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Phase-Matched Waveguide Using-the Artificial

Anisotropic Structure and its Application to a Mode

Converter

TETSUYA MIZUMOTO, STUDENTMEMRER, IEEE, HIROHIKO

YAMAZAKI, AND YOSHIYUKI NAITO, SEN1ORMRMBER,IEEE

Afmtruet —Phase matching by the artificial anisotropic structure and its

application b a mode converter are proposed for milfimeter-wave dielectric

circuitry. A phase-matched dielectric planar waveguide is designed and

mode conversion characteristics are studied. An experimental result of the

nonreciprocal mode converter are presented to show the usefnfness of the

structure.

I. INTRODUCTION

As a transmission medium for low-cost integrated circuitry,

dielectric waveguides have been studied in the millimeter-wave

frequency range. Couplers and filters were designed in dielectric

waveguide forms and realized with good performances [1], [2].

Nonreciprocal devices, such as isolators and circulators, were also

studied [3]. As the waveguiding property of dielectric waveguides

in millimeter-wave frequencies is very similar to that in optical

frequencies, some devices in dielectric waveguide forms are inter-

esting for optical integrated circuits.

There has been proposed an optical isolator making use of

mode conversion between two cross-polarized modes [4], [5]. In

order to obtain sufficient mode wupling in these devices, it is

necessary to realize phase matching between the modes in ques-

tion. This means that the propagation velocities in the waveguide

must be equalized. This also gives rise to a great difficulty for

realizing a practical device.

In this paper, as a simulation to optical applications, we

propose a method for equalizing the propagation constants of the

two cross-polarized modes in a dielectric waveguide. The

proposed waveguide (Fig. 1) is called an artificial anisotropic

waveguide. This technique can be applied with no difficulty to

waveguide-type mode wnverters and/or isolators. A similar

waveguide has been proposed and designed for optical applica-

tions [6]. The optical artificial a.nisotropic waveguide consists of

dielectric thin film loaded by dielectric strips. In the proposed

waveguide for millimeter-wave, dielectric strips are replaced by

thin conductor strips, for a conductor can be regarded as a

dielectric of infinite permittivity in this frequency range.

We first describe an analytical procedure to calculate the

propagation velocity in the artificial anisotropic waveguide and

show an example of a design of phase-matched waveguide. Mode

conversion characteristics are also examined numerically for the
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Fig. 1. The artificial anisotropic waveguide for millimeter-waves.
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Fig. 2. Cross-sectionaJ view of the artificitd anisotropic waveguide and the

structures to be analyzed. Both the planes A and B are electric walls in (a)

and magnetic walls in (b).

waveguide containing magnetic anisotropy. Finally, the mode

conversion observed in a fabricated waveguide is reported.

II. PHASE-MATCHING CONDITION AND MODE

CONVERSION CHARACTERISTICS

Fig. 1 shows the proposed waveguide structure, which consists

of a dielectric slab of thickness d loaded by conductor strips of

width w. The structure extends infinitely in the x – z plane. The

propagation direction is along the z axis. All the materials of the

waveguide are assumed to be lossless. The dielectric has a relative

dielectric constant e,.

Propagating electromagnetic fields are numerically analyzed by

using a method similar to that described in [7]. For simplicity of

analysis, the conductor strips loading the guiding layer are placed

periodically in the x direction. The periodicity is not necessary

for the operating principle. For the electromagnetic fields to

satisfy the penodicity in the x direction, transverse boundary

conditions are restricted to the two types as shown in Fig. 2. In

Fig. 2 (a), both the planes A and B are electric walls and in (b)

magneticwalls. The eigenmodes c,m be classified into two. groups,

corresponding to the boundary conditions of Fig. 2.(a) or (b). The

former determines E’ modes and the latter 11~ modes. Hypothet-

ical conductor plates are placed at y = – h and b for conveni-

ence of analysis.

When the scalar potentials for TM and TE waves are defined

by +(’) and $Cfi), respectively, the electromagnetic fields of

hybrid modes, which actually propagate in the waveguide, are

given by [7, eq. (l)].

After applying the boundary conditions on both the hypotheti-

cal conductor plates and the side walls, one obtains the scalar
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potential as follows:

m

“=1

cc

(la)

{ B(”) sid(a~’)y) + c~ex)cosh(aj’)y)} sin(a.x)n

(lb)

Djex) sir&{ aj3)(b – y)} sin(anx) (lC)

(Id)~(hx)cosh { c#)(y + h)}cos(anx)n
~=o

+~hx) = ~ { Bjh’) cosh(a~’)y) + C~hxJ sinh( a:’) y) } cos(anx)
~=o

(le)

+~kx) = ~ DJ~X)cosh{ a~3)(b - y)} cos(a.x) (If)
~=()

for E’ modes, and

y~’~) = ~ A~Y) sinh{ a~’)(y + h)} cos(anx) (lg)
~=o

+$~) = ~ { B~eJ’) sinh( a~’)y) + C;”) cosh( a~’)y) } COS( aHx)
~=()

(lb)

*~J’) = ~ D~ey) sinh{ a~3)(b - y)} cos(a.x) (Ii)
~’=o

yj’Y) = ~ A~~J’)cosh{ a~l)(y + h)} sin(anx) (lj)
~=1

~~hy) = ~ { B~hy) cosh( a~’)y) + CJhy) sinh(aj’)y)} sin( ax)
~=1

(lk)

I#ffiY) = ~ D~hy) cosh{ a~3)( b - y)} sin(a.x) (11)
~=1

for Ey modes, where

2nn
aH=—

e.
~$~= a’+~’–k~, k,=ti~~~, (i=l,2,3).

A$/J), B~’J), Cjij), and Dj’j~ (i= e, h and j =x, y) are constants

to be determined. The superscript x or y denotes the quantity

relating to the Ex or EJ’ mode, respectively.

A set of homogeneous integral equations on the unknown

functions ~(.$) and g(.$) can be obtained by substituting the

electromagnetic fields into the boundary conditions at y = O and

d and using the orthogonality of sinusoidal functions

~ {~.(P) %[F(~)]+R~(B)%~ [g(&’)]}cos(a~x)=O
~=o

( )()O<x<~ 2a

~ {R(B) E,[.f(f)]+Q.(P) %[g(tj]}sin(a.x)=O
~=o

(

a—w a
—<x<—

2 2 )() 2b

for E’ modes, and

~ {-~.(B)%[f(f)]+ ~.(B)%[df)]}sin(anx)=O

(—a—w a

2
<x<—

2 )() 3b

for Ey modes, where

f(x) is a

~e[f(&)] =~-w’zf(~)cos(anf) df (4a)

G.. [g(0] ‘~~w,2g(0sfi(a.0 d$ (4b)

L[f(f)] ‘~-w’2f(Osin(a.0 dt (4C)

%m[g($)] ‘~~w,zg($)cos(a.$) d$. (4d)

distribution function of the x-directed electric field on

the dielectric at y = d and g(x) is proportional to the z-directed

electric current on the boundary surface. P.(p), Q.(B), ~d R.tp)

are the same notation in [7]. The simultaneous homogeneous

integral equations (2) and (3) are numerically solved by the

discretization of the integral regions to determine the propagation

constant /3. In actual calculations, the summation appearing in

(2) and (3) are truncated by 50.

When the conductor strips are removed, the waveguide be-

comes an ordinary dielectric slab waveguide. Fig. 3(a) shows the

propagation constants of TEO and TMO modes in the dielectric

slab waveguide as a function of the slab thickness. The guiding

layer has a relative dielectric constant of 15.5 and the surround-

ing 1.0. Frequency is 49 GHz. Propagation velocities of the two

modes never coincide with each other though they approach each

other as the slab becomes thicker.

Fig. 3(b) shows the propagation constants of the lowest E’

and Ey modes in the artificial anisotropic waveguide. The guid-

ing layer has the same dielectric constant as in the Fig. 3(a), and

the surrounding is air. Conductor strips of 1.2-mm width are

placed on the guiding layer with penodicity of 2.0 mm. You can

see clearly that the two modes are phase matched when d = 0.72

mm.

If the two modes are phase matched in the waveguide com-

posed of magnetic anisotropic material like a ferrite, nonrecipro-

cal mode conversion occurs. Mode conversion between the E’

and EJ’ modes can be estimated by using a perturbation method

[8].

When the E~ mode enters the waveguide with the input power

of PY(0) and travels along the z direction, the converted power of

E’ mode, PX(z), is given by

Px(z) 1

P’(O) =
sin2 ( & z )

~+~’

()

(5)

K

where z is the propagation distance. K, 8, and fic are defined as

follows:

(6a)

8 =(& –B2 + NlllA~ – N22/A2)/(& + B2 + W14 + N221x42)

(6b)
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Fig. 3. Propagation constants versus slab thickness in (a) the drslectric slab

waveguide and (b) the artificml anisotropic waveguide. k. = ~w.

~c=&K(l+(~/K)2 (6c)

1%= (~, +B2 + W/Al + N,,/A2)/2 (6d)

xl = /3, + opo jh:.Aph, dS (i=l,2) (6e)

A,=j(ei Xh~–h, Xef). azdS (i=l,2) (6f)

where

Ofs=fk(’’d’d-
& and /32 represent propagation constants of E’ and Ey modes,

respectively, and ( el, hl ) and ( ez, h‘ ) electromagnetic fields of

E’ and E“ modes, respectively. Ap is the tensor representing the

~
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(a)

Frequency (GHz )
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Fig. 4. Variation of (a) maximum mode conversion and (b) conversion length

as a parameter of the appfied dc magnetic field H,,c.

magnetic anisotropy produced by an applied dc magnetic field

[

o W.y k.

Ap = – jPxy O

)

jpyz . (7)

– @xz – ~Pyz O

Fig. 4 shows the maximum mode conversion

and the conversion length

1
(8)

(9)

as a parameter of the applied dc magnetic field, i.e., the magnit-

ude of magnetic anisotropy. The assumed waveguide consists of

a ferrite slab loaded by the conductor strips of the same dimen-

sion as in Fig. 3(b). The relative dielectric constant of ferrite is

15.5 and its permeability is given by the Polder’s tensor with

4 nit4~ = 1800 (Gauss). A 100-percent conversion occurs at 49

GHz where the two modes are phase matched.

So far we have discussed a waveguide with perfectly conduct-

ing strips. In practice, however, conductor strips have finite

conductivity, which might affect the mode conversion characteris-

tics. The attenuation due to the conductor loss is estimated to the

amount of several dB/m in a shielded inverted stripline at 50

GHz [9]. The change of propagation constant due to the loss in

the proposed waveguide can be roughly estimated of the order of

10-4, which corresponds to the frequency shift of about 0.01

GHz around 49 GHz. Thus, even if the attenuation of the Ex and

EJ’ modes are different from each other, the phase-matching

frequency shifts 0.02 percent at the most. By this frequency shift,
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the mode conversion is degraded only 0.04 percent at 49 GHz,

when the applied magnetic field is 1500 (Oe). So far as conductor

loss is concerned, insertion loss of less than 1 dB is expected for

the device length of 5 cm.

III. EXPERIMENTAL EXAMINATION

In order to confirm experimentally our idea, we fabricated an

artificial anisotropic waveguide and performed experiments on

mode conversion. The fabricated waveguide consists of a YIG

polycrystalline slab of 0.72-mm thickness loaded by copper strips,

which are formed by etching the vacuum-evaporated copper thin

film. The width and penodicity of strips are 1.2 mm and 2.0 mm,

respectively. The artificial anisotropic waveguide is 5.0 cm long.

The guiding wave was launched from a metallic waveguide by

way of a teflon waveguide and detected through the analyzer

(Fig. 5). As is mentioned in the previous section, when the two

cross-polarized modes are phase matched, nonreciprocal mode

conversion occurs by virtue of magnetic anisotropy which is

produced by applying a dc magnetic field parallel to the propa-

gation direction in the YIG waveguide. This phenomenon is

observed as the rotation of pohmized direction (Fig. 6). In Fig. 6,

the abscissa and ordinate indicate the angle of the analyzer and

the detected power, respectively. Here, the polarized direction is

defined as the direction making a right angle to the direction

where the detected power is minimum. It is observed that the

polarized direction rotates about 40 (degrees) when the applied

field is 300 (Oe). On the other hand, it rotates in the reverse

direction when the applied field is reversed. This means that

nonreciprocal mode conversion occurred in the fabricated wave-

guide, as the reversal of the applied magnetic field is equivalent

to that of propagation direction. Though the waveguide was

designed to be phase matched at 49 GHz, the maximum mode

conversion was obtained at 52 GHz. We attribute this to the

fabrication errors.

We performed the same experiment on the YIG slab of the

same dimension without copper strips. In this case, no mode

conversion could be observed. This implies that phase matching

was not taken in the YIG slab without copper strips.

It has been shown by the experimental results that the conduc-

tor strips properly placed on the dielectric slab cause phase

matching between the cross-polarized modes.

IV. CONCLUSIONS

Phase matching by the use of an artificial anisotropic structure

and its application to a mode converter are proposed for millime-

ter-wave dielectric circuitry. Phase-matched dielectric planar

waveguide is designed by using a rigorous analysis. Mode conver-

sion characteristics are also studied in the artificial anisotropic
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Fig. 6. Observed rotation of polarized direction.

waveguide composed of a magnetic anisotropic material. Nonre-

ciprocal mode conversion is observed in the YIG artificial aniso-

tropic waveguide. The polarized direction rotates about 40 (de-

grees) when the magnetic field of 300 (Oe) is applied to the

waveguide of 5.O-cm length. Therefore, it is concluded that the

planar mode converter and/or isolator can be constructed in

the artificial anisotropic waveguide by virtue of magnetic ani-

sotropy.
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A Design Method of Bandpass Filters Using

Dielectric-Filled Coaxial Resonators

MORIKAZU SAGAWA, MITSUO MAKIMOTO, AND
SADAHIKO YAMASHITA, MEMBER, IEEE

Abstract — Design formulas for capacitively coupled bandpass filters

using dielectric-filled coaxial resonators are derived and experimentally

verified. The most important advantage of this filter is its ability to provide
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