).
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Fig. 9. R; versus frequency with the ratio of microstrip width to
film thickness b/d as a parameter.

Note that the midband conversion loss, as determined by
(55) [= 10 log (Pn/P1)] with Z; ~ 50 @ is less than 1 dB
for the range of experimental parameters shown.
Agreement between theory and experiment is, in general,
excellent. The following trends can be observed for the
range of experimental parameters considered: 1) at a fixed
bias field and given microstrip geometry, the excitation
bandwidth B, increases approximately proportional to
the YIG film thickness d. The maximum value of R,, in-
creases only slightly with increasing d. Most of the vari-
ation in the maximum value of B;(= R.l/2) in Fig. 7 is
attributable to the different sample widths used. 2) For
a given geometry, B, narrows while the maximum value
of R, incréases with increasing bias field (Fig 8). ’
At the higher frequencies eonsidered, some of the theo-
retical approximations, Le., adl, Bl << 1, and absence of
ohmic loss, are not well satisfied. Furthermore, accurate
impedance measurements become difficult. These factors

‘account for the poorer theoretical-experimental agree-

ment observed. The theory is expected to become less
accurate as the width of the strip is decreased since the
uniform current approximation becomes poorer and ohmic
losses more significant.

Although the physical parameters considered to date
are convenient for obtaining an accurate correlation be-
tween theory and experiment, in a practical device design
a considerably broader excitation bandwidth than pre-
viously indicated is desirable. The wide bandwidth can
be achieved by narrowing the microstrip width, as shown
in Fig. 9. Note that for widths b < 5d, several hundred
megahertz excitation bandwidths are possible.
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Fig. 10. Measured input impedance for configuration B [Fig. 1(b)].

Experimental results for configuration B are shown in
Fig. 10. No meaningful comparison with theory is possible
because of the experimental parameters used. The very
narrow excitation strip gives rise to a high value of im-
pedance for the YIG section, and no matching from the
50-Q microstrip to the YIG section was employed. It is
evident from Fig. 10 that substantial mismatch does
occur. However, in general, it can be seen that the band-
width of R, can easily be several hundred megahertz wide.

VI. SUMMARY

The model developed for excitation of MSSW with
microstrip circuitry has been shown to be in excellent
agreement with experimental observations. The loss from
the EM wave propagating along the microstrip to the
MSSW system can be experessed in terms of an equivalent
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resistance R,. per unit length. When MSSW excitation is
carried out by means of a shorted transmission line of
length [, the equivalent MSSW radiation resistance can be
expressed as R.l/2 for a wide range of parameters of ex-
perimental interest. In contrast to conventional SAW
excitation, essentially unidirectional transduction is pos-
sible. Finally, by making the microstrip approximately
five times the film thickness or smaller, more than 500-MHz
bandwidth is achievable. This is adequate for most
projected MSSW applications [4], [107], since dispersion
and not excitation then becomes the main bandwidth-
limiting mechanism.
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