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Abstract—In this paper, a transmission-line model is developed due to the finite width of the YIG film is included in the anal-
for the computation of the insertion loss of magnetostatic-sur- ysis, but only the delay time is calculated. Actually, the hypoth-

face wave transducers and measurements are carried out by ,: oot

the authors to check this model. In a first step of the analysis, eSISﬂlh<< tltando(;l < Lecan .be \;]ery hgrdIGyJugtlﬁed, except for
closed-form expressions for the solution of the telegraphers VETY Short transducers, as is shown in [6]-[8]. _ '
equations for the two microstrip transducers are obtained. The ~ The calculation of the transmission coefficient (or insertion

insertion loss is then derived from this solution as a function of l0ss) is one of the main goals of the theoretical analysis in the
three transmission-line parameters, i.e., the propagation constant design of MSSW devices such as filters or delay lines [9], [10].
and the characteristic impedance of the Y|G-loaded microstrip - g me works have dealt with the calculation of the insertion loss

line and the mutual inductance between the two microstrips,
these quantities being, in general, complex. In a second ste of MSSW transducers [11]-{13]. In [11] and [12], the hypoth-

these transmission-line parameters are numerically computed by €SisBl < 1 andal < 1 is assumed. In [13], the nonuniform
applying a full-wave method-of-moments technique. Thus, the nature of the fields along the width of the YIG film is taken into
theoretical results obtained are found to be in good agreement account in the analysis by means of a superposition of modes
with experimental results. [5]. A nonuniform current distribution is also imposed in [13]
Index Terms—Leakage, magnetostatic-surface waves (MSSWs), and the insertion loss is computed by numerically integrating

transmission-line parameters. the Poynting vector in an infinite domain. In this paper, the
authors show a method for the computation of the insertion
I. INTRODUCTION loss of MSSW microstrip transducers that takes into account

the nonuniform nature of both the current distribution across

T HE theoretical and experimental study of the excitatiofhe strip and the fields along the width of the YIG film using a

of magnetostatic-surface waves (MSSWs) by microstrig|atively simple model. The method is based on the analysis
transducers was reported many years ago in [1] and [2]. Inth@g&he currents excited in the microstrips. These currents are
papers, the input resistance and input reactance of MSSW rafmputed numerically by integrating in a finite domain, i.e.,
ducers are analyzed. The radiation resistance is computed bytﬁé-smp width. Unlike in [13], no explicit computation of the
suming that the surface current density on the strip is uniforpbynting vector and its numerical integration in an infinite
across the strip width (transverse direction in the microstrijomain are required. The method has two parts. In the first
The input resistance is then obtained from the radiation resiyt, 3 transmission-line model is put forward for the microstrip
tance by assuming that the fields are uniform along the widifynsducers and the subsequent telegrapher’'s equations are
of the yittrium—iron—garnet (YIG) film (longitudinal direction sgjved analytically. A closed-form solution is obtained for the
in the microstrip). This latter assumption is taken into accoufiflegrapher’s equations and the insertion loss is then derived
in the calculation by imposing thatl < 1 andal < 1; 8 from this solution as a function of both the width of the YIG
anda being, respectively, the phase and attenuation constaig and some transmission-line parameters, i.e., the complex
of the electromagnetic mode propagating along the Y1G-loadggbpagation constant and complex characteristic impedance of
microstrip and’ being the width of the YIG film. Later in the he v|G-loaded microstrip line, as well as the mutual induc-
literature, several studies have presented a more realistic apghce petween the two microstrips. In the second part, these
ysis of the excitation of MSSW by microstrip transducers biansmission-line parameters are numerically computed by
disregarding some of the restrictive hypothesis assumed in delying a full-wave method-of-moments (MoM) technique.
and [2]. For example, in [3] and [4], the radiation resistance {§ote that, although a transmission-line model is used, the
calculated by allowing the current distribution to be nonuniforfiesyits do not correspond to that of a quasi-TEM approach
across the strip width. In [5], the nonuniform nature of the fieldgnce the parameters of this model are obtained following a

full-wave analysis. Thus, the method accounts for MSSW

. . . , transducers without restrictions on the transverse dimensions of
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GGG

Input A. Telegrapher’s Equations
i ip (1
microstrip (1) Output In general, the transmission coefficiefy; in decibels for the
¢ 9

microstrip (2) transducer is defined as

1

S51(dB) = 101og (%) (1)

P, being the injected power in the unloaded section of mi-

Ground plane Dielectric crostrip 1 (i.e., the part of the microstrip without YIG film) and
P, being the power delivered to the unloaded section of mi-
(a) crostrip 2. The expression in (1) can be written as
1 2 _ _rp) 2
- S>1(dB) = 10log | (1 — |T|?) i) )
T, T, P/ being the power injected in the Y1G-loaded section of mi-
z=_] / i | “»/ crostrip 1 and” being the reflection coefficient at the transition
‘ yo lH[, " I l between the YIG-loaded section and the unloaded section of the
z=0 l X \ microstrip 1 [pointT} in Fig. 1(b)], which is defined as
z
YIG-loaded secti L
Unloaded section paded section I'= —Zm 4 3)
(b) Zin + ZO
whereZ;, is the input impedance &t andZ, is the complex
i characteristic impedance of the YIG-loaded microstfipcan
ar - be written in the following form:
GGG v, 4 ga | M, 1 )
P = §Re(Zin)|Il(—l)| (4)
YIG ©H 1z x o) h2
dielectric = Ww - Ww En h, wherel; (—!) is the amplitude of the current &;. Assuming
that the output port (microstrip 2) is matchdd,can be written
as
1 2
(c) Py = iRe(Z)Uz(—l)l )

Fig. 1. (a) General view of the transducer. (b) Top view. (c) Frontview.  \yhere 7 is the characteristic impedance of the unloaded mi-
crostrip (5012 in the experiments carried out in this paper) and

a ground plane—dielectric-YIG—-gadolinium—gallium—garnde(—1) is the amplitude of the current at the input of the YIG-
(GGG) configuration. MSSW microstrip transducers built ofpaded section of microstrip 2 [poifit in Fig. 1(b)]. _
different types of dielectric substrates have been measured andhe currentd; (—[) andl,(—I) are obtained theoretically in

a good agreement has been found between the experimefiigi study by solving the telegrapher’s equations after assuming
and theoretical results. that only one of the two microstrips is under the influence of
the MSSW radiation coming from the other microstrip. Thisis a
reasonable hypothesis since the microstrip excitation of MSSW
Il. ANALYSIS radiation is essentially unidirectional [1]. In the geometry of
The geomeny of the SSW irostrpansducers anayo I, 110, e e rognels bae Tt et s e
In this study is shown in Fig. 1(a)~(c). In this figure, two mi_fjiation coming from microstr:i 1. Since, in this approximation
crostrips are placed parallel at a distaadeetween them. The ~ . oming . Pl ’ bpro )
. . L . . microstrip 1 is not influenced by the presence of microstrip 2,
input microstrip is labeled as microstrip 1 and the output m}— o ) S
. . : . . —1) is just the current at the input of a shorted transmission
crostrip as microstrip 2. Both microstrips 1 and 2 are shorted ﬁ]t(e of lenathi. i.e
the end f = 0 in Fig. 1(b)] and have YIG-loaded sections o% gtht, 1.€.,
lengthl. The first step in our method is the theoretical analysis I (=) = Iy cos(~1). (6)
of the telegrapher’s equations in both microstrips. The telegra-
pher’'s equations are analytically solved to obtain closed-fornbeing the complex propagation constant of the electromag-
expressions for the current distributions on both microstripsetic mode excited in the YIG-loaded section of the microstrip
This provides a closed-form expression for the transmission @nd I, being the complex amplitude of the current associated
efficient of the transducer depending on transmission-line paith this mode. The influence on microstrip 2 of the MSSW
rameters. In a second step, these transmission-line parameiaigation coming from microstrip 1 is taken into account by as-

are numerically calculated by means of the MoM. suming that the magnetic flux on the microstrip 2 is due to both
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currents on microstrips 1; (z), and 2,1>(z). Thus, the inho- GGG

mogeneous telegrapher’s equations for the voltége) and
the currentl,(z) on microstrip 2 can be written in the following
form:

“PEE) M (2) + L) @)
- Mgiz) — jwCVy(2) (8)

Microstrip 1

where L andC' are the per unit length (p.u.l.) inductance and |
capacitance, respectively, of the YIG-loaded microstrip and '
M is the p.u.l. mutual inductance between microstrips 1 and
2 through the MSSW radiation. From these equations, the
following wave equation fof,(z) is derived: MSSWs

8212(2)
072

. Microsttip 2

= — 7V’ I(2) — W*MCI(2) Ground plane

_ 2 2
= — 7" 12(2) = w M Cly cos(7z). ©) Fig. 2. Two infinite parallel YIG-loaded microstrips placed at the same

The general solution of this equation is given by the sum of‘igtance’ as in the transducer of Fig. 1(2)—(c).

particular solutionl,(z) and an homogeneous solutid(z),

Dielectric

ie. The infinite microstrip 1 is fed by a delta-gap voltage source
applied at the middle poirit = 0). This source excites a current
Ir(z) = Ip(z) + In(2) (10) ' 2°(z) in microstrip 1 that can be written s > 0)
I(z) = — wQMC'IO%’(Y’yZ) (11) I (z) = I exp(—jv2). (16)
I, (z) = Acos(vz) (12) ~ being the complex propagation constant of the electromag-

netic mode excited in the microstrip afgb being the complex

where is an unknown constantl is determined by imposing amplitude of the current associated with this mode (the super-

thatatz = — script oo refers to the infinite length of the microstrip). Since
Va(=1) = —ZI(—1). (13) the influence of microstrip 2 on microstrip 1 is neglected, the
value of I$° can be computed as explained in [8]. In [8], it is
Once the constart is determined],(—!) is obtained as also shown how the complex characteristic impedaficean
9 . be directly obtained from the value @&f°. The telegrapher’s
I(=1) = [,% MC ( _ 7.1 + sin(yl) cos(yl) ) (14) equations (7) and (8) are valid for the infinite microstrip 2 in
2jy \Jysin(1l) +wCZ cos(7l) Fig. 2. After replacing/; (z) in (7) by It°(z), as given in (16),

After substituting (4)—(6) and (14) into (2) and taking into acthe following wave equation for the currefit°(z) in the infi-
countthaiC' = ~/(wZy), an expression fa,; is obtained that Nite microstrip 2 is obtained:

only depends on, Zy, andM [Z;, is computed fromy and Z, 92I5°(2) - - _
as in a shorted transmission line, i.&, = jZo tan(+1)]. This # = =7 I5°(2) — w?MCI exp(—jyz).  (17)
expression forSs; is as follows:

The general solution of this equation is given by the sum of a

521(dB) particular solutior;* (=) and an homogeneous solutiffy (),
ie.,
§Zo tan(yl) — Zo |7 VA
=101 1— oo __ joo oo
o8 < ‘jZO tan(71) + Zo| | Re (jZo tan(1)) I3°(2) = L7 (2) + I} (2) |
, I°(2) = — jw?MCOIR 2212 eXpé_-’ 7).
vl - . Y
w?MC' cos2(yl) + tan(yl) (15) I3°(2) = B exp(—jvz). (18)
275y Jytan(yl) + wCZ B being an unknown constant. For our analysis, it is convenient

to obtain the Fourier transform of the solution (18), i.e.,

The computation of, and Z,, in this paper follows the method 75 () = JwMCI® 1

_ ; _ . 5 +iB (19)
described by the authors of this study in a previous paper [8]. 2y (k. —") k. —
The computation of}/ is one of the original contributions gquation (19) can be written as
of this paper and is carried out by using a geometry that is

. . : ) 1 27 ~ 2vB
simpler (from the point-of-view of the analysis) than shown Az =— — (ks —7)I5°(k.)— - (20)
in Fig. 1(a)—(c). This new geometry is shown in Fig. 2 and (k: =7)  jw?CI3 w2C'I;

consists of two infinite parallel Y1G-loaded microstrips placethtegrating in the complek. -plane around:, = ~ in (20), the
at the same distanckas in the transducer of Fig. 1(a)—(c). = second term in the right-hand side of the equation containing
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B vanishes and taking into account Cauchy’s theoréfis the Fourier transform of the unknown coeﬁicielﬁgm(kz) as

obtained as follows: follows:
Y = ~
M=———— ¢(k, —v)I5°(k,)dk.. 21 Ligm) am)(kz) - Lian (k.
P20 ?{( 5" (k) (21) ; (Bam)(an) (Kz) - Lian(kz)
In Section 1I-B, the MoM is applied to compute numerically _ bim(ks), i=1,2 a=uz2 B=n,z2

bothI° andI5e (k. ). Oncel?® andI5e (k. ) have been obtained, o1 N (26)
the integral in (21) can be evaluated numerically to obfdin Tt =0 dyees ¥

The matrix elements’; (3 ) (a.n) (k=) are given by
B. MoM . N )
To obtainIg® and I3°(k.), two electric field integral equa- L'i.(s.m).(am) (k=) = o / dk [Fi,ﬁ,m (k;)]
tions (EFIES) must be solved. Firdt® is obtained by solving Ch,
an EFIE for the surface current density on microstrig 1[8], ,@ﬁa@m_ ) E 2(ks)  (27)

as follows: - -
gap _ ., Lo whereF; s, (k.) andF; o »(k.) are the Fourier transforms of
ES* (2, 2) = / / Gz, 2,4, 2") - Ju (e, 2")da'dz" (22)  he pasis functions in (25¥7 5o (Ko, k) is the Ba-component
" strip of the spectral dyadic Green’s function (SDGF), ard is a
whereE#*?(z, z) is the electric field imposed by the delta-gagroper integration path in the compléx-plane [8]. It must be
voltage source on microstrip 1 al&(z, z, 2/, 2’) is the spatial noted that the basis functior§ s, (k.) and F; o »(k.) are
dyadic Green'’s function, with the variablesz’ extended from related as

—w/210 z_u/2 (w st_ands for the strip width) and 2’ from —oo _ ﬁ2.8.m(kx) _ ﬁl.ﬁ.m(kz) exp(jkad) (28)
to co. This EFIE is solved following the method reported in = L ]
[8], which provides both the complex propagation constant and Fyan(ke) = FLan (k) exp(jked). (29)

complex amplitude of the current of the mode excited in a YIGt being the distance between microstrips. The independent ele-
loaded infinite microstrip fed by a delta-gap voltage source, i.@nents for the matrix equation associated with the EFIE in (22)
v andI7°, respectively. Next, to obtaify°(k. ), the following are the same as in [8], i.e.,

EFIE for the surface current density on microstripJ2, must

be solved: b1,m (k=) = 03,20m,0 (30)
Ei_o(z,2) + Eaooa(z,2) =0 (23) whereogs .0, 0 are _the Kror_lecker del_tas. Th_e mdepende_nt ele-
o ments for the matrix equation associated with the EFIE in (23)
Ei_o(z,2) = / / G(z,z,4',2") are given by
strip 1 b27m(kz)
(2, 2 da' d2! 1 - x
o =5 [ b [P ()]
E2—>2(x7z) = / / G($7Z7$”72H) 27TC
ke
str'ip 2 ~ ~ ~ >~
Jo(2”, 2" )da" d2" ' {Gﬂ“(k'”’kz)Jl’“(km’kz)+G'@ﬁ(km’kz)‘]l’ﬁ(k'”’ kz)}
(31)

whereE;_, is the electric field on microstrip 2 due to the sur- _ _
face current density;, and Eo_.»(z, 2) is the electric field whereJ; o(k.,k.) andJy g(k,, k,) are the two-dimensional
on microstrip 2 due to its own surface current dendity The (2-D) Fourier transform of/; (=, z) and Ji,.(z,z) in (24).
EFIEs in (22) and (23) are solved using the Galerkin method Bpth .J; , (k., k.) and.J1 g(k., k.) are computed by solving the
expanding both the transverse and longitudinal componentsn@étrix equation associated with the EFIE in (22) and then are
the surface currentdensity , and.J; ., (¢ = 1,2) into ageneral introduced in (31). The Green’s function in (31) has two dif-

set of complete domain basis functions as follows: ferent complex poles, , = 3, — ja, in the complex:,-plane
Ji(2,2) = Jin(w, )R+ Ji (2, 2)2 (24) given by the two different wavenumbers of the MSSW along
~ ’ the z-direction [4], [8]. Sinces,.d > 1, the integrand in (31)
Jial(z,2) = ZFZ an(@)ian(2), a=m2 (25) _oscillate_s very fast and, thgrefore, the major c_ontribution to the
= o ’ ' integral is given by the residue-pole contributiorkat= £, .

The I; .. () functions are the unknown coefficients in the‘Since microstrip 1esser_1tiall_y ra(_JIiat_es along:tlcnositive_a_xis
Galerkiﬁ problem and the . () functions are the basis (assuming that the dc-bias field is directed along#tpmositive

functions, which are the same as in [8], i.e., both odd and eV@4s), the pole that contributes to the integral is the pole with

Chebyshev polynomials weighed by the proper edge conditidf. > 0 @ > 0. Taking this into account, and after applying

As in [8], these basis functions are normalized in such a wigUchy’s theorem, the integral in (31) results as follows:
that the current on the strip is given by the coefficient related tq,, (k) =] [ﬁz - (k* )} *
the zeroth-order basis function, i.€5°(z) = I, . o(z). Using e

the guidelines of the method reported in [8], the EFIEs in (22) : {Res [G‘ﬂa(km,p, kz)} Tt (b py k2
and (23) are transformed into the Fourier domain and, after ~ ~
applying the Galerkin method, a matrix equation is obtained for +Res [Gﬂ,ﬁ(kmm: k’z)} J1,8(kz p, k‘z)} - (32)
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S, (dB)

-70
25 3.0 3.5 4.0 4.5

Fig. 3. Photograph of the experimental setup.
Freq (GHz)

Fig. 4. Transmission response of a transducer with structural parameters, as

. _— . o - own in Fig. 1(a)—(c). Dielectric layek; = 0.635 mm,=,.; = 10. YIG
It is worth mentioning that it has been verified numerically th#m: hy = 40 pm, e, = 10, width/ = 3 mm,47m, = 1880 G, AH =

I. o(k.) has a dependence d@n of the kind theoretically de- 0.6 Oe. GGG substratéi; = 0.5 mm,s,5 = 15. The strip width isw =
rived in (19). 100 pmin the Y1G-loaded section and = 0.605 mm in the unloaded section.
A tapered section was made between both sections. The distance between strips
isd = 10 mm. H, = 500 Oe. Solid line: measurement. Dashed line: theory.
Ill. RESULTS Theoretical value of the insertion loss: 5.6 dB.

The theoretical method presented in this paper has been
checked with experiments. Fig. 3 shows a picture of the o
experimental setup used for the measurements. A YIG film
40-um thick, 3-mm wide, and 5-cm long was used (the sat-
uration magnetization wasrM; = 1880 G and the width
line AH = 0.6 Oe). To minimize the ripples in the amplitude
response due to wave reflections at film edges, the YIG film
ends were cut at an angle of4l the plane of the film. The
YIG film was mounted on a printed circuit with two microstrips
in the manner shown in Fig. 1(a). The required magnetic bias
field in the plane of the film and perpendicular to the long axis
of the YIG film [z-direction in Fig. 1(a)—(c)] was provided by
an electromagnet, as shown in Fig. 3. The measurements were
carried out using an HP 8510 B automatic network analyzer.

Figs. 4—6 show the measured transmission respdfigeirf
decibels) for the transducer shown in Fig. 3 when the YIG film Freq (GHz)
is mounted on different dielectric substrates [the structural pa- o .

. } . Ig. 5. Transmission response of a transducer with structural parameters,
rameters shown in the caption of Figs. 4—-6 correspond to pfﬁshown in Fig. 1(a)~(c). Dielectric laydr; = 0.135 mm,¢,; = 2.53.
structural parameters depicted in Fig. 1(a)—(c)]. In all the me¥G fim: b, = 40 pm, e, = 10, width! = 3 mm, 47m, = 1880 G,
surements shown in these figures, the distance between siigb .7 Ot G6C sebstats, =03 mm - ) <10 The supudh s
was 1 cm § = 1 cm in Fig. 1(a)—(c)], the dc-bias magnetiadistance between stripsds= 10 mm. H, = 500 Oe. Solid line: measurement.
field was set toH, = 500 Oe and the strip width in the un- Dashed line: theory. Theoretical value of the insertion loss: 8.2 dB.
loaded section of the microstrips was properly chosen in order
to get a characteristic impedance of (7 = 50 Q in (5)].

Figs. 4-6 also show our results for the computation of tregreement between both theoretical and experimental results in
transmission coefficienfs; in decibels by using the methodthe low-frequency region and that our method predicts the max-
presented in this papefi{ande,.; withi = 1,2, 3 in the caption imum value of the transmission coefficient, i.e., the insertion
of these figures correspond, respectively, to the thickness dass, with high accuracy. The disagreement between theory and
dielectric constant of the different layers of the structure). Threxperiment in the high-frequency region is due to the only ap-
convergence of the theoretical results was achieved by takimgpximation introduced in the computations. This approxima-
N = 6in(24). Fig. 4 shows the measured transmission resporigm consists of the substitution of the integral in (31) by the
for the transducer when the YIG film was mounted on an aluesidue-pole contribution of the integrand, as shown in (32). The
mina substrate. The strip width was 106 in the YIG-loaded integrand in (31) oscillates very fast since it contains the expo-
section (a tapered section was made between the YIG-loadehtial termexp(jk.d) (with k, = (. — ja.) and this intro-
and unloaded sections). This figure shows that there is a gahgtes the functionsos(8.d) andsin(S..d), which are highly

S, (dB)
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S, (dB)

3.0

3.5

Freq (GHz)

4.0 4.5

Fig. 6. Transmission response of a transducer with structural parameter

shown in Fig. 1(a)—(c). Dielectric layei; = 0.49 mm,e,.; = 2.43. YIG film:
hy = 40 pum, g2 = 10, width! = 3 mm,47mm, = 1880 G, AH = 0.6 Oe.

2131

determined by means of a full-wave analysis, as was shown
in [8], where the input impedance of this same structure was
measured and computed. Actually, this structure is analyzed
in this paper to make clear that, in spite of a transmission-line
model being used in our method, the method is not a mere
quasi-TEM approach.

IV. CONCLUSION

A method has been presented for the computation of the trans-
mission response of MSSW microstrip transducers. The method
is based on a transmission-line model, which takes into account
the nonuniform nature of both the current distribution across the
strip width and the fields along the YIG film. Since the trans-
mission-line parameters of the model are computed following a
full-wave analysis and the nonuniform nature of the fields along

S8 Y1G-loaded microstrip section is included in the model, the

method can be applied to the analysis of MSSW transducers

GGG SUbStrate’lg = 0.5 mm,s,3 = 15. The strip width isw = 1.43 mm W|th Very Varlable geometnes

in both the Y1G-loaded section and the unloaded section. The distance between
strips isd = 10 mm. H, = 500 Oe. Solid line: measurement. Dashed line:
theory. Theoretical value of the insertion loss: 8.4 dB.
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both experimental and theoretical results is also shown for thi
case. Finally, Fig. 6 shows the results for a low-permittivity
dielectric substrate and a very wide strip width (in this case, théHl
strip width was the same for both the YIG-loaded and unloaded
sections). The theoretical maximum value of the insertion loss
agrees with the measured value. Since the strip width is ver
wide, the current distribution in this case can only be well

(7]

11]

this study during his visit to the Department of Electronics and
t@Iectromagnetism, University of Seville, Seville, Spain.
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