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Generalized Coupled Dielectric Waveguide
and Its Variants for Millimeter-Wave
Applications

A. K. TIWARI, BHARATHI BHAT, SENIOR MEMBER, IEEE, AND R. P. SINGH

Abstract —The characteristic equations of hybrid TM and TE modes
for a generalized coupled dielectric waveguide are derived using the
mode-matching technique. From the characteristic equations of the gener-
alized coupled dielectric waveguidé, the phase constant, wave impedance,
and field distribution can be evaluated. A variety of single and coupled
dielectric waveguides can be obtained by assigning proper parameter values
to the generalized coupled dielectric waveguide.

I. INTRODUCTION

HE use of dielectric waveguides at millimeter-wave

frequencies has been increasing for integrated circuits
at millimeter-wave frequencies [1]-[11]. A number of di-
electric waveguides such as the image guide [2], insular
image guide [1], inverted strip dielectric waveguide, and
trapped image guide have been reported using the effective
dielectric constant method. Other structures which are of
practical importance but have not been analyzed are the
following;: '

1) shielded suspended single and coupled guide;

2) insulated broadside single and coupled dielectric
guide;

3) insulated coupled nonradiative dielectric guide; and

4) insulated trapped coupled dielectric guide.

These can be derived from the generalized coupled
dielectric waveguide configuration shown in Fig. 1.

The characteristics of a single dielectric guide structure
are the same as those of a correspondmg generalized
coupled dielectric guide structure in the odd-mode excita-
tion. The single dielectric guide structure therefore can be
one-half of the coupled dielectric guide with an electric
wall at the plane of symmetry in the direction of propa-
gation.

II. ANALYSIS

For the purpose of analysis, a generalized coupled di-
electric guide structure is considered as shown in Fig. 1.
Since the mode-matching technique is known to be more
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Fig. 2. Cross-sectional half-portion of the generalized dielectric wave-
guide for calculation of field distribution.
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rigorous and accurate as compared to the effective dielec-
tric constant method, the former method is used to analyze
the above structure. The parameters p, g, b, 24, d, and s
can be varied for different types of dielectric guide struc-
tures. In view of the symmetry of the generalized coupled
dielectric guide structure to the plane pp’, the analysis can
be carried out in terms of even and odd modes. To
facilitate the calculation of the electromagnetic fields in
the transverse plane, the field region is subdivided into five
parts as shown in Fig. 2. In such a structure, fields in any
direction can be taken as a combination of TM and TE
fields in that direction [16]. Here the modes in the gener-
alized coupled dielectric guide will have all components of
the £ and H fields. The modes are classified TM and TE
with respect to the y direction. For TM and TE modes, the
electric and magnetic field components can be expressed in
terms of a scalar potential function (given in the Appen-
dix).

The various wavenumbers are related in the following
manner: '

B3 = Blom+ By + B2
=E12xn +l§12yn +182
B3 = Blam+ B3y + B
=Bt Blyu+ B?
Bs = Biom+ B3ym + B?
= Blent B+ B°
:802 = :842xm + 1842ym + BZ
=B42xn+/§42yn+ﬁ2
BS = Bem + B3y + B
=Bszxn+BS2yn+182 (1)
where By,,,. B2yms B3yms Baym» and Bs,,,, are the wavenum-
bers of TM mode of Regions I to V, respectively, in the y
direction, and when the suffix y is replaced by x we get
wavenumbers in the x direction. Further, 8, ,,,, 85,,> B3,
Biyn» and B, are the wavenumbers in the y direction for
the TE mode, and when the suffix y is replaced by x, we

get the wavenumber in the x direction. Applying the
boundary conditions at y=0and y=p+b+q,

ma
Blym=BSym='p_+_b—+—q m=0,1,2,---
— _ nmw
Bl_vn=BSyn=m n=1,2,3,.--. (2

Matching the tangential field components E,, H,, E,, H,
at y=p and y=p+b, we get the transcendental equa-
tions for TM and TE modes in the y direction as reported
elsewhere [4). Further, matching the tangential field com-
ponents E, E,, H, H, at x =a over the range 0 < y < p,
p<y<p+b and p+b<y<p+b+g and using the
principle of orthogonality, the value of the propagation
constant in the direction of propagation can be computed.
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Fig. 3. Variation of B/B, with p/b of generalized dielectric waveguide

structure for the EY; mode, S = o0, d = o0.

This procedure is already reported by several authors [4],
(6], [13], [14].

Fig. 3 shows a typical plot of normalized propagation
constant 8/8, as a function of p/b (g = p) at two fre-
quencies, namely, 25 and 35 GHz for M =2, where M is
the summation number defined in the Appendix. It is
apparent from the figure that top and bottom metal planes
have negligible effect on 8/B, for p/b > 2. Hence, in all
subsequent computations of 8/8, where the effect of top
and bottom metal planes has to be ignored, p/b is as-
sumed to be >2, and M =2,

III. REDUCTION OF GENERALIZED DIELECTRIC
GUIDE TO OTHER DIELECTRIC GUIDE STRUCTURES

The various single guide structures which will be ob-
tained as special cases of the generalized coupled dielectric
guide structure for odd-mode excitations are listed below:

1) shielded rectangular dielectric guide, p =g¢ small
(p/b<2)and s =d small;

trapped insulated image guide, p small (p/b <1), ¢
large (q/b > 2), and s = d small;

3) trapped image guide, p =0, ¢ large (¢/b > 2), and
s = d small; and

insulated nonradiative guide, p = ¢ large (p/b > 2),
s = d small, and high ¢, of the dielectric slab.

2)

4)

The various coupled dielectric guide structures which
will be obtained as special cases of the generalized coupled
dielectric guide structure are listed below:

1) shielded suspended coupled dielectric guide, p =g¢
small (p/b <2), and s =d small;

trapped coupled insulated image guide, p small
(p/b<1), g large (p/b > 2), and s = d small;

2)
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3) trapped coupled dielectric image guide p=0, g
large (p/b = 2), and s =d small;

4) insulated nonradiative coupled dielectric guide, p =
q large (p/b>2), s=d small, and high ¢, of
dielectric slabs;

5) nonradiative coupled dielectric image guide, p =g¢
large, (p/b>2), s=d, and high ¢, of dielectric
slabs;

6) insulated broadside coupled dielectric guide, p=¢
large (p/b > 2), s = d small, and low ¢, of dielectric
slabs; and

7) broadside coupled dielectric image guide, p=gq
large (p/b>=2), d=0, and low €, of dielectric
slabs.

IV. DiscussioN

A. Shielded Suspended Dielectric Guide

Fig. 4 shows the variation of normalized propagation
constant B/B, with frequency for shielded suspended di-
electric guide having dielectric slab aspect ratios of 0.5 and
1.0. The dielectric materials used are polystyrene (€, = 2.56)
and stycast (¢, =3.4). The dimensions A and B of the
shielding enclosure are 7.112 and 3.55 mm, respectively,
for the Ka-band waveguide. It is observed that for a fixed
value of b/2q,B/B, is higher for higher values of «,.
Further, the frequency corresponding to 8/B8,=0 is re-
duced with an increase in ¢, of the dielectric slab. For
B/Bo <1, the shielded suspended dielectric guide operates
in the waveguide mode, while for 8/B8,>1 it operates in
the image guide mode.

B. Trapped Insulated Image Guide

The effect of the bottom metallic plane on the normal-
ized propagation characteristics is shown in Fig. 5. The top
metal plane distance is kept at 6 mm, so that it has a
negligible effect on the propagation. It is seen that, for a
fixed frequency, B/B, decreases with an increase in the
insulating layer thickness. Further, with all other parame-
ters fixed, the cutoff frequency corresponding to 8/B8, =1
increases with an increase in the insulating layer thickness.

C. Trapped Image Guide

In Fig. 5, the curve for p =0 shows the variation of
B/B, with frequency of a trapped image guide. It is
apparent from the curves that, keeping all dimensional
parameters the same, the cutoff frequency of the insulated
trapped image guide is higher compared to that of the
trapped image guide. Further, due to an air gap near the
image plane, the conductor loss of the trapped insulated
image guide will be less compared to that of the trapped
image guide.

D. Insulated Nonradiative Guide

In Fig. 1, if we keep p=g¢q (p/b>2), the side wall
distance 4 and half-spacing s sufficiently small and ¢,
higher, in odd-mode excitation the structure works as an
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Fig. 4. Variation of 8/8, with frequency of shielded rectangular dielec-
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insulated nonradiative dielectric guide. This guide was
proposed by Yoneyama ef al. using the effective dielectric
constant method [15]. However, analysis of this guide
using the mode-matching technique has not been reported.
The structure reduces to a nonradiative guide when s =d
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= 0 [12]. Fig. 6 shows the variation of 8/8, with frequency
for an insulated nonradiative guide. The half-spacing s is
kept equal to d. For the parameters chosen, the dielectric
guide is nonradiative since the cutoff frequencies of the
parallel plate TM mode for s =0, 0.5, and 1 mm are 75,
50, and 37.5 GHz, respectively, while the cutoff frequen-
cies of the dielectric guide corresponding to B/8, for s = 0,
0.5, and 1 mm occur at 38, 32, and 27.9 GHz, respectively.

E. Shielded Suspended Coupled Dielectric Guide

If the distance q of the top metal plane and distance p
of the bottom metal plane are very small, the electromag-
netic field distribution inside the generalized coupled di-
electric guide is modified, and consequently, /8, also
changes. Fig. 7 shows the variation of 8/8, as a function
of frequency for various values of p such that p/b<?2.
The distance g is taken equal to p so that the structure is
symmetric. Since all the four shielding walls are suffi-
ciently close to the dielectric slab, the structure is desig-
nated as a shielded suspended coupled dielectric guide.
The characteristics shown in Fig. 7 are for the structure
having dielectric slabs with aspect ratio b/2a=0.5 and
€, = 2.56. The values of s and d are kept constant (s =1
mm). It is observed that with p = g and for fixed frequency,
as the distance p is increased, B8/B, decreases for both
even and odd modes. Further, with an increase in p, the
cutoff frequencies for the even and odd modes increase.

F.  Insulated Broadside Coupled Dielectric Guide

The generalized coupled dielectric guide can be repre-
sented by an insulated broadside coupled dielectric guide
where the insulating layer thickness in the spacing d is air.
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The variation of B/8, with frequency for Ey;, and Ep;,
modes of the insulated broadside coupled dielectric guide
are shown in Fig. 8. The half-spacing s between the two
dielectric slabs is the variable parameter. From Fig. 8, it is
observed that in the case of even modes, the dispersion
curves for various values of s cross each other at 8/8,=1.
Further, for a given frequency, with an increase in half-
spacing s, B/B, decreases in the range B8/8,>1 and
increases with s in the region 8/8, <1. For both even and
odd modes, the cutoff frequency corresponding to 8/8, = 0
decreases with an increase in s.

G. Broadside Coupled Dielectric Guide

In the insulated broadside-coupled dielectric guide, if
the insulating layer (air in this case as dielectric) thickness
d is set equal to zero, the structure reduces to a broadside-
coupled dielectric guide. Although the conductor loss in
the broadside-coupled dielectric guide will be higher com-
pared to the insulated broadside-coupled dielectric guide,
it will be much lower than that of the edge-coupled dielec-
tric image guide with the same aspect ratio. The dispersion
characteristics of this guide are reported by the authors
elsewhere [13].

H. Insulated Nonradiative Coupled Dielectric Guide

In order to use the insulated broadside-coupled dielec-
tric guide as an insulated nonradiative coupled dielectric
guide, the dielectric constant of the guiding slabs should be
sufficiently high. Fig. 9 shows the variation of the normal-
ized propagation constant 8/8, with frequency. The di-
electric is alumina with ¢, =9.6. It is observed from the
figure that the cutoff frequencies of the dominant odd
mode for s=0.1, 0.5, and 1 mm are 24, 23.2, and 22.9
GHz, respectively, whereas the cutoff frequencies of the
TM parallel plate mode for s=0.1, 0.5, and 1 mm are
28.8, 25, and 21.44 GHz, respectively. Hence, it is obvious
that for values s = 0.1 and 0.5 mm, the coupled dielectric
guide will operate in the nonradiative mode, while for s =1
mm and above, the guide will be operated in the image
guide mode region.

L. Nonradiative Coupled Dielectric Image Guide

In the insulated nonradiative coupled dielectric guide, if
the distance d of the side walls is kept equal to zero, the
structure reduces to a nonradiative coupled dielectric image
guide. The dispersion characteristics of this dielectric guide
are already reported by the authors elsewhere [14].

J. Coupled Trapped Insulated Image Guide

The coupled insulated image guide without side walls
has been reported by McLevige et al. [3]. However, effects
of side walls on the propagation parameters have not been
studied. In Fig. 1, if the distance p is reduced to a small
value and the distance g is increased to a large value
(q/b = 2), so that the top metallic wall has a negligible
effect on the field distribution, the structure reduces to the
coupled trapped insulated image guide. In view of the air
gap between the dielectric slab and the bottom ground
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plane, most of the electromagnetic energy will be confined
to the dielectric slab, thus keeping the ground plane con-
ductor loss low. Additional conductor loss will be intro-
duced by the side walls, but the contribution due to these
is rather small compared to that due to the bottom ground
plane.

Fig. 10 shows the dispersion characteristics for even and
odd modes of the above guide, the insulating layer thick-
ness p being a variable parameter. It is apparent from the
figure that as the insulating layer thickness p is increased
the normalized propagation constant of even and odd
modes decreases for a given frequency. The frequency
corresponding to 8/B,=1 for even and odd modes, and
also the separation between these two frequencies, in-
creases with an increase in insulating layer thickness. The
reason for this behavior is that as the insulating layer
thickness is increased the effective dielectric constant of
the structure is reduced, and thus the normalized propa-
gation constant decreases and the frequency corresponding
to 8/B, =1 increases.

K. Trapped Coupled Dielectric Image Guide

In the coupled trapped insulated image guide structure,
if we set p=0, the structure reduces to the trapped
coupled dielectric image guide. The dispersion characteris-
tics of this guide have already been reported by the authors
elsewhere [12].
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V. CONCLUSIONS

In this paper, a generalized coupled dielectric guide
configuration has been considered, and a number of single
and coupled dielectric guides are obtained as its variants
by using appropriate parameters and dielectric constants,
using only one computation formula. The low-loss coupled
dielectric guides such as the insulated broadside-coupled
dielectric guide, broadside-coupled dielectric guide,
shielded suspended, coupled dielectric guide, and insulated
trapped coupled dielectric guide will be very useful for
construction of couplers in traveling-wave configurations.

APPENDIX

TM Mode

The scalar potential functions of the mth mode in
different regions are given by the following.
Region I:
M

flem(x7 y) = Z=1 [Amcos(ﬁlymy)Sin{lem(x+ d+ a)}]’
(1)

O<y<p+b+g).
Region II:

Fin(x:9) = B [((By00s (Bayx) + B sin (Br.))

'{COSBzym{y—(p+b+q)}}]’
ptb<sy<p+b+q. (2)
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Region I11:
' M
f3em(x’ y) = Z [{CmCOS(B3xmx)+ c’m Sin(BSxmx)}
m=1

'{FmCOSB:iym(y - p)

+ Fysin{ B3,,.(y— p)} )],
psy<p+b. (3)
Region IV:
M

f4em(x7y)= Z [{DmCOS(BAxmx)+Dr:ISin(lB4xmx)}

{cos(By,mr) }], (4)

Region V: Magnetic wall at x =5+ a:
M

fSem(x9 y) = Z [EmCOS(BSymy)COS{BS)cm(x_s - a)}]’

m=0

O<y<p.

O<y<p+b+gq. (5

Electric wall at x =5 + a:

M
fSem('x’ y) = Z EmCOS(BSymy)Sin{IB5xm(x -5 a)}]’
m=20
O<y<p+b+gq. (6)

TE Mode

The potential functions of the nth mode in different
regions are given by the following,
Region I:

M
fulx.y) = X F,sin(By,,y)cos { By(x+d +a)}],
n=0

(7)

O0<y<p+b+tyq.
Region 1I:

N
f2hn(x’ y) = Z [{GnCOS(B_anx)+ Gr: Sin(Eanx)}

n=1

sin[ B, {y—(p+b+4q)}],
ptb<sy<p+b+gq. (8)

Region 111:
N

f3hn(x7 y)= Z [{anos(ﬁbcnx)—*—Hn,Sin(Eanx)}

n=1

-{KnCOS{E:;yn(y_P)}
+ K, sin{ By, (y—p)}}],

p<y<p+b. (9)
Region IV:
N
f4hn(x’ y) = 21 [{ JnCOS(E4an) + Jn/ Sin(E4xnx)}

-sin(E4y,,y)], O0<y<p+b+gq. (10)
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Region V: Magnetic wall at x =5 + a:
N

5(x.y) = X {L,sin(Bs,,y)sin{ Bs,,(x—s—a)}},

n=0
O<y<p+b+gq. (11)

Electric wall at x =5 + a:

N
fSZ(x’ y) = Z LnCOS{Ean(x -8 a)Sin<E5yny)}’
n=0

O<y<p+b+gq. (12)
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