
492 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 3, MARCH 1989

Analysis of Step Discontinuities on Planar
Dielectric Waveguide Containing

a Gyrotropic Layer

SANG WON YUN, MIN JOON LEE, AND IK S00 CHANG, MEMBER, IEEE

Abstract — Nonreciprocal wave propagation characteristics through step

discontiuuities on planar dielectric waveguides with a g~otropic layer such

as ferrite are presented. In the proposed nonreciprocal structures, the wave

propagates from a dielectric wavegoide to a femite and dielectric wave-

guide or vice versa, where two structures are connected to create abrupt

discontinuities. Nonreciprocal scattering coefficients for ‘H? excitation are

calculated at 35 GHz using the well-known mode-matching method.

I. INTRODUCTION

D IELECTRIC waveguide discontinuities find applica-

tions such as gratings on dielectric waveguide at

millimeter-wave as well as optical wave frequencies. Also,

these discontinuities can occur in component interconnec-

tions. The characterizations of such discontinuities have

been reported by many authors [1]-[4]. However, the ap-

plication of these structures to nonreciprocal devices has

not drawn much attention. In the past, nonreciprocal

phase constants were derived from planar dielectric wave-

guide structures with a ferrite layer [5]. Those structures

are ferrite–dielectric, ferrite–dielectric–conductor, and di-

electric–ferrite–conductor in nature. Recently, an isolation

mechanism based on the nonreciprocal coupling between a

dielectric waveguide and a conductor-backed ferrite slab

has been proposed [6], [7].

In this paper, we present nonreciprocal wave propagat-

ing structures where nonreciprocal layered waveguides are

connected to a dielectric waveguide to create abrupt dis-

continuities. The layered structures with a ferrite layer

show different phase constants under the external dc mag-

netic field, depending on the direction of wave propaga-

tion. Therefore, nonreciprocal scattering phenomena can

be obtained from the proposed structures by adjusting the
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structural parameters in such a way that the phase con-

stants of two waveguide modes are very close in one

propagating direction while those in the other direction are

different.

Though various analysis methods can be employed for

these structures, the modified transverse resonance method

[5] was used for the eigenvalue analysis, and the mode-

matching method was employed to derive the scattering

coefficients at the discontinuities.

II. ANALYSIS

The two abrupt discontinuity structures are shown in

Fig. 1. Each structure consists of two different waveguid-

kg structures. Waveguide A k a dielectric waveguide on a

conductor. Waveguide B is a dielectric-ferrite waveguide

on a conductor, as shown in Fig. l(a), to create nonrecip-

rocal properties. Similarly, in Fig. l(b) waveguide B is a
ferrite–dielectric waveguide backed by a conductor. The

external magnetic field, H,,t, in the ferrite layer is applied

in the y direction. We assume that there are no structural

variations in the y direction and that there are no dielec-

tric and magnetic losses. The upper ground conductor is

placed in such a way that it does not affect the phase

constants of guided modes of two guides, but it contributes

to discretize the radiation mode spectra [1], [3]. Therefore,

the analysis becomes much simpler that that of the open

structure. Since TM modes do not show the nonreciprocal

phase constants under these structures, only TE modes are

considered in the following analysis. The existing modal

fields consist of EY, HX, and Hz components, and the total

fields in each waveguide can be expanded in terms of TE

eigenmodes. We first derive the eigenvalue equations to

obtain the eigenmodes for the waveguiding structures in

Fig. 1, and then the mode-matching procedures are used to

derive the scattering characteristics.

A. Eigenvalue Analysis

Using the modified transverse resonance method based

on the ABCD matrix approach, the eigenvalue equations

of the waveguides for two structures are derived. The

eigenvalue equations for the structure in Fig. l(a) are given
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Fig. 1. Step discontinuity structures containing a ferrite. (a) Dielectric waveguide to dielectric-ferrite waveguide. (b)

Dielectric waveguide to ferrite–dielectric waveguide.
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Fig. 2. Convention for scattering parameters for structure m Fig. l(a).
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1+ ~ cot(kj.b). [tan(k:.a) +tan(kj.c)] – ~
an an

.tan(k;~c) .tan(kg~a) = O

for waveguide A (1)

– ~tan(k~.c)”tan(k~~b) = O
an

for waveguide B (2)

for the structure in Fig. l(a). Here, kjn and k:n represent

the transverse phase constants of the n th mode in the

dielectric and the air region, respectively; ~: is the phase
constant of the n th mode in waveguide A; kj., k~., and

kjn represent the transverse phase constants in the ferrite;

dielectric, and air region, respectively; ~~ is the phase

constant of the n th mode in waveguide B; and u is the

ratio of the off-diagonal component K of the tensor perme-

ability y to the diagonal component p. The eigenvalue equat-

ions for the structure in Fig. l(b) are derived as

for waveguide B (4)

where k;:, k;~,, ~~’, kj~, k~m, k:., and ~~’ have the same

meanings as in Fig. l(a).

By solving the eigenvalue equations (1) through (4), the

propagation constants and field cc~mponents of the bound
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modes as well as those of the fast modes for the wave-

guides in Fig. 1 can be obtained. Note that the eigenvalue

equations for waveguide B must be solved twice, depend-

ing on the direction of either wave propagation or the

external magnetic field.

B. Mode-Matching Ana&sis

The mode matching procedures are now applied at z = O

in Fig. 1 to derive the scattering coefficients. Since the

scattering mechanisms at the discontinuities are nonrecip-

rocal, the wave incidence from waveguide A to the discon-

tinuity is considered first. Assuming the lowest bound

mode is incident from waveguide A, the scattered fields are

composed of the bound as well as fast modes, and the

mode-matching equations at the z = O plane are written as

waveguide A wavegtnde B

%+ n~la.ef = ~ %e: (5)
~=1

h; – ~ amh~= ~ bmh~ (6)
~=1 ~=1

where e. and h. represent the normalized transverse elec-

tric and, magnetic field components, respectively, and the

superscripts a and b denote waveguides A and B, respec-

tively. The scattering coefficients {an, bn} can be obtained

approximately by truncating the infinite sums up to N

modes and applying the orthogonality relations between

the modes. The orthogonality of modes still holds even if

there exists a gyrotropic layer [8]. Hence, after imposing

the orthogonality conditions given by

(7)

J‘bbe~.h, dx=8~,, l=a+b+c (8)
o

where

(
Sk, = ;’

k=i

> k+i

the resulting equations are as follows:

81~+ a~ = ~ b~c~~ (9)
~=1

8ik – ak = f bmdm~ (lo)
~=1

where c~~ and dn,~ are given by

/

[
cm~ = e~.h~dx (11)

o

d
J

1
h~.e~dx,mk = m, k=l,2,. ... N. (12)

o

The mode amplitudes { bu } as well as {an } are obtained by

solving (9) and (10).

Next, we consider the case where the I.owest bound

mode is incident from waveguide B toward the discontinu-
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Fig. 3. Scattering parameters for structure m Fig. l(a). (a) Versus ferrite

thickness (b= 1.0 mm and c = 25.0 mm). (b) Versus frequency (a = b
=1.0 mm and c =25 mm).

ity. In this case, the procedures described above can be

applied again. The only difference is that the incident wave

is the lowest mode in waveguide B. The scattered fields are

the same as those given above.

Finally, we combine the previously derived scattering

coefficients to obtain the generalized scattering matrix for

each discontinuity structure. When we refer to the scatter-

ing parameter convention in Fig. 2, we first derive [ Sll]

and [ S21] and, by changing the direction of the external

magnetic field, [ Sjz] and [ S’(2]. Next, we derive [ SZ2], [Slz],

[S(l], and [S~l] by repeating the above procedures. There-
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TABLE I
CALCULATED AMPLITUDE COEFFICIENTS (an’s AND b.’s) AT 35 GHz

FOR THE STRUCTURE IN FIG. l(a)
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1

n mode B~(rad/cm) IS11(*,1)12 IS21(*,1)12 1s;1(012 Is;l(n,l)lz

1 bound 15.08 0.0015 0.9979 0.0015 0.9981

2 7.23 less than 10
-4

less than 10
-4

less than 10
-4

less than 10
-4

3 6.89 less than 10-4 less than 10
-4

less than 10
-4

less :han 10
-4

fast

4 6.31 0.0001 less than 10-4
I ,-4

less tFian 10 less (than 10
-4

5 5.40 0.0003 less than 10
-4

less than 10
-4

less than 10-4

‘ n I mode t?~(rad/cm) lS22(n,l)12 1s12(”,1)12 IS;2(W1)12 /s;21n,l)/2

1 bound 19.84 0.0156 0.9744 0.0180 0.9712

2 7.23 less thm 10
-4

0.0002 less than 10
-4

0.0001

3 6.91 0.0002 0.00010 0.0004 0.0007
fast L

4 6.36 0.0007 0.0021 0.0010 0.0018
----1

.51 5.49 0.0020 0.0034 0.0021 0.0044

a= b=l.Omm, c=25.0mm, andn =5,

fore, we obtain two generalized scattering matrices for

each structure in Fig. 1. The characteristics of the scatter-

ing matrices derived here will be discussed in detail in the

next section.

III. NUMERICAL RESULTS AND DISCUSSIONS

In Fig. 1, we assumed cd= 9.6 for the dielectric and

~f = 11.5 and 47rikf, = 5.0 kG for the ferrite with external

magnetic field strength HeXt = 5.0 kOe. The dielectric and

magnetic losses are neglected, as assumed previously. The

thickness of each waveguide is determined in such a way

that the lowest bound mode propagates along the z direc-

tion together with the fast modes. The distance between

the ground conductors is chosen to be about 27 mm so

that not only the phase constant of the bound modes but

also the scattering characteristics are unaffected by the

upper conductor. The nonreciprocal scattering coefficients

of the bound modes for the structure in Fig. l(a) are

calculated following the conventions in Fig. 2. h-r Fig. 3(a),

the calculated scattering coefficients of the bound modes

at 35 GHz are plotted as a function of the ferrite thickness,

which varies from O to 1.25 mm. The thickness of the

ferrite is limited to avoid the possible radiation when the

structures become open types. Therefore, only the lowest

reflected and transmitted modes are considered in Fig. 3

because the magnitudes of the scattering coefficients of the

fast modes are negligibly small. However, their magnitudes

at 35 GHz are presented in Table I for comparison. In Fig.

3(a), the nonreciprocal scattering coefficients can be ob-

served when the ferrite thickness is greater than 0.7 mm.
Therefore, the thickness of the ferrite is taken greater than

0.7 mm in all following discussions. Note also that the

scattering matrix for this discontinuity structure has only

four components because the magnitudes of the modes,

with the exception of the transmitted lowest mode, are

negligibly small, as shown in Table I. From the results in

Fig. 3(a), we can observe that the magnitudes of the

transmission coefficients of the lowest mode propagating

in the + z direction (forward direction) are nearly unity,

while in the – z direction (backward direction) these mag-

nitudes are much less than unit y when the ferrite thickness

lies between 0.7 and 1.25 mm. This is mainly because the

phase constants ~: and &“ of the bound modes for
waveguides A and B, respectively, are close in the forward

direction (~: = 16.48 rad/cm and j3f’ = 15.08 rad/cm).

However, in the backward direction, the difference be-

tween the two phase constants is pronounced (~f = 16.48

rad/cm and ~~~ = 19.48 rad/cm).

The frequency characteristics of the scattering coeffi-

cients are also calculated and plotted in Fig. 3(b) when the

ferrite thickness is chosen as 1.0 m~m. We can also observe

from Fig. 3(b) that the nonreciprocal scattering character-

istics are obtained over a wide frequency range. As the

forward transmission characteristics deteriorate, the mag-

nitude of the lowest reflected mode increases. However,

the magnitude of the fast modes and the lowest reflected

mode remain very small within the frequency range shown

in Fig. 3(b). Therefore, this stru~cture is applicable to

nonreciprocal devices such as isolators.

A similar numerical analysis is also conducted for the

structure in Fig. l(b). When the ferrite thickness is varied

from O to 1.25 mm, the nonreciprocal scattering character-

istics are also obtained, as shown in Fig. 4(a). The phase

constants of the modes in waveguide A are not close to

those in waveguide B, i.e., /3:’= 11.22 rad/cm, P?’= 16.67

rad/cm, and fi~~ = 19.33 rad/cm at 35 GHz with b =1.0

mm. Therefore, the magnitude of Sll is significant com-

pared with those for the structure in Fig. l(a). For this

reason this structure cannot be applied directly to nonre-

ciprocal devices. But the scattering coefficients of the fast

modes are still negligible for this structure. The frequency

characteristics of the scattering coefficients for this struc-
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Fig. 4. Scattering parameters for structure in Fig. l(b). (a) Versus

ferrite thickness (a= 1.0 mm and c = 25.0 mm). (b) Versus frequency

(a= b =1.0 mm and c= 25.0 mm).

ture, plotted in Fig. 4(b), also reflect the above characteris-

tics.

IV. CONCLUSIONS

We have proposed new types of nonreciprocal wave

propagating structures composed of a dielectric waveguide

and a ferrite and dielectric waveguide. We also presented

the calculated scattering characteristics of these structures

at 35 GHz. One of the proposed structures is directly

applicable to nonreciprocal devices. Nonreciprocal devices

made of these discontinuity structures are under study.
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