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Analysis of Double-Liayered Finlines
Containing a Magnetized Ferrite

MASAHIRO GESHIRO, MEMBER, IEEE, AND ~ATSUO ITOH, FELLOW, IEEE

Abstract —The characteristicsof propagation of the dombraut mode in When an external dc magnetic field is applied in the x
magnetized-ferrite-loadeddouble-layeredfinlines are studied. The arrafysis direction, the tensor permeability of ferrite is expressed as
is based on Galerkln’s method applied hr the Fonrier transfonm domain.

Numerical results are presented for various values of structural and

[

100
material parameters.
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I. INTRODUCTION

R ECENTLY, SEVERAL analytical methods for with

finlines consisting of ferrite have been investigated

with a view to applying such waveguildes strut tures to

nonreciprocal devices for millimeter-wave integrated-circuit

techniques. Beyer et al. have reported the analysis of the

finline ferrite isolator by the field expansion methcld based

on the TE-mode approximation [1]. More rigorous analy-

ses based on the mode matching method [2], [31 or the

spectral-domain method [4], [5] have also been presented.

Although some of them claim to be applicable to the

analysis of multilayered structures, no extensive results

seem to have been published to date. IFrom a practical

point of view, multilayered structures should be suitable

for integrated circuits.

This paper presents an analysis of ferrite-loaded

double-tayered finlines in which the ferrite layer is trans-

versely magnetized in the substrate plane. The analytical

procedure is based on Galerkin’s method appliecl in the

Fourier transform domain. This full-wave method is well

established and has been successful in the analysis of a

wide variety of waveguide structures for microwave and

millimeter-wave circuits [6]. Therefore, the detailed mathe-

matical description will be omitted in the following and

only the key steps are illustrated.

II. WAVEGUIDE STRUCTURE AND

ANALYTICAL METHOD

[0 jft p, ]
,

y 2H0477M,
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(2)

where PO, w, HO, 477M$, and y are the free-space permea-

bility, the operating frequency, the applied dc magnetic

field, the magnetization of the ferrite, and the gyromagnet-

ic ratio, respectively.

The wave equations for the field components ~X and fiX

in the ferrite layer with the permeability tensor given by

(1) are derived from Maxwell’s equations as

where

k;= U’czpo (4)

(5)

The waveguide structure under consideration is shown

together with the coordinate system for the analysis in Fig.
~=;. (6)

1. A nonmagnetic layer of thickness k is sandwiched

between conductors, and a Iossless ferrite layer of thickness ,!?, and HX are the Fourier transforms of EX and Hr. For

d. The direction of propagation coincides with the z axis. instance,

h’tanuxwpt rece,ved April 3, 1987; revised June 30, 1987. This work
~x(%>Y) = j:%(x+’’”n’d~ (7)

was supported In part by the Army Research Office under Contract

DAACJ29-84-K-0076. where
M. (ieshl m is wth the Department of Electrical Engineering,, Unwer-

sitv of Texas at Aushn, Austin, TX 78712, on leave from Ehime Univer-

(

2Tn/2b,
sity, Ehirnc, Japan.

ti=o,l,2, . . . for E, odd mode

T. 1tcrh IS with the Department of Electrical Engineering, University of
a!,, =

(2n -l)n/2b, n =1,2,3,.. o forl?,evenmode.
Texas‘at Austin, Austin, TX 78712

IF,J3ELog NLrrnber8717244. (8)

0018 -9480/87,/’1200-1377$01 .00 01987-IEEE



1378

Fig. 1
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~a~ For K = O and p,= 1, the wave equations (3) are reduced

1=-wbi%%=-d
G-oss-sectional view of the ferrite-loaded double-layered finline.

The propagation factor eJf Qt– &) has been omitted. The

solution for (3) can be composed of four elementary waves

as

(~= E+~-Y+.v+ E-eY+Y– ‘Z(H+e-Y-Y+ H-eY-Y)

to those in the air region or the dielectric layer as

(
, and

fi~= – Y(E+e-Y+-’+ E-eY+Y + H+e-Y-~+ H-eY-~‘)

where E * and H * are unknown

and

(9)

amplitude coefficients
where

kf = W26i~o i=l,3,4 (16)

where ~X and fiX are decoupled. The solutions for those

regions are expressed as

Why5u
z=

y:–(/32+a:-k;pe)

{

ix= Aeyl(J’+d)
y<–d (17)

RX= Ber,(~+d)

{

l?X = Csinhy3y + Dcoshy3y
O<y<fi (18)

~X = Fcoshy3 y + G sinhyjy

{

ix= He-Y,(Y-h)

h<y
Rx= ~e-74(Y-~)

(19)

(10) Eliminating all unknown amplitude coefficients by ap-

plying the boundary conditions, we obtain

(11) (21)

where .l~ and ~~ are the Fourier transforms of the current

components on the conductors. The matrix elements are

known functions of ~ and a., and are given in the

Appendix.

‘Galerkin’s procedure is applied in the next step in order

+([~(1-~)+~(1-p)~+kit2a; fun~tiotia~
to obtain the determinantal equation for the propagation

(12) constant # and EZ are expanded in terms of basis

The remaining tangential field components ~z and fi, are

obtained by

[( a; - k;p,)2-(k;K)2]#2

(22)

where c, and dj are unknown coefficients. The basis

functions & and ij, should be the Fourier transforms of

appropriately chosen functions, which are, in the present

paper,

I.$,(x) =
Cos{(i-’%+’))
mx*

1– –
w

I ‘in{J++l))
?JJ(x) = m~’”

1– –
w

(23)
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Fig. 2. Dispmsion charactensticsof thedominant mode propagating in

the positive and negative z directions. c~,=~~,=l, c2r==c3r =12.5,
4.Tr&f, = 5000 G, H,, = 500 Oe, u = 4b = 4.7 mm, /1 = 14 = 2.1 mm,

/t = d = ()25 mm. w = 0,5 mm.

Substitution of (22) into (21), formation of the inner

products of the resulting equations with & and ijj, and the

application of Parseval’s relation lead to a homogeneous

system of equations for the unknown c, and d]:

where

The solution which makes the system cleterminant asso-

ciated with (24) equal to zero is the desired propagation

constant of the eigenmode. The summation in (25) should

be truncated in the numerical computation. For the present

analysis, 200 spectral terms are sufficient in each sum-

mation.

111. NUMERICAL RmrLTs

The accuracy of our “solutions, for single-layered
structures, has been checked and verified. Our solutions

for the dominant mode have overlapped completely with
the dispersion curve for the SLO mode in [2, fig. 5]

throughout the frequency region from 3.2 GHz to 7 GHz.

Fig. 2 shows the dispersion characteristics of the dominant
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Fig 3. Differential phase shift versus thickness h of the dielectric layer,

cl, = C4, = 1, F2, =12 5, 47rM, = 5000 G, 4b = 4.7 mm, w =0.5 mm,
/ =45 GHz.
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Fig 4. Diffm-cntial phase shift versus distance /,/u from the shielding
w:ill to the ferrite substate, cl, = c4, =1, C2, = 12.5, 4n/Vf, = 5000 G,
/1,, = 500 Oc, a:= 4b = 4.7 mm, h = d = 0.25 mm, w = 0.5 mm, ~ =45
(;HL.

mode propagating in the positive and negati~e z directions.

The first two terms for l?X and one for E, in (22) are

included in the numerical calculations, and are found

sufficient to olbtain accurate solutions to four significant
digits. With the introduction of a dielectric layer, a fairly

large nonreciprocity has been achieved (see [5, fig. 3]).

The differential phase shift between the coufiterpropa-

gating modes is shown in Fig. 3 as a function of thickness

d of the dielectric spacer. In this case, the top and bottom

conductors of the waveguide shield are removed in order
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to eliminate the effects on the propagation characteristics

due to varying distance 11 from the shielding wall to the

back surface of the ferrite substrate. The nonreciprocity

does not seem to depend drastically on the intensity of the

external magnetic field. This is because the resonance

frequency is far below the operating frequency for these

examples. Note that every curve reaches its peak at a

certain value of h.

Finally, Fig. 4 shows curves for the differential phase

shifts as a function of finline location in the waveguide

shield. There exists a maximum value, as indicated in the

literature [1]. It is worthwhile to note that every curve

takes its peak at approximately the same value of /l/a

( = 0.06) and that they do not seem to depend strongly on

the dielectric constant of the spacer. The curve for the case
where 63, = 3 is truncated at n/a = 0.03 because one or

both of the counterpropagating modes are cut off in the

region below this value of 11/a.

IV. CONCLUSIONS

Nonreciprocal propagations in magnetized-ferrite-loaded

double-layered finlines are analyzed based on Galerkin’s

method in the spectral domain. A number of numerical

examples are presented for the propagation constants of

the counterpropagating dominant modes. It is confirmed

that the dielectric layer introduced between the fin and the

ferrite layer can improve the nonreciprocal phase shift

characteristics. It is also confirmed that an optimum

condition exists for the parameters of the dielectric layer

and the finline location in the waveguide shield.

APPENDIX

ELEMENTS OF THE ADMITTANCE MATRIX

IIYs.Y

Yx, =

cothy4;:-h){_jj4y4[;]+ ~[-~B]j

-%{[:IcoshY3A+[tlsinhY3~}
-HHcOsh’3’+[31sinh’3k)

[:l=i~:lcoth’,’’.-h)
‘Mcosh’h+[:]sinhyh
[( cothy~h

[CV. C=] = sin~~,h -
}

~, (~~3Y3G - %K,2) !

13c12
— cothy, h

A, 1[D,,D,]= [( j~,Y3C22 - CX.W,2)/L3, ‘,C12/’AS]

[F, E]= [(%% - jj3?’3c21)\A3$ - 13W’A3]

[

%# tanh Yj h
[G.y, Gzl = {jjY, sinhy3h - A,

+a2, (jR. +y;S+–y;S_)}, i=l,2

a~~= {. W+(.v: -Yi)}/Lz

a~~ = -{1-~z(y{-y;)}/L~

a21=-{jY+(y~ -yJ)}\ii2

a22= {1- jz(yr -.vj)}/A~

A2={l-jZ(y~ -yJ)}{jY+(y:-yj)}

-{1- jz(y: -X)}{ jy+(YJ ‘Y;)}

.vl* =exp[(* y+–y_)d] ”{(–dl+ tlS)(al-tl Pi)

+(~l+tlQ-)(cl–tl~y)}/Al

y2* =exp[(+ y++y_)d] .{(–dl+ tlS+)(al-tlPf)

+( bl+tlQ+ )(cl–tl~i)}/Al

A,= j~, {t, (Q+ S_– Q_S+ )–bl(s+--s_)

-4(!2+-Q-)}

[

fYtanhyl(/l– d), jtanhyl(ll–d)
+ yl

jlcothyl(ll – d), jlZcothyl(/, – d)

?=qlo> /0, = tic, t,=a:–k2 r> i=l.2,3,4

P+=p(a,, p–5Kv Y)*y*(a,,s –2UY)

R+=p(a,Tpy– j~s)iy+ (a,,sl’–j2p)

Qt=p(–~,l PZ+~KV) iy_(–anJZ+2U)

s*=p(a,, p–j2sz)* y_(a,,s--j2pz)

~=(a:– k@)/q, ~=k2K
2 /q7

U= {p(a:-@)+~; K2}/q

v=a; /q, q=(a; –k;p):~–(k&)2.
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