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Analysis of Periodic Ferrite Slab Waveguides
by Means of Improved Perturbation Method

KIYOMICHI ARAKI AND TATSUO ITOH, SENIOR MEMBER, IEEE

Abstract- Periodic ferrite slab waveguides are analyzed by means of an

improved perturbation method, and nonreciprocal leakage phenomena are

shown theoretically. As an application of these phenomena, new planar

isolators and circrdators are proposed. Numericaf examples are afso pro-

vided.

1. INTRODUCTION

R ECENTLY, periodic structures created on thin-film

waveguides have found many applications, such as

beam couplers, filters, distributed feedback amplifiers, and

lasers [1]-[5]. If a gyrotropic material such as a magnetized

ferrite is included in a waveguide as a film and/or a

substrate, the structure could exhibit nonreciprocal effects.

When a grating structure is incorporated in such a wave-

guide, interesting phenomena can be exhibited.

In this paper we first provide an analysis of ferrite

loaded open waveguides with periodic perturbations by

means of an improved perturbation method which has

been initially developed by Handa et al. [6], for analyzing

periodically modulated waveguides made of isotropic

materials and predict existence of nonreciprocal leakage

phenomena. We then propose new planar isolators and

circulators as applications of these phenomena.

We will perform an analysis of uniform ferrite loaded

slab waveguides in Section II because the result is used in

the analysis of periodically modulated ferrite slab wave-

guides in Section 111. Section IV deals with the nonrecipro-

cal leakage mechanism and describes how this mechanism

is used for possible development of new nonreciprocal

devices. Numerical examples will be provided in Section V.

FinaJly, some discussions and conclusions are provided in

Section VI.

[1. ANALYSIS OF UNIFORM FERRITE LOADED SLAB

WAVEGUIDE

Tl~e improved perturbation technique for the grating

structures requires the solution of the unperturbed wave-

guide. Fig. l(a) shows an unperturbed waveguide corre-

sponding to the grating structure in Fig. 1(b). The material

constants [pg] and (g for O<z < tg in Fig. l(a) are the

volume-average values of the constants of the ferrite and

air in the grating regions O<z < tg in Fig. l(b). Use of [pg]

and Cg derived in this manner makes the present perturba-
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Fig. 1. Periodic ferrite slab waveguides. (a) Unperturbed system (uni-
form waveguide). (b) Perturbed system (periodic waveguide). (c) Equiv-
alent circuit for nth space harmonics.

tion analysis much more accurate for especially thick grat-

ings [6], because in conventional perturbation methods, the

corrugation teeth of the grating are treated as incremental

addition to a two layered structure consisting of the dielec-

tric (c,, I.Lo) and the ferrite ((f, [pf ]). Obviously, the con-
ventional perturbation method is not very accurate for

gratings with a large thickness tg.

We assume that the structure and the excitation source

are uniform and infinite in extent in they direction. Hence,

the fields are invariant with respect to they direction, i.e.,

a/ily = O. A static magnetic field H~C is applied in the y

direction. Therefore, the tensor permeability of the mag-

netized ferrite will be of the form

[1

o jK

[P]= : P, o .
–ju o p

We will treat only the TE mode, because the TM mode

cannot exhibit nonreciprocity in the waveguide structure.

We will also assume for the convenience of description that

a time dependence exp ( –jot ) is suppressed and all the

materials are lossless, i.e., e, p, and K are real numbers.

From the Maxwell’s equations, we can derive the follow-

ing wave equation for the EY component [7]:

(d2

)

—+a2pec–~2 EY=O
dz2

(1)

where pe = (P2 – K2 )/p is called the effective permeability.

Here the x dependency is assumed to be exp ( j&) with the

propagation constant jl

Equation (1) is easily solved for EY. Moreover, the

magnetic component HX can also be derived from the
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Maxwell’s equation. We now define the transfer matrix of

ferrite slab as
Za=–% _ jupo

.—

H x ~=t – k:
8

(9)

11Ey

—

HX –

==0 1:E,

Hx

Z=—tf

Af Bf

Cf Df
Ff

where

(2)
Now, from (3), (7), and (8), we can derive the input

impedance at z= tglooking down the negative z direction

and this impedance must be equal to Z= given by (9). This

process results in the characteristic equationFf

where

Ufb .
— sm OfCos 15f+ kf

Lq.Kf
–j~ sin flf

(3)——
L+Kf –/P ~fp

sin Of cos Of – ~ sm ef
jtipkf f

.f(P)=(Afzs+Bf)(-cgza+Dg)

-( CfZ, +Df)(-AgZa+Bg)=(). (12)

Solving this equation, we obtain the propagation constant

in the layered waveguide. Because of the form of the

characteristic equation, –~ is not necessarily a solution

even if /3 is a solution. After the characteristic equation is

solved, field distribution and power flow in the x direction

can be easily calculated.

(4)

(5)

(6)

The suffix j in the above expressions means “film.” Simi-

8f = kf tf

kf = ~-

Of = K/p.

larly, the transfer matrix of the region, O<,z<tg, is ex-
111. ANALYSIS OF FERRITE LOADED SLAB

WAVEGUIDES WITH PERIODIC PERTURBATION
pressed as follows:

EY

HX

It has been demonstrated that the improved perturbation

method [6] approaches the accuracy obtainable from more

rigorous treatments [1] while retaining the simplicity of

perturbation methods. We extend this method to the struc-

ture containing gyrotropic materials.

The first step is to expand the fields in the perturbed

system as follows:

EY

HX

Ey

HX

——

z= o

1
@ jwg sin ~

Coseg——
kg

sin Og —
kg g

Uzpgcg -~’ sin8 @— Cos eg + — sin $g
j~Pgk~

E kg

(7)

It should be noticed that the determinants of the transfer

F~ .

vX(lE+lEp) =ju{[p] +[pp]}(l-il+Hp) (13)

vX(H+114p) =-ju{t+fp}(E+Ep) (14)

where superscript p means perturbation quantity. Neglect-

ing all higher order terms, we have

vXIEp=ja[p]Mp +ja[pp]M (15)

VXIHIP = –jadEp –jtdcplE. (16)

matrices, IFf I and ] f“ 1,are unity and diagonal components

are real; whereas, off-diagonal components are pure imag-

inary. Hence, the ferrite slabs are reciprocal with respect to

the z direction and are lossless.

Let us derive the characteristic equation for the unper-

turbed waveguide in Fig. 1(a) based on the transverse

resonance technique. To this end, we first recognize that

use of F-matrices makes it possible to represent these

respective regions in terms of equivalent transmission lines.

Next, both the substrate (z< – tf) and air (z> tg) regions

are semi-infinite half spaces and, hence, can be replaced

with semi-infinitely long transmission lines. The input im-

pedances of these semi-infinite lines at z= – tf and z= tg

are

We now recognize that the perturbed fields, E P and M J’,

can be thought of as responses in the unperturbed system

with the equivalent sources, ju [pJ’ ]1-Uand j@c~lE.

Since (15) and (16) contain sources that vary periodically

along x, iEP and I-UJ’ can be expanded in terms of space

harmonics

(17)Ep= ~ lE.(z)exp(j&.x)
n#o

l-nf’= ~ EUn(z)exp(jl?nx) (18)
n+O

where ~. = ~. +(2 m/d) n, d is the period of grating and ~.

is the propagation constant of the unperturbed surface

wave. The zeroth terms are omitted in these summations,

because they correspond to the unperturbed fields which

are already extracted.

Material constants in the grating region vary periodically

(8)
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with the period of d, so that [p~ ] and CP can be expanded (24) is considered the equivalent source which is

in Fourier series

()[/Jpl= X [p;] exp j~mx (19)

n#O

(20)

The zeroth terms are also omitted because they are the

volume averaged values [pg] and Cg which have been used

for establishing the unperturbed structure in Fig. l(a).

A substitution of (17)-(20) into (15) and (16) yields the

following equations:

(d2

)
~+tizpec-p: Eyn(z)=qz) (21)

where I

g,(z) =–@*pe6;Ey(z)– $tnHx(z)–+{nHz(z)

In general, EYJz) is a solution of the inhomogeneous

equation given by (21). However, in the film, substrate, and

air regions, FJz ) vanishes and the equation becomes a

homogeneous one in these regions. Therefore, a treatment

similar in Section II can be used for these regions.

In the film region, we can also define the transfer matrix

of ferrite film for the n th space harmonics

[:lz=+nl[tlz=-t,’23)
where Ff. = Ff \~=fln.

In the substrate and air regions, the wave impedances for

the n th space harmonics can be defined

~an . *

an

where

In the grating region, the transfer-matrix and the distrib-

uted equivalent source are defined. After some mathemati-

cal manipulations, we have

[21,=:[‘gn][2],=,,+[2]’24)
where F~. = F~ ]~=8m is the transfer matrix. The last term in

[21=-[Fgn113z
En(z) =Fn(z)/(/3: -/3:)

d
HJz)=(u~kg&~E.

)
/J~Peg

+ (’$n~z –{.~x )/&gPg

and

k;. =ti2p,~g –~~.

From the discussions above, we can derive an inhomoge-

neous equation for each space harmonic

[:Iz=:[FgnElz=t
[1[1

E yn

= Ffn
H“xn z=—~f

(25)

We can find the fields of then th space harmonics from the

following equations:

. . . . . = {(- Cg.Z.. +D..)Eg.H
g

-(-A,.Z.. +Bg.)H,.}/f(ll) (26)

H xn==_,f = {(cfnzan +~gn)Egn

-( Af.Z,n +%)Hgn}/f(R) (27)

where ~(~) is defined in (12). The equivalent circuit for the

n th space harmonics is given in Fig. l(c).

When k~. is positive, the nth space harmonics will leak

away into the substrate region; whereas, when k:. is posi-

tive, a leakage into the air region will occur. Power flows

into the substrate and air regions are given, respectively, as

follows :

p,. ‘z,. IH..I:=-t, (28)

pan ‘-%. I%. I:=,.. (29)

Once we know the P,H’s and P.n’s for all leaky harmonics,

we can calculate the attenuation constant due to these

leakages

a= ~ (P,. +P.. )/2 Pd. (30)

The summation in (30) is carried out for the terms for

which k:: and/or k~~ are positive. P means a power flow

in the x direction of surface wave.

IV. NONRECIPROCAL LEAKAGE PHENOMENON AND

ITS APPLICATION TO ISOLATORS AND CIRCULATORS

Owing to the anisotropy of magnetized ferrite, a propa-

gation constant of surface wave traveling along the +x

direction is different from the one for the backward travel-
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guided region leaky region

Fig. 2. Bnllouin diagram for periodic structures.

(a)

<
(b)

Fig. 3. Grating type isolator and circulator.

ing wave, i.e., B + +B’. Therefore, we can find a possi-

bility that, if the grating period d is properly chosen,

nonreciprocal leakage will occur. For instance, we can

make the — 1st space harmonic in the negative direction

leaky while the one into the positive direction is not leaky

by choosing

(31)

where fi~ = uw. By referring to the k – j? diagram as

depicted in Fig. 2, we see clearly that only the – 1st space

harmonics for the backward wave falls into the leaky

region.

The nonreciprocal leaky mechanism attainable by choos-

ing parameters to satisfy (31) may be used to develop an

isolator. This planar isolator is similar in its function to a

field displacement type [8], and the grating etched at the

surface of ferrite film can act as a loss mechanism. How-

ever, unlike the field displacement type, the grating intro-

duces no insertion loss for the backward case. This is an

important characteristic of this isolator. In contrast, a

conventional field-displacement type isolator uses a resis-

tive film so that insertion loss is inevitable.

Furthermore, if two grating ferrite waveguides are placed

parallel as shown in Fig. 3, 4-port circulator action can be

expected. Nonreciprocal leakage and coupling mechanism

are used in this circulator.

V. NUMERICAL RESULTS

According to the method described in this paper,

numerical calculations have been done and examples of the

results are shown in Figs. 4 and 5. Fig. 4 shows the leakage

loss for the reciprocal waveguide to check the validity of

this theory. We developed a computer program for nonre-

ciprocal cases and ran h by supplying isotropic parameters

for [p]. It is seen from figures that from 99 to 101 GHz

only the wave propagating in the negative direction under-

goes attenuation. Available frequency bandwidths are about

2 GHz for both cases, but attenuation constants for 0.2-mm

grating depth are about ten times the ones for 0.1 mm. For

these cases, relatively low saturation magnetizations and

applied magnetic fields are chosen. However, if the magne-

tizations and/or the magnetic fields are strengthened, the

bandwidth will be increased.

VI. DISCUSSIONS AND CONCLUSIONS

It should be noticed that the perfect isolator action

(infinite isolation and no insertion loss) proposed in the

previous section may be obtained only if the length of
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grating section is infinitely long. In practive, the length is

necessarily finite. In such cases, several considerations are

needed to improve the performance of the device. For

instance, we may use tapered distributions on the amount

of perturbations of grating elements.

In the present analysis, the coupling between any two

space harmonics as well as the reflection [9] at the input

port are not taken into account. These phenomena will

degrade performance of the nonreciprocal devices.

Bandwidth of this type of isolator is proportional to

A~ =~/3 - – ~ + which also depends on K, the anisotropy of

the magnetized ferrite. At millimeter and submillimeter

frequencies, we can obtain only a very small anisotropy.

Therefore, we must modify the waveguide structure “to

enhance A/3. One possible method would be to employ a

weaky guiding concondition [ 10]. However, the tolerance of

d becomes severe, and material losses would not be ne-

glected.

Furthermore, a more efficient nonreciprocal leakage will

be achieved by making a grating at the bottom face of the

ferrite film because the field distribution suffers greater

displacement towards the substrate region for the back-

ward direction.

Periodic ferrite slab waveguides are analyzed by using an

improved perturbation theory and the nonreciprocal

leakage phenomenon is shown theoretically and numeri-

cally.

As an application, new types of planar isolators and
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circulators are proposed. Some of the problems of actual

implementations are discussed.
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Fundamental Considerations in MiUimeter
and Near-Millimeter Component Design

Employing Magnetoplasmons

DONALD M. BOLLE, SENIOR MEMBER, IEEE, AND SALVADOR H. TALISA, MEMBER, IEEE

A bstract— The feasibility of using surface magnetoplasmons on semi- describes some initial results obtained in our study of performance char-

conducting substrates to obtain circuit functions which match those of acteristics using the best loss parameters available for GRAS materials.

ferrite loaded devices at lower frequencies, is investigated. This article Canonical models are considered which relate directly to proposed config-

urations for differential phase shifters and isolators in the millimeter and

near-nriltimeter ranges.
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