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of temperature variation, ¢tc., must be taken into considera-
tion when one designs the ISG.

Fig. 12 presents dispersion characteristics of both single
and coupled versions of the ISG with some typical param-
eters. The even and odd propagation constants approach the
one for the uncoupled guide as the operating frequency gets
higher. This phenomenon is due to the decrease of coupling
between the two guides at the higher frequencies where the
concentration of the fields in the regions above the strips
becomes stronger. "

Finally, Fig. 13 shows the coupling factor x for the
dominant even and odd modes versus the separation 2s
of two guides. The parameter « is defined as

K = (kze - kzo)/kz

where k,, and k,, are the propagation constants of the even
and odd dominant E;;” modes in the coupled structure,
while k, is that of the E,;” mode in the uncoupled (s = o)
guide.

V. CONCLUSION

In this paper, a novel waveguide structure, an ISG, has
been analyzed hoth theoretically and experimentally. This
waveguide is believed to be useful for millimeter-wave
integrated circuits. Comparisons have been made, where
feasible, between theoretical and experimental results and
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the agreement was found to be good. A number of numerical
results useful for designing this type of waveguide are
presented in addition to the dispersion diagrams.
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Double-Layered Slot Line for Millimeter-Wave
Integrated Circuits

NIKOLA SAMARDZIJA axp TATSUO ITOH,

Abstract—A new type of waveguide, a double-layered slot line, is
described which is useful for millimeter-wave integrated circuits (IC’s).
Galerkin’s method applied in the Fourier transform domain is used for
analyzing the propagation characteristics of the dominant mode in the
structure. Theoretical and experimental results are presented and
compared.
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I. INTRODUCTION

ECENTLY, considerable interest has been shown for
R the millimeter-wave integrated circuits (IC’s) for use
in radiometry, radar, astronomy, and communications.
Several types of waveguides convenient for millimeter-wave
IC applications have been proposed. They include micro-
strip line [1], image guide [2], silicon guide [3], and strip
dielectric guide [4].

At millimeter-wave frequencies the microstrip line shows
a considerable conductor loss, and its dimensions are so
small that the fabrication requires sophisticated technology.
In the case of the image guide, the conductor loss is also a
problem since the fields are quite strong on the ground
plane. In the strip dielectric guide, the main flow of the
electromagnetic waves lies in the dielectric layer away
from the ground plane. Hence the loss is reduced con-
siderably [4].
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In this paper another new waveguide structure called
double-layered slot line, which is believed to be useful in
millimeter-wave IC applications, will be described. This
structure is actually a modification of the conventional slot
line originally proposed by Cohn [5]. In the conventional
structure, the slot is made in the conducting ground plane
placed on a dielectric substrate. In the new structure, shown
* in Fig. 1, the conventional slot line is modified by introduc-
ing an additional dielectric layer (region 2) between the
‘ground plane and the substrate (region 3). By choosing the
dieleciric constant of region 3 larger than that of region 2,
one can divert the electromagnetic energy flow away from
the ground plane. Hence in the new structure the conductor
loss can be reduced, and, at the same time, the ground
plane provides a heat sink and is convenient for dc biasing
in solid-state device application.

1t should be noted that in the new structure the charac-
" teristic impedance is larger as compared with the single-
layered line with the identical gap width 2w. This effect
is the consequerice of the insertion of an additional dielectric
layer which diverts the electromagnetic energy away from
the conductor.

In the following sections, the propagation characteristics
of this novel waveguide will be analyzed using an efficient
numerical technique. Theoretical results will be compared
with experimentally measured data. Furthermore, by
numerically taking the limit of 4 = 0, the solution to the
conventional slot line can be recovered. The results for this
special case were compared with those available in the
literature.

II. FORMULATION OF THE PROBLEM

In the analysis the conductor thickness is considered to be
negligible, and all the dielectric materials as well as the
conductor are assumed to be lossless. The guided modes
in the double-layered slot line structure are of hybrid nature.
Hence the field components in each region of Fig. 1 may be
written in terms of the electric and magnetic scalar potentials
¢;(x,y) and ¥,(x, ). For instance, omitting the propagation
factor exp (—jfz),

2 _ p2
Ex,y) =j kl—ﬁi d«(x,y) (1a)
2 _ p2 )
Aoy = 75— vey) (b)
=9, oo 8
Exi - ax ¢,(x,y) + ﬂ 6y l(x7y) (IC)
— WE ;&

0 0
Hxi = a ¢i(x3y) + — l//i(x,y)’
oy Ox

B
i=1234 (1d)

 where f is the propagation constant, ¢, and u, are the
permittivity and the permeability of free space, respectively,
and k; and ¢,; are the wave number and the relative dielectric
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Fig. 1. Cross-sectional view of the double-layered slot line.

constant in region i. The scalar potentialé ¢; and Y, satisfy
the following equations:

Vibixy) — (B2 — kM)dix,y) = 0 (22)
VYixy) = (B* — kXWix,y) = 0 (2b)

where V,? implies the Laplacian with respect to the trans-
verse (x and y) coordinates,

Although it is possible to solve these equations subject
to the appropriate boundary conditions and to derive the
eigenvalue equation for f, we will not proceed in this
manner. Instead, we will use the Fourier transform or
spectral domain technique, which has previously been
applied to a number of problems on the slot line [6] and
microstrip line structures [7], [8]. To this end, let us
Fourier transform (2a) and (2b). We obtain

azqgi(“ay) — (o + B?

oy? — kPDdia,y) =0 (32)
2 -~
a—";y(;”) — @+ B - kD) =0  (3b)

where ¢; and ¥; are the Fourier transforms of ¢; and y;
defined by

Fiay) = f by exp Gu)dx  (da)

Fiay) = f " Wiy) exp (ax) dx.  (db)

The solutions of (3a) and (3b) are the superpositions of
exp (+7y;y) with unknown weight coefficients. Also,

Y:i = (az + BZ - ki2)1/29 i = 1’213:4
by = ko =ko Ky =~opko ks = ko
ky = free-space wave number.
We will now make use of the boundary and continuity
conditions to derive the eigenvalue equation for the propaga-
tion constant f. Since the continuity conditions at y = 0

and y = h are defined for all x in the space domain, they
become after Fourier transformation

{Eztt(aao) = Ez3(a’0) Ex4(‘x90) = Ex3(°‘50)
ﬁz4(a’0) = ﬁz:i(aso) ﬁx4(a’0) = Hx3(“’0) (53.)

{Ez3(“9h) = EzZ(“ah) Ex3(a:h) = ExZ(a’h)
HzS(a’h) = sz(d,h) ﬁx:&(aah) = sz(fl,h)- (Sb)
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The application of the boundary and continuity con-
ditions at the interface y = A + 4 is more involved. In
the space domain these conditions are given by

(I) ‘ Ezl(x9 h + d) = EzZ(x9 h + d) = Ez(x)
E (e,h+d)=E,(x,h +d) = E(x)

(II) Jx(x) = Hzl('x: h + d) - HzZ(x, h + d)

Jz(x) = Hxl(x, h + d) - HxZ(xs h + d)
where

_ |0, x| > w _ x| > w
B = {f(x), W<w B9 = {g<x) I < w
‘ (6a)

_fux), - x| >w o(x), Ix[>w
Julx) = {0, x| <w 9= {o, x| < w.
(6b)

The functions f(x), g(x), u(x), and v(x) are as yet unknown.
In the Fourier transform domain, conditions (I) and (II)
become

@) Eh+d) =
E. (0, h +d) =
Juw) =
T =

E (o, h + d)
E (0, h + d)
A, (a0, h + d)
B, (0, b + d)

= E,(»

= E,( (7a)

) — B (0, h + d)
(7b)

where E,, E., J., and J, are the Fourier transforms of

E,E,, Jx, and J,. For instance,

E = f E(x) exp (jox) dx = f f(x) exp (jax) dx.
Applying (5) and (7), we obtain the relations between
JoJ,and EE,

- T@ = Cu@BE®M + CLehEM ()
J@) = Gy (PE(D) + Goa(pE(2) (8b)

where G,,(a,B), etc., are known closed-form functions of

o and B. It should be noted that they are actually the Fourier -

transforms of the diadic Green’s function components in the
space domain. Equations (8a) and (8b) have four unknowns,
J.J,, E,, and E,. However, because of the special nature of
these equations, two of the unknowns, J, and J,, can be
eliminated in the following solution process. We now solve
these equations by applying Galerkin’s procedure.

First, let us expand unknown E, and E, in terms of known
basis functions

E@= 3 ol ©a)
N
E) = ¥ 4l (9b)

where ¢, and d, are unknown coefficients. The basis func-
tions must be chosen to be the Fourier transforms of
functions which are identically zero for |x|] > w. The

- ﬁxz(“s h+ d) .
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application of Galerkin’s procedure to (8) leads us to two
simultaneous equations: ’

. f * G da

N

+ ) d,, fw 612(a,ﬁ)ﬁm(a)ﬁn(a) da = 0,

M ©
Y
n=1 -

+ 3 d [ Cuepl@ie d o

m=123,-,N
G21(.B)EW)E,(@) da

(10a)

k=123, -,M. (10b)

The fact that the right-hand sides of these equations are
zero may be verified by Parseval’s relation

[ ael@an = L7 wnmas=o ap
_—, 2n J_ o

because #,(x), the inverse transform of #j,(«), and J.{x)
are nonzero only in the complementary regions of x. The
propagation constant § can be obtained by solving the
eigenvalue equation derivable by equating the determinant
of the coeflicient matrix of (10) to zero.

In actval computations, we have chosen M = N = 1
and the following forms have been used as the basis
functions:

fw =22 2 J,wla) (122)
fa() = =7 Jowla) (12b)

where J, and J, are the Bessel functions of order zero and
two, respectively. The basis functions given by (12) are the
transforms of the following functions:

&) = {_,-z W — 2, |x < w
w
0, x| >w {13a)
_fwwr = xBH)" x| < w
n:(x) = {0, x| > w. (13b)

Note that, by the preceding choice of the functions, the
edge condition on the electromagnetic field is satisfied in
the vicinity of the edges of the slot.

Before concluding this section, let us summarize some of
the highlights of the present analysis method. First, the
derivation of the transformed Green’s function com-
ponents is quite straightforward whereas in the space
domain the Green’s function takes a complex form, and, in
fact, can be expressed in terms of the inverse transforms of
the spectral domain counterparts and, hence; are of either
integral or series form. This fact gives a number of ad-
vantages in numerical computation to the spectral domain
technique. The second feature is that in the spectral domain
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Fig. 2. Setup used for guide wavelength measurement.

formulation, the coupled pair of algebraic equations given
by (8) is solved as opposed to the coupled integral equations
of convolution type encountered in conventional space
domain techniques. Again, this feature allows us to simplify
the numerical processing. The matrix elements of (10)
can be efficiently computed with the appropriate choice of
basis functions such as those given by (12). Third, it is
possible to systematically improve the numerical results by
increasing the number of basis functions and by solving
a larger size matrix equation.

II1. EXPERIMENTS
To check the theoretical results, a double-layered slot

line was designed and fabricated to use at X band. The X .

band was chosen for experiments because of the better
availability of the materials and the measuring equipment
and of the ease of measurements. Region 2 is made of a
polystyrene (g,, = 2.55) sheet of thickness d = 3.2 mm,
and region 3 of a rexolite (g3 = 2.62) plate of thickness
h = 5.0 mm. The upper surface of region 2 is coated with a
thin copper foil in which a slot with width of 2w = 2 mm
is created.

The guide wavelength A, was measured using a setup

described in Fig. 2. The slot line was excited either via a
coaxial line or via an open-ended waveguide.

A movable short, which is a good conducting plate, is
placed over the slot. When the position of the short across
the slot is moved, the reflection coefficient of the slot line,
seen from the external microwave source, changes, and the
minimum occurs at each resonance length I, = n(1,/2),
n = 1,2,---, The positions of the short are recorded at
two successive reflection minima. The distance between
these positions gives the guide wavelength Ag because

ln+1 - ln = ”{g/z (14)
In the actual experiment we have measured more than two

I, and have used as experimental data the average of
several 4, values derived from (14).

-IV. RESULTS

The accuracy of the numerical process was confirmed
first by solving the single-layered line for which A was
numerically set to zero in the computer program and then
by comparing the results with those available in the
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Fig. 3. Effective dielectric constant s versus frequency for the con-
ventional (single-layered) and double-layered slot lines. w = 1.0 mm,
d=32mm, .= 50mm. &, = 2.55 and &3 = 2.62 for the double-
layered line. The single-layered line has the same dimensions except
that 2 = 0.
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Fig, 4. Effective dielectric constant e of the double-layered slot
line versus width at different frequencies. d = 3.2 mm, 2 = 5.0 mm,
&2 = 2.55, and &3 = 2.62 for the double-layered lines. The single-
layered line has the same dimension except £ = 0.

literature [5], [6]. It was found that the results obtained in
this paper are indistinguishable from the curve given in
[5] and [6].

Next, the effective dielectric constants defined via
gge = (B/k)* were computed and plotted in Fig. 3 for
both the double-layered and the single-layered slot lines.
Fig. 3 shows that &4 is higher for the double-layered
structure, which means that the fields in the double-layered
slot line are more concentrated in the dielectric region than
in the conventional slot line. In fact, the major portion of
the energy propagates in region 3 of the double-layered
structure.

The variations of the effective dielectric constant &.¢ versus
the slot width are presented in Fig. 4 for the double-layered
slot line at a number of frequencies. Fig. 5 shows the guide
wavelength A, in the double-layered line normalized by the
free-space wavelength versus frequency. The theoretical
and experimental results differ by less than 1 percent.

V. CONCLUSION

The double-layered slot line, which is believed to be useful
for application in millimeter-wave IC’s, is studied using
Galerkin’s method in the spectral domain. This method
has a number of advantages over many conventional
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Fig. 5. Theoretical and experimental results of normalized guide
wavelength of the double-layered slot line versus frequency. w = 1.0
mm, d = 3.2mm, & = 5.0 mm, &, = 2.55, and &3 = 2.62.

numerical techniques. The numerically obtained propagation
constants for the dominant mode are found to be in good
agreement with those obtained experimentally at X band.
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The computation time for evaluating a propagation constant
for a given frequency is approximately 3.5 min on the G-20
computer, which is about 10 times slower than the IBM-
360/75. Before this new waveguide is employed in the design
of millimeter-wave IC’s, extensive studies on the loss
characteristics are needed.
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80-GHz-Band Low-Loss Ring-Type Channel
Diplexer Using a Semicircular Electric Mode

NOBUO NAKAJIMA AND ISAO OHTOMO, MEMBER, IEEE

Abstract—A low-loss ring-type channel diplexer consisting of two de-
formed ring cavities, three directional couplers, 2 TE,; mode semicircular
waveguide for the through channels, and a TE,, mode rectangular wave-
guide for the dropped channel, has been developed as a channel-dropping
filter for a millimeter-wave channel multiplexing network. The structure
and experimental results of the diplexer are described, the design method
is also discussed. Measurements show that insertion losses of the through
and dropped (coupled) channels, and VSWR are less than 0.15 dB,
0.68 dB, and 1.12, respectively, for a diplexer centered at 81.91 GHz
with 3-dB bandwidth of 800 MHz. Specifically, the through channel loss
is reduced by half, as compared with a conventional rectangular wave-
guide diplexer, owing to the low insertion loss characteristics of the TE¢;
mode semicircular waveguide. As a result, an overall loss of a channel
multiplexer, in which several channel diplexers are connected in tandem,
is remarkably decreased, particularly at higher frequencies covering
80-120 GHz.
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1. INTRODUCTION

N THE guided millimeter-wave transmission system

under development in Japan, frequency ranges of 43--87
GHz [1] or more [2] are chosen in order to maintain the
low loss of a millimeter-wave channel multiplexing network
as well as of a circular waveguide medium. To realize such
a network, several factors impose limitations on the choice
of the filter structure and network construction.

There are physical limitations to the filter design at
millimeter-wave frequencies because of the extremely
small size. The feasibility of the filter fabrication must be
considered. In addition, severe limitations exist in keeping
the insertion loss low as the frequency incrcases. This
means that hardware realization of the millimeter-wave
channel multiplexing network is extremely difficult. Thus
even waveguide filters of conventional structure can no
longer meet the loss requirements of the guided millimeter-



