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Abstract

A modal analysis based on the transverse resonance concept is presented for a planar dielectric strip wave-

guide which exhibits good guiding properties and is particularly applicable to millimeter-wave integrated cir-

cuits. Numerical results are given for the dispersion characteristics and modal field distributions for high
resistivity silicon substrate.

Introduction

Recent progresses in millimeter-wave active and
passive solid-state devices have made feasible many

system applications. In order to achieve functional

modules for particular system application and to re-

duce the size and weight of the module, microwave inte-

grated circuit approach at millimeter wavelength has
recently received considerable attention. Both con-

ventional microstrip circuit using low dielectric con-
stant substrate scaled from low frequency model and

optical dielectric waveguide 2 have been explored in

the millimeter-wave region with success. As frequency

increases, however, the microstrip technique is even-
tually limited by technological difficulties. The

dielectric waveguide, on the other hand, must be fabri-
cated by chemical etching or machining, and suffers

from undesirable diffraction loss and phase distortion

due to random waveguide variation introduced by fabri-
cation process. A planar waveguide structure with low

loss should therefore have the advantages of simplicity

in processing, a lower random diffraction loss and
accessibility to monolithic integration techniques.

This paper presents a study of a novel planar waveguide

which is suitable for guiding electromagnetic energy in

the millimeter-wave and sub-millimeter-wave regions.

The cross-section of the waveguide is shown in Fig. 1.

By using the Wiener-Hopf technique, the reflection co-

efficient at the open ends of the guide is first deter-
mined. Secondly, a transverse resonance condition is

applied to determine the dispersion relation of the
modal field. The propagation constant is found to be

complex; its imaginary part accounts for the edge dif-
fraction loss of the strip through the open ends of

the guide. Thus , using this technique, not only are
we able to determine the dispersion characteristics of
the guide, but also the small distributed loss inher-

ently associated with an open system.

The planar dielectric waveguide structure under

study has a geometry identical to the microstrip trans-

mission line. Unlike the microstripline, however, the
transverse dimensions of the guide are relatively large
compared to the wavelength and therefore no longer sup-
ports the TEM or quasi-TEM mode of propagation as char-
acterized by a zero cut-off frequency.3-6 The dis-

persion characteristics and modal fields, on the other
hand, are similar to the dielectric waveguide7*8 which

exhibits low frequency cutoff for all propagating
modes.

It is to be stressed that the substrate thickness
for a dielectric strip guide is considerably greater

than for a conventional microstrip. Typically, the

thickness is ten to fifteen times larger so that the

dominating TEM or quasi-TEM modes in the microstrip
are no longer supported in the strip guide. This re-

sults from strong radiation caused by the large sub-

strate thickness. The only modes that can still propa-

gate in the dielectric strip guide are similar to those
described by Vainshteing for which the propagation con-

stants in the transverse x direction are small and the
waves undergo strong reflections at the open ends.
The energy is thus trapped in the waveguide and hardly

radiates into the free space. Therefore, the strip

guide described in this paper is entirely different
from the wide microstrip configurations such as the
microguide.lo This substantially larger substrate

thickness is advantageous at millimeter and submilli-
meter wavelengths because of ease in fabrication.

Formulation

With the crose-section of the dielectric strip

waveguide shown in Fig. 1, we are interested in the
modal fields that are guided along the z direction.

It is convenient to classify the fields as TM(y), and
TE(y) with y bd.ng the transverse direction. For
TM(Y), all field components are derivable from a sca-

lar potential $ {with exp (-iwt) time convention
suppressed}:
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space. A similar set of equations xist for TE(y)
7modes. Since the derivation of TE(Y modes is identi-

cal to that of TM(y) modes
? Y ‘hall ‘;fi ;t;~tt::n.procedure for attacking TM y modes.

sider a parallel plate waveguide filled with dielectric
medium cr. The potential for T*) modes is given by
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where am and 6mn respectively are the propagation con-

stants along x and z directions, and they satisfy the
dispersion relation
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For a finite strip width a, instead of a traveling

wave, there should be a standing wave along x direc-

tion, namely
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where Rmn is the reflection coefficient of the T*)
mode at the open ends at x = *a. In order for a modal
solution to exist in the present open structure, the

transverse resonance condition requiresg

i 2ama
Re=e

i(m + l)T
mn

,m=l,2,3, . . . (5)

Following (4) and (5), the formal solution for TM~~)
mode is found to be

II
Cos Clmx m = 1,3,5. . .

ifimnz

+ .
mn

cos~ye > (6)

( sin amx J m = 2,4,6. . .

It therefore follows that once the reflection co-
efficient Rmn is found, the propagation constants ~
and &n can be determined from (5) and (3) respectively

and the formal field solution is then determined by (6).
In our analysis, the determination of ~n requires the

Wiener–Hopf technique which is too lengthy to be out-
lined here, but the procedure is standard and the solu-

tions to similar problems can be found in the litera-
ture.9,11,12 It can be shown, for the pre$ent open

structure, the reflection coefficient of TN) mode

assumes the form

R = (-1) exp
[

i =(l+i) 0.824go
mn 1 (7)

Pm is a complex parameter related to the propagation

constants am and Omn and to the small distributed 10SS
along the open ends of the waveguide. go can be re-
garded as the filling factor due to the dielectric

medium and is given by

go =1+
(1 + i)

[
U(c, Pm) - + l,n(l - c) 1 (8)

0.824-

where
U(c, Pm) = & .

.

[{
,Q,n 1 - exp

[
i2wPm + An cf~ - t2/2 1}

dt

-co t - qexp(im/4)

The parameter c in (8) is a constant related to the
waveguide dimension (a,b) and dielectric constant Cr,

and is given by

1 - Cr ~(kob/nr)2 (1 - Cr) + 1
c= (9)

I+E r ~(kob/nn) (1 - Cr) + 1

Numerical Results and Discussion

Based on equations (5) through (9), the propaga-

tion constants $mn and am can be determined explicitly
through numerical iteration. Figure 2a and 2b present
an example of the typical results obtained. The cal-
culated propagation constant (Re 13mn) and attenuation

constant (Im ~mn) along the z direction are plotted as
functions of b/l. for aspect ratio (a/b) = 1 and

% = 11.8 (high reeistivity silicon). It is seen that
the dispersion characteristics calculated for the pres-

ent structure are similar to those of the dielectric

wave uide which shows a low frequency cutoff for all
YTM(Y modes; as the transverse dimension b increases,

th~propagation constant for all modes approach-.

asymptotically.

Figure 2b shows the distributed loss through the

open ends of the waveguide in terms of radiation caused
by diffraction at x = ta, y = b. Such a loss though

generally small in quantity is important in terms of
waveguide design. It is seen from Fig. 2b that the

radiation loss decreases as the aspect ratio

dielectric constant Er increases. Secondly,

tion loss increases as Re .8mn decreases. At
ko, the major portion of the modal energy is

confined in the waveguide and radiation loss

sharply.

(a/b) or
the radia-

Re Bmn =
no longer

increases

In order to gain some ineight on the transverse

field distribution for TM(y) modes, we have also

plotted the calculated field dietributions along x

direction according to (6) for two lowest order TM(y)
modes (Fig. 3 and 4). It is seen that the field dis-
tributions in the strip guide are similar to those of

laser resonators.g’ll The non-zero value of the field
at x = fa is related to the radiation loss; the higher
field value generally results in a higher radiation

loss. It is interesting to note that at higher radia-

tion loss, the field distribution deviates from an

ideal sine or cosine distribution as normally assumed

in typical dielectric waveguide analyses.

Conclusion

An analysis of a dielectric strip waveguide has

been presented. The strip waveguide has shown well-

defined propagating mode structures and is particularly

applicable for millimeter-wave integrated circuits.
The dispersion characteristics are very similar to that
of the dielectric waveguide which has been widely used

in integrated optics.
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Fig. 1 Cross-section of a dielectric strip guide.
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Fig. 2 Normalized propagation and attenuation constants

of four lowest order modes for high resistivity
silicon substrate with er = 11.8, a/b = 1.0.
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Fig. 3 Field distribution along x direction

f(x) = cos al x for TM{~) with e= = 11.8,
blio = 0.3.
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Field distribution along x direction

f(x) = sin a2 x for TM~K) with Cr = 11.8,
b/A. = 0.5.
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