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Abstract—The propagation of leaky forward magnetostatic = striplines [3], [5], [6] and bound backward volume magnetostatic
(MS) volume waves along ferrite-loaded microstrip and slot lines  waves (BVMSWSs) canpropagateinslotlines[6],[7]. Propagation

is analyzed. This phenomenon is studied by means of a numerical o¢ fonyard volume magnetostatic waves (FVMSWS) in these
approach based on the residue calculus technique because of its

good numerical convergence and stability. The proposed method type of waveguides is expected to be leaky [6]. In [9], it has been

allows for a quick and accurate computation of the phase and reported that the propagation of FVMSWs along microstrip
attenuation constants of the leaky MS modes. A comparative lines always involves some amount of radiation loss. Although,
analysis between both microstrip lines and slot lines is carried out, in some cases, the phase constant of the FVMSWs propagating
ar)d some new physical effects, such as MS resonances in the radluIn microstrip lines can be adequately computed by means of a
ation loss, are reported. The advantages of the proposed method _. o .

of analysis over other numerical methods, such as Galerkin's or simple parallel—platg modell[4], (91, .'t is clear that. th's simple
moment methods, are also discussed. model cannot provide any information about radiation losses.
Appropriate characterization of losses is essential both in the
design of MS devices such as delay lines or filters and in the
analysis of soliton behavior [9], [10] and other nonlinear effects.
Sinceradiation may be animportant source of losses in microstrip
. INTRODUCTION FVMS waveguides, the computation of these leakage losses

AGNETOSTATIC (MS) wave propagation in epitaxialbecomes unavoidable for the adequate description of microstrip
M low-loss yttrium—iron—garnet (YIG) films finds wide ap_and stripline MS waveguides. Propagation of FVMSWs along
plication in the design of ferrite microwave devices [1]. The a/ot waveguides has been less investigated. Since slot lines
plications include magnetostatic wave (MSW) transducers, fiday be an alternative to microstrip lines in the design of MSW
ters, and delay lines. Recently, an increasing interest has arigégrowave deymes, a comparative analysis of these waveguides
on the soliton behavior [2] and other nonlinear effects in Yi@ecomes of interest.
film MS waveguides because of the reduced MSW wavelengths " this paper, the propagation of FVMSWs along microstrip
which allows for soliton observation in samples of small sizénes and slotlines is analyzed. Following the qualitative method
Many of these devices and experiments have been desighéfd in [6], the physical mechanism of guidance and power
using planar structures of (practically) infinite width. More releakage is first identified on the basis of the analysis of the
cently, stripline [3]-[6], slot lines [6], [7], and other finite MS propagation along infinite parallel-plate waveguides. Once this
waveguides [8] have been proposed and analyzed. propagag@(phanism has been estab_lishe_d, th_e _phase and a_ttenuation
along finite-width strips or slots has the advantage of field cofonstants of the FVMSWs guided in striplines and slot lines are
finement near the strip/slot. A new MSW delay line using a mfomputed. FOI’.thIS computation, a method based on the residue
crostrip line has been recently demonstrated [4]. The soliton @lculus technique (RCT) [11] has been adapted to the present
havior in this kind of MS waveguides has been also investigatBPblem. This method makes use of a field expansion in modes
[9]. of the different parallel-plate waveguides that the microstrip
In two recent papers [5] and [6], some of the authors hall8€ Or slot line can be subdivided into. This field expansion
analyzed the propagation of bound MSW in striplines and st Very appropriate since it is better adapted to the physics
lines by applying Galerkin’s method in the spectral domai®f the problem than a field expansion into basis functions
Bound magnetostatic surface waves (MSSWs) can propagat€fifgeneral purpose. This latter fact explains why Galerkin's
method, which was successfully applied to the analysis of
propagation of bound MSWs in [5] and [6], does not provide
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satisfy thatK? < k2 [12], [13] for any value ofn. Conse-

guently, it is expected that the entire spectrum of slab FVYMS
modes be excited by the first strip-guided FVMS mode. Con-
versely, it is not expected that the first FVMS mode of the met-
allized slab be excited by the first FVMS mode of the slot line,

(@ (b) as far as the corresponding eigenvakig is smaller than the
Fig. 1. Structures under analysis. (a) Microstrip line. (b) Slot line. phase constant of the first slot-guided FVMS mode (at least for
wide slots).

The numerical analysis of the strip/slot lines is developed
_ ~starting from the spectral-domain expression that relates the
Fig. 1(a) and (b) shows the structures under analysis, i.gpectral counterparts of the normal magnetic flux density at the

a microstrip line and slot line MS waveguides printed on &rip/slot interfaceB, and the current functiofi(«) at this in-
normally magnetized ferrite slab, which may incorporate uppgirface, i.e.,

and/or lower ground planes. An implicit field dependence of

II. ANALYSIS

the kindexp j(wt — k.z) is assumed. Previous to the study of By(ks) = Gk ke, w)I(ks) 4)
MS modes in microstrip lines and slot lines, the propagation ofh

FVMSWs in the normally magnetized ferrite slab waveguidev¥ ere

outside the stnp/sIoF will be analyzed. The;e slab wavgguldes I(z) = / Ty (o) da’ (5)
correspond respectively to the nonmetallized [~ oo in oo

Fig. 1(b)] and the metallizedJ — oo in Fig. 1(a)] ferrite slabs.
Both structures can support guided FVMSWs in the frequen
rangefo < f < fi, wherefi = \/fo(fo + fu), fois the
ferrite resonant frequencgA fo = vHo), 27 far = vdn M,

is the gyromagnetic ratial/, is the magnetization of saturation
of the ferrite, andH, is the internal magnetizing field [12],
[13]. Since propagation is isotropic in thez-plane, thes- and
z-components of the wave vectors of these slab FVYMS mod
i.e., (kz, k), must satisfy

wth J, Z~(a:) being thez-component of the surface current den-
sity andG(k,; k., w) being the corresponding spectral-domain
MS Green’s function(@ is a meromorphic function (without
branch points) of:,., whose explicit expression for a general
magnetic bias field can be found, for example, in [6, Appendix].
From (4), it would be possible to carry out an integral-equa-
ggn analysis similar to that proposed in [5] and [6]. In the mi-
crostrip-line case, the integral equation for the strip current (5)
can be expressed as

B,(x) =
with {+2} being an infinite and numerable set @l eigen- ’ —w
values (for lossless structures), which represent the squ@ifere G(z — z’) stands for the inverse Fourier transform of
wavenumbers of the different FVMS modes of these wavegqr,; k., w)
uides. As is discussed in [12] and [13 — 0 at the lower
cutoff frequencyf, andy? — oo at the upper cutoff frequency Glz —2/)=F* {é}
f1. w(f) showing an increasing monotone dependence with 1 3
for any value off. = %/ G(ky; k., w) exp(—jkez) dks. (7)

Following the method in [6], it is assumed that MS modes ¢

propagating along the strip or the slot of Fig. 1 are formed byor leaky modes, (7) has to be defined along a proper inver-
the consecutive reflections of MS waves at the strip/slot edgegn contourC' in order to enclose all the poles of the spectral
These reflections would also excite propagative MS waves in tBgeen’s function associated with the radiating slab modes [15]
slab waveguides outside the strip/slot region, thus causing {teakage into free space does not occur for MS modes). Since
strip/slot mode to be leaky. In view of (1), theakage condition the entire spectrum of slab FVMS modes is expected to be ex-
[14] for the excitation of a givemth slab mode propagating incited by the microstrip leaky mode, this contour should be as that

BE2+k2=7 n=12 .. 1) 0
/ Glx—2)I(2')dx' =0, —w <z <0 (6)

the region outside the strip/slot can be written as shown in Fig. 2. The integral equation in (6) can be solved using
Galerkin’s method in the spectral domain [6]. A similar proce-
R(k.) < (2)  dure can be followed for the computation of slot-line modes.

) ) ) As it will be shown in Section lIll, the use of Galerkin’s
wherek is the propagation constant of the strip/slot mode anfethod with general-purpose basis functions gives rise to a
7 is the eigenvalue of the excited MS mode. Since the strip/slgdry poor convergence, leading to results that do not completely
mode will be bound only if (2) iswt fulfilled for all 7, the agree with the expected physical properties of FVMS modes
increasing nature of th¢y,,} set suggests that FVMS modesp, the analyzed structures. Thus, a different approach has been
guided by strip/slot lines will be leaky in the whole frequencyngsen that takes advantage of the physical meaning of the
range of excitation of these waves, namely, for< f < fi  zeros and poles of the spectral Green’s function. The poles of
[6]. The eigenvalues for the slabs, which will be denoted as (., ; k.. w) are found to betk,, ., wherek, ,, is taken as

, {K?u for metallized slabs - that pole with positive real part, i.e.,
Yo =

k2, for nonmetallized slabs ko n = kE—k2, R(kz n) > 0. (8)
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Im(ks) It is easily recognized that (12) is recovered by taking the gen-
\,\K,,, C eralized inverse transformation
ks ~

Ko ko Bj(x)=F *{Bf} (14)
Re(ky) provided that the inversion contour is defined as that shown in

Fig. 2. From (11), the generalized Fourier transformBgf{«)

is then given by
Fig. 2. Representation of the integration path in (7). The curves represent the By(ks) = B;—(kw) + exp(—jkxw)B;(—km) (15)

hyperbolas defined in (10).
where the upper (lower) sign applies for even (odd) modes.

The k., ,, poles can be viewed as thecomponent of the Smce the.total current.fgnc_tlon on the stiif) Isa bound
’ function defined over a finite interval € [—w, 0], its corre-

+k, ., k.) wave vector of a FVMS mode propagating in the . . - 8

ﬁonﬁetalliied slab. In a similar way, the zefoi%%q k./gw) Sponding Fourier transford(k,.) must have no poles in the en-

areL K with ' ' e tire k, domain [16]. From (4), this implies tha®, (k) = 0,
o Vk, = £K, ,, whereK, , is given in (9). The above condi-

Kyn=1=% /7}(% k2, R(Ky. ) >0 9) tion leads to the following set of equations:

which can be related to thecomponent of the wave vector of By(£Kz,m) =0, m=1,2 ... (16)

a FVMS mode propagating in the metallized slab. which, after substitution of (13) and (15), can be expressed as
Taking into account that physical leaky modes wiittk. ) > 0 the following matrix equation:

must have(k,) < 0 (i.e., the mode is attenuated as it propa-

gates) and thak(k?) = 0 for losslesderrite slabs, it is found [Cranl[A4n] = 0, mon=12... (17)
that the poles and zeros 6f(k,; k., w) lie on the hyperbolae
defined by with
RENS oY — 1 eXP(jKaz mw)
( ~)\5(k~) + m(kw)\s(kw) =0 (10) Tpn = + : (18)

Komtken —Kom+tksn
which are shown in Fig. 2.
The total magnetic flux densitg,, at the strip interface can
be expressed as

where the upper (lower) sign holds for the even (odd) modes and
only the minus sign in (16) has been considered (the plus sign
would have led to the same set of equations).
B,(z) = B} (z) £ B} (—z — w) (11 The set of equations (17) is very similar to that found in the
Y Y first steps of the application of the modified residue calculus
whereB;f (x) is the magnetic flux density on the right-hand sidé&chnique (MRCT) to the quasi-TEM analysis of striplines [11].
of the strip ¢ > 0) and the upper (lower) sign applies for evefiowever, two main differences appear. First of all, (17) is an ho-
(odd) modes (FVMS modes in the analyzed structure must B@geneous set of equations for coefficiedts whose determi-
even and odd, as shown in [4]). Since all the slab MS modes &&nt must vanish for the appropriate complex wavenurmber
expected to be excited by the first strip-guided FVMS mod#us, giving rise to the following implicit dispersion equation of

B (x) can be expressed as the structure:
i det [Ty (k=, w)] = 0. (19)
n Z A, exp(—jke, n), forz >0
B (z) =4 = (12)  sincethe imaginary parts &f ,, andk,_,, decrease with (see
0, otherwise Fig. 2), no advantage can be taken from the application of the

) . sophisticated MRCT or Wiener—Hopf procedures to solve (17).
wherek, ,, are given by (8). It should be noticed that the abovQevertheless, this disadvantage is compensated by the straight-
definition of B (x) guarantees, after substitution in (11), thaforward computation ofi, , andk,, ,, as it will be shown
By(z) = 0for —w < = < 0, namely, that (6) is satisfied. |ater. It is also important to note that tfig,,,,,] matrix is well
Expression (12) also guarantees tBgtis built with slab wave- qonditioned with the maximum of each row or column lying
guide modes increasing and outgoing from the strip. Since thethe diagonal of the matrix. Thus, after truncation to a given
MS eigenvalueg? increase with, the field expansionin (11) ,, — ,,, — N, det[[,,.,.] can be computed on a Pentium PC with
and (12) comprises strongly oscillating terms. very short computation time, even faf = 100. The dispersion

As is expected for leaky modes, (11) and (12) give ayuation given in (19) is then very suitable for the numerical
unbounded field. However, a generalized Fourier transform g alysis of the analyzed structures.

Bf () can still be defined [15], [16], which turns out to be The question of the computation of the poles,, and zeros
oo K, , stillremains. As is obvious in the way the dispersion rela-
B;(,{w) = Z A ) (13) tion has been posed, an easy computation of the poles and zeros
— by —kz n is a key condition for the efficiency of the proposed method.



1938 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 8, AUGUST 2002

From their definitions, i.e., (8) and (9), it is clear that the numer- 345144 0.295
ical effort to obtairnk,._,, andk, ,, lies entirely on the computa- _ ] : z
tion of k,, andK,,. Forhy, ha — oo, this computation is carried "E 34.5143 r 0294%
out by means of the analytical formulas in [12, egs. (4.75a) and & £
(4.138)]. For finite values of; and/orh,, the above valuesare & ., .1 5 Fo23 g
used as convenient seeds in a Muller's method based automatic§ ] \(/ ©
routine that searches for the zeros of the corresponding implicit & ] N L 0.292'.-3
dispersion equations, which can be found in [13]. In any case, & sa.5141 1 "“-’QM $
the computation of bothk,, and K, turns out to be very quick ] ! 0201 <
and accurate. i 1I0 2IO 30 40 650 6'0 7'0 80 90 100
The analysis of the slot-line structure of Fig. 1(b) follows the Number of Modes N
same steps. It must be taken into account, however, that since @)
K is always smaller thahy [12], [13], it is not expected that
. . . . 34.315 R 0.380
the first FVMS mode be excited in the metallized slab as a prop- o1 .
agating wave. This fact slightly modifies the equations, giving ~ > / \,\‘, // P o375
e ) E 34.305 £
the following final result: £ A 0370 F
5  0.365 ‘g
, B 34.295
1 exp(Jkz, mw) g ] / X  0.360S
A + © 34.290 7 / \ 5
Kac,l - kac, m Kac,l + kac,rn % 34.285 // . * -0.355§
o0 . £ . 2
- Z An{ ! + exp(J Ko, mw) } =0 (20) " s4280 0350 %
po—t Kr, n + km, m Kr, n - Kr, m 34,975 i 0.345
2 4 6 8 10 12 14

with m = 1, 2, ... and the upper (lower) sign holding for even Basis Functions

(odd) modes. ()

At this point, it is interesting to point out that the use of &ig. 3. Convergence of the computed values for the ph#jsar(d attenuation
method of moments (MoM) approach would have been involvi) TSie 0 e I VS Fed .8 Dicoss e, (3 Ou propeses,
to perform spectral integrals along integration paths such as tﬁ}agtions_ Structure parameteris; = 400 um, h; = 20 um, hy — oo,
shownin Fig. 2. These integrals are not easy to deal with because 300 ym, 47 M, = 1750 G, H, = 570 Oe, f = 2.5 GHz.
the integration path never runs along the real axis. The consid-
erable computational effort required to get accurate valueskify. 3(b) shows the poor convergence achieved by Galerkin's
these integrals can be easily realized. This drawback is comethod using Chebyshev polynomials in the analysis of the
pletely overcome by the proposed method, without introducirgructure considered in Fig. 3(a). Moreover, since the calculated
other sources of numerical problems. quantity is the complex propagation constant = 3 — j«
and the attenuation constattis about two orders of magni-
tude smaller than the phase constéthis lack of convergence
in k. leads to meaningless results fer Convergence for both

First, the convergence of the proposed numerical method witte phase and attenuation constants is even worse if piecewise
the numbertV of equations in (19) is shown in Fig. 3(a). Resultbasis functions are used. In addition, the overall computational
are for a microstrip line an&/ > 10. It can be observed that aeffort is found to be 100-1000 times larger due to the inten-
very good convergence of more than five and three digits feive numerical integration. Therefore, spectral-domain analysis
the phase and attenuation constants, respectively, is achie{®dA)/MoM does not seem to be appropriate for the problem
with reasonable values @¥. Similar results are obtained forunder study, even though it has been proven to be suitable for
the slot line, although they will not be explicitly shown. In thehe analysis of bound modes [5], [6]. Some reasons explaining
remaining numerical results, a valuedf= 100 has been sys- this lack of numerical efficiency will become apparent later.
tematically used to ensure very good accuracy in all cases foiThe phase and attenuation constants of a microstrip line and
both the phase and attenuation constants. A typical computatgbot line on an epitaxial YIG substrate are shown in Figs. 4 and
time for each determinant witly = 100 takes less than 0.1 s5, respectively. The first three FVMS modes are shown in each
in a PC Pentium Il at 500 MHz. This results in a total compufigure. The phase constant of the first FVMS mode of an infinite
tation time typically below 1 s for each point in the plots (usingetallized ferrite slab) — oo in Fig. 1(a)] is also shown in
N = 10, which ensures enough accuracy for most applic&ig. 4, as well as data for the phase constant obtained following
tions, and would have resulted in computation times of approtike magnetic wall model proposed in [4, eq. (7), wigh= 0
mately 10 ms for each point). In order to compare theresults @dndn = 1, 2, 3]. The agreement with the results computed
tained by the proposed method with those obtained when usfiofjowing [4] is excellent. It should be noted, however, that the
Galerkin’s method, we have developed two codes based on tmiagnetic wall model of [4] does not provide any information on
latter technique: one employing subsectional triangular bai® mode attenuation due to leakage losses. In both microstrip
functions [6] and the other using weighted Chebyshev polynand slotline, the first and third modes are even modes-foy
mials of the second kind [18] as basis functions. In this sensmd B, (z), respectively—whereas the second mode is an odd

I1l. NUMERICAL RESULTS
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Fig. 4. Dispersion relations for the three first FVMS modes in a normall§fig- 6. Behavior of the phase and attenuation constants with respect to the
magnetized microstrip line. The first FVMS mode for — oo is also shown Strip width for the first FVMS mode in a normally magnetized microstrip line.

(dashed line), as well as the results obtained for the phase constant using [4S8gcture parameters;, = 400 pm, h; = 20 pm, hy — oo, 47M, =
(7)] (dots). Structure parameters; = 400 pm, h; = 20 um, hy — oo, 1750 G, Hy = 570 Oe, f = 2.5 GHz. The dots show the result obtained using

w = 300 um, 4w M, = 1750 G, Hy = 570 Oe. the model in [4].
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. . . . ) . Fig. 7. Behavior of the phase and attenuation constants with respect to the slot
Fig. 5. Dispersion relations for the three first FVMS modes in a normalkyidth for the first FVMS mode in a normally magnetized slot line. Structure
magnetized slot line. Structure parameters: = 400 pm, by = 20 pM,  parametersh; = 400 pm, by = 20 pum, hy — oo, 47M, = 1750 G,

hy — oo, w = 300 pm, 47 M, = 1750 G, H, = 570 Oe. H, = 570 Oe, f = 2.5 GHz. The results obtained using Galerkin’s method
with weighted Chebyshev polynomials as basis functions are also shown (dotted
lines).

mode. Higher order modes (with increasing attenuation con-

stants) have been also computed, although they are not explicitl)»i-he dependence of microstrip/slot-line phase constant and
shown. In both structures, losses decrease and phase cons{gols.s with respect to the width of the strip/slot is shown in

increase as frequency increases. It can also be observed thqt_-@é_ 6 and 7 (in Fig. 6, the results for the phase constant ob-
diation losses in a slot line are much less significant than ingnqq by using the magnetic wall model of [4] are also shown)
microstrip line having the same dimensions and substrate. TS, he seen that losses substantially decrease for relatively
result can be understood from the fact, mentioned above, thate strips or slots, as was reported in [9]. Ripples in the atten-
radiation losses in slot lines are caused by the excitation of theiion constant. similar to those shown in Figs. 4 and 5, also
s_,econd and higher order FV_MS modes m_the surrounding me )pear in Figs. 6 and 7, being of relatively higher amplitude for
lized slab, whereas the excitation of the first FVMS mode in th&e ¢4 jine. These ripples are similar to those reported in [17]

surrounding slab waveguide also contributes to radiation 10S$§5 yie|ectric leaky waveguides, also having the same explana-
in the microstrip line. Therefore, the first slab FVMS mode ingy For instance, in the slot-line example of Fig. 7, a quasi-pe-

side the slot is reflected at the slot edges without almost eXCitiﬂgdicity with a period ofAw ~ 30 um in the ripples may be

radiating modes outside the slot, while the reflections of the firgpseryed. This quasi-period coincides with the theoretical value

metallizeq slab FVMS mode at the gtrip edge; wil always,e)ébtained from the following equation (similar to [17, eq. (2)]):
cite the first slab FVMS mode outside the strip. Another im-

portant feature of both figures is that they describe multimode 27
waveguides. In fact, there is always a multiplicity of modes with Aw = Rkw 2) 30 pm (21)
similar phase and attenuation constants over a (relatively) wide ’

frequency range. Ripples in the dispersion curves of the attevhere k, » is the xz-component of the wave vector corre-
uation constants can be related to the resonances of the higiggnding to the second FVMS moitesidethe slot. Following
order FVMS modes between the microstrip or slot edges. Whee theory in [17], this mode will be “bouncing back and forth

will turn to this fact in more detail further. above cutoff” inside the slot and, at some valuesudfwhich



1940 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 8, AUGUST 2002

are recurrent with the period given by (21)], the leakage is IV. CONCLUSIONS

almost cancelled by the destructive interference of this resonant

wave at the slot edges. However, unlike the structures analyzed he propagation of FVMS modes along microstrip and slot
in [17], the resonant cancellation of the leakage is not reduckies with normal magnetization has been analyzed. The method
here to the second FVMS mode inside the slot. The third affianalysis is based on the RCT and modal decomposition of
higher order FVMS modes (with higher values/ef ,,) also the fields inside and outside the strip/slot region. It has been
produces resonant cancellation of the leakage. This efféfown that both the microstrip line and slot line do not sup-
appears in Fig. 7 as additional ripples (superimposed to th@rt bound FVMS modes, but a multiplicity ¢éaky FVMS

main sequence) in the plot of the attenuation constant. For fR@des having values of the phase constant that increase with
microstrip line, the resonant cancellation of the attenuatidffquency. The numerical analysis of the structures has shown

constant can be observed in Fig. 6. In this case, the pexiod thatradiation losses are significantly smaller in slotlines than in
is approximately given by microstrip lines. It has also been found that radiation losses de-

crease, in average, with the strip/slot width, in agreement with
previous results. Radiation losses also decrease, in average, as
A ~ _ = 34.5 um (22) frequency increases. In addition, the attenuation constant shows
R(Ke,2) guasi-periodical oscillations as a result of the transverse reso-
nances of the metallized/unmetallized ferrite-slab maadsisle
where K, , is the z-component of the wave vector correthe strip/slot. These resonances make the attempts of expanding

sponding to the second FVMS motfsidethe strip. However, the fields in basis functions of general purpose, such as sub-
since the main part of the radiation losses in the microstrip lifgctional triangles or Chebyshev ppl}/nom|als, inaccurate, thus
is carried out by the first FVMS mode, which does not resonagecluding the application of Galerkin's method or MoMs to the
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