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Analysis and Design of Microslab
Waveguide

BRIAN YOUNG aAnD TATSUO ITOH, FELLOW, IEEE

Abstract —Microslab!, a novel low-loss semiplanar waveguide, is studied
to provide design charts for the propagation constant and characteristic
impedance. A parallel-plate analysis is performed to provide design guide-
lines based on frequency, conductor loss, and size. A mode-matching
procedure is then used to build the design charts. Results are provided for
Microslab implementation on GaAs substrates.

I. INTRODUCTION

ICROSLAB! waveguide was recently proposed to

address the problem of conductor losses in millime-
ter-wave waveguides [1]. Microslab uses a microstrip-like
geometry with insulating dielectrics to reduce the ohmic
losses in the conductors (see Fig. 1). Although the metalli-
zation on the center strip is not required for wave gui-
dance, it is retained to provide improved binding of the
wave and to lower dispersion. It is in this respect that
Microslab differs from other mm-wave dielectric insulated
waveguides [2], [3].

In order to design components in Microslab, informa-
tion of engineering utility is required for the loss, propa-
gation constant, and characteristic impedance of the domi-
nant mode [4] along with the propagation constant of the
first higher order mode. Useful results to date include only
an approximate closed-form formula for the impedance
[5].

This paper presents the information necessary to design
Microslab lines on GaAs substrates by using a mode-
matching analysis to construct design charts. Mode match-
ing is a very computationally intensive solution technique
which becomes even more so for complicated structures.
Numerical optimization to minimize the conductor loss is
not feasible. To reduce the problem, a thin-strip approxi-
mation will be used; however, this approximation pre-
cludes the calculation of the conductor loss [6]. In order to
design Microslab structures for minimum conductor loss,
the parallel-plate waveguide is analyzed for the conductor
loss and optimized to provide design charts from which
Microslab dimensions can be chosen. In this way, the loss
is optimized in an approximate manner while reducing the
computional load of the mode-matching analysis. With
these dimensions, the mode-matching analysis is applied
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Fig. 1. Microslab waveguide.

for several strip widths to build design charts for the
propagation constant and characteristic impedance.

The paper is divided into the following sections. The
parallel-plate waveguide analysis is presented in Section II.
The mode-matching formulation and characteristic imped-
ance definition appear in Section III. In Section IV, design
tradeoffs derived from the parallel-plate and mode-match-
ing analysis are discussed. The design charts for GaAs
substrates appear in Section V along with some representa-
tive field plots. Since Microslab is intended for mm-wave
operation in low-loss monolithic components, design charts
are provided for GaAs substrates only. Section VI con-
cludes the paper.

II. PARALLEL-PLATE ANALYSIS

For high frequencies and /or wide strips, Microslab op-
eration is similar to the dielectric layered parallel-plate
waveguide shown in Fig. 2. Conductor losses can be re-
duced by reducing the tangential magnetic field strength at
the conductors. For the structure in Fig. 2, this can be
accomplished by selecting €, >¢€;,e, and operating the
waveguide at a frequency such that (8/8,)% > ¢,, €5, which
will induce decaying fields in the €, and e, layers. Increas-
ing the frequency further reduces the loss due to the
increased decay rate in the fields. However, it is well
known that for such structures the dominant mode switches
types from TM” at low frequencies to TEY at high fre-
quencies [7], [8]. The physical reason for this phenomenon
is that TM” operation is induced at low frequencies by the
presence of two conductors. At high frequencies, the fields
decay and do not see the conductors, resulting in an
asymmetric slab as the effective waveguide, for which the
dominant mode is always TE” [9]. Therefore, the disper-
sion curves for the two modes must cross at some frequency,
f,- Since operation in the TE¥ mode is undesirable due
to the unfavorable field configuration, the operation
frequency is bounded above by f,, where the loss is mini-
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Both the parallel- plate optimization and the mode-
matching analysis require the calculation of the modes of
the parallel-plate waveguide. In order to simplify the nota- s 6
tion, we will begin with the general waveguide of Fig. 3, .
where ¢(y) is stratified in the y direction. The fields can 5 s an@o 6f ;
be generally described in terms of scalar potentials [10] as 5 “O75198 2
8 a=(c-b)=y (b-a)o “@0 81 \
~jk,z ‘*{n 12 14 «
H = X[0(:)9 ()] o ) \/ ;
for the TM” modes and o yd %@1 0f AN s %
_ X / %
E=—v x[0(:)3(»)e #55] @ & - ) ©
¥ (ZY+1))’
for the TE” modes. An overbar differentiates between TE” 3 "
and TMY quantities, and vectors are in boldface italic type. & 3t Yo ! \
Application of (1) and (2) with the appropriate boundary o : S
conditions yields the eigenvalue equations for the guided L0 - : . "~
modes. _ o v
For the waveguide of Fig. 2, §(x) =8(x)=1. The TM”
and TEY eigenvalue equations are, respectively, (b)
(kly/el)lan(klya)+(kzy/cz) ; ) @
L 0.8915€, Cb : ' ‘
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k2 + k2,. The conductor losses for the TM” mode are (a) € =€, = 0.6357¢,. (b) €, = €5 = 0.7519€,. (c) €, = €; = 0.8915¢,7*
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given by

ac=Rsf|H,|2dl/(2Ref(E><H*)~2ds)

=[wR,/(2k,)][6*(c)+ ¢2(O)]/foc¢2(y)/e(y) dy (5)

where R, =2.61x10"77%* Q for copper.

To build the parallel-plate design curves, the TM” and
TE” eigenvalue equations are optimized by varying the
structure dimensions to provide for dispersion curve inter-
section at a given f,. The structure is symmetric with
a=(c—b)=vy(b—a) and ¢ = ¢,, where y is the dimen-
sionless optimization variable. The resulting curves of Fig.
4 plot the proper structure dimensions (normalized as y,)
to achieve intersection at f, and the conductor losses for
copper at 0.6f,, 0.8f,, and 1.0f, as a function of y.

Several observations can be made concerning the plots.
The dominant features are a minimum in the overall
structure size [since ¢= 2y +1)X(b — a)}], a peak in the
conductor loss, and increasing conductor loss with decreas-
ing frequency (an intuitive result). These features con-
tradict, resulting in design tradeoffs between loss and size,
and loss and higher order modes. Additionally, the magni-
tude of the dielectric constant step €,/¢, (see Fig. 2)
affects the loss. For a given structure size, the loss de-
creases as the step increases; however, smaller steps, with
the resulting larger structures, result in smaller losses.

III. MODE-MATCHING ANALYSIS

The mode-matching procedure used is an extension of
the method used by Mittra et al. [11] to include the
bifurcation introduced by the center strip metallization.
The method is applied to the generalized microstrip prob-
lem shown in Fig. 5 in order to simplify the formulation.
The Microslab problem is then solved as a specific imple-
mentation.

The generalized microstrip structure can be modified to
simplify the formulation. Lateral symmetry is exploited to
divide the structure along the x = 0 plane, thereby reduc-
ing the problem by half. A magnetic wall at the x=0
plane eliminates the odd modes, while an electric wall
eliminates the even modes. The resulting structure is subdi-
vided for modal expansion as shown in Fig. 6. Note that
the formulation process below y = ¢ is identical to that
above. The formulation details for both areas are available
in [11]. We will outline the steps in order to include the
material relevant to the solution of the generalized micro-
strip.

The method is based on the expansion of the fields in
each region in their most general form. For this problem,
each region is a truncated section of parallel-plate wave-
guide, the modal solution of which can be found through
the solution of (1) and (2), with 6(x) and &(x) taking a
general sinusoidal or decaying exponential form. The gen-
eral field in each region is then an infinite expansion of the
modal solutions for its corresponding parallel-plate wave-
guide. For computer implementation, the expansions are
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Fig. 5. Generalized microstrip.

d v

Region X

b2
¢ ————— Region

. 3

Region :

1

| )

O '

0 W2

Fig. 6. Subdivision for analysis.

truncated at M, N, and L terms in regions 1, 2, and 3,
respectively. We retain an equal number of TM” and TE”
modes so that the total number of terms in each region is
2M, 2N, and 2L. The boundary conditions at the inter-
faces between the regions are then matched. Orthogonality
is applied to solve for the expansion coefficients in regions
1 and 2 using the relations

[om(Non0)/a() & =0,  m#n (6a)
[N =0, m#n ()
[ 4o /() =0, m#n (&)
[ =0, mEn (6d)

where the subscripts refer to the region of application. The
expansion coefficients in regions 1 and 2 are eliminated to
yield two sets of homogeneous equations for the expansion
coefficients in region 3, which must be solved simulta-
neously. The eigenvalues (propagation constants) of this
system are found by forcing the determinant of this system
to vanish. The expansion coefficients in region 3 are then
found by choosing one arbitrarily and then solving the
resulting least-squares problem using the QR factorization.
The coefficients in regions 1 and 2 can then easily be
computed.

The remaining implementation details concern the num-
ber of retained expansion terms, the dielectric composition
of each region, and the variable type used in the computa-
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tion. There are two requirements on the number of expan-
sion terms retained: a square matrix requires that M + N
= L, and matching the spectral components along the
regional interface requires that M/N =c/(d —c). The
number of modes in one region is chosen to select the
accuracy of the solution. The specific dielectrics imple-
mented are shown in Fig. 7, where the €5 dielectric layer
was added to the basic Microslab’ structure to facilitate
checking the program. Finally, the problem is formulated
entirely in real functions, and only réal solutions " are
searched and computed. This limits the search to nonleaky
solutions (of primary interest), but it greatly reduces the
computation time.

The program was checked by compuung the dlspcrsmn
curve for a covered microstrip line. The results appear in
Fig. 8 along with the results of Yamashita et al. [12] for an
enclosed microstrip line. The two sets of curves agree quite
well except at low frequencies, where the side walls in-
fluence the results from [12].

The definition implemented for the characteristic imped-

ance calculation is dictated by the behavior of the current |

on the center strip metalhzauon Smce the fields connect
with the strip metalhzatlon via evanescent fields; the in-

853

13
121
11
1071
of
Ny 8y
[eal
e T
6f
5t
at
3t
2 .
10 50 100 200 300
Frequency, GHz
@
180
160 B / Y:4
1407 y=1. 59\ ‘
120F /\
Q
N i
1001
v=0.63
80T
60 ' : ¥=0.25
40— —
10 50 100 200 300
‘ Frequency, GHz
(b)
Fig. 9. Microslab results for several y. (2) D1sperswn (b) Characteristic
impedance.

- duced current is small. As the frequency increases, the

fields decay more rapidly and even smaller currents are
produced. As f— oo, then I—0. Consequently, Z,=
P/(II*) - o0 and Z,=V/I — oo, This undesirable behav-
ior is not found in the power%voltage definition; therefore,
it will be used here. The 1ntegrat10n path for the voltage is
taken from 0 to ¢ along x=01 in Fig. 5.

IV. DESIGN TRADEOFFS

This section investigates Microslab operation so that a
set of guidelines for the design of Microslab can be de-
termined. The parallel-plate analysis of Section II provides
guldehnes for selecting structure dimensions as a function
of vy (see Fig. 4). In this section, the effect of y on
Microslab operation is investigated.
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TABLE 1
MICROSLAB DESIGN TRADEOFFS
Characteristic Decreasing y < ¥y, Increasing v > v,
Dispersion decreases decreases
Decay rate decreases decreases
Impedance improves worsens
Higher order modes increases decreases
Size increases increases
Loss decreases increases’

fIncreases over the range of interest.

Several microslab structures were designed using the
chart in Fig. 4(b) with y values of 0.25, 0.63, 1.59, and 4.
The structures were analyzed with the mode-matching
analysis of Section III, and since exact answers were not
required, we chose d =2¢ and M = 6. For all cases, we
chose w=c¢/2 in order to obtain similar modes of oper-
ation. The dispersion and impedance curves appear in Fig,
9. Modes with effective dielectric constants at and below
the dashed curve, labeled B, are leaky. From this figure
and the discussion in Section II on parallel-plate wave-
guide tradeoffs, the design tradeoffs in Table I are de-
duced. In this table, y, is defined as the y for which the
minimum structure size is realized.

V. DEsIGN CHARTS

Design charts for the propagation constant and char-
acteristic impedance of Microslab lines on GaAs sub-
strates are presented in this section. The dimensions were
chosen from the charts in Fig. 4 and the tradeoffs in Table
I. Three specific implementations cotresponding to the
three charts in Fig. 4 are presented in Figs. 10, 11, and 12.
The dispersion curves are plotted only where a single
nonleaky mode exists. Below the dashed line, leaky modes
may exist. The computations were spread among two
computers. Each design chart data point for both the
propagation constant and impedance calculations required
approximately 1.5 min on a VAX 11,/780 or 2.2 sec on a
Cray X-MP 24. A representative set of field plots for the
case €, =€, =9.7 (Fig. 11) is given in Fig. 13, where the
fields are reduced by the scale factor given in each plot.
The vectors show the field value at the tail. Note that
g=w/2 and that the longitudinal vectors in (b) and (d)
are rotated into the page and plotted at an arbitrary angle.

The convergence criterion is of considerable importance.
Included with each design chart is the convergence curve
for the number of modes used in the solution. Conver-
gence tests are performed for a narrow strip at the lowest
frequency of the design chart, where convergence is slowest.
The first solution to fall within +0.5 percent in propa-
gation constant and +1.5 percent in impedance of the
convergent values is accepted. Note that the convergence
curves are approximately oscillatory and damped, allowing
for the estimation of the convergent value.

The height d selected for the coverplate is also im-
portant. Since region 2 of Fig. 6 contains a homogeneous
dielectric, the fields in the region will always be sinusoidal
in nature. As a result, the plate must be set very high in
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order to approximate an open Microslab. Since the compu-
tation time greatly increases as the plate height increases, it
is not possible to simulate the open Microslab case. In-
stead, we place the coverplate at a half free-space wave-
length above the center strip metallization at the lowest
frequency of the design curve. The plate remains at this
height for all frequencies. The plate height is reduced if
there is a negligible (<1 percent) effect on both the

‘propagation VCOnstant and the impedance in order to save

on computation time. _ '

The design charts show similar features. The dispersion
curves demonstrate the expected behavior where the effec-
tive dielectric constant increases with increasing width.
The impedance curves are more complicated. At low fre-
quencies, the fields penetrate the insulating dielectrics and
Microslab behaves like microstrip: impedance increases
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with frequency and decreases with strip width. At high
frequencies, the fields do not penetrate the insulating
dielectrics as well, and the impedance exhibits behavior
derived from both microstrip and dielectric slab operation.
The resulting behaviof is unintuitive and quite complex.

VI. CONCLUSIONS

Microslab waveguide was analyzed in an approximate
manner using the parallel-plate waveguide as a model and
then accurately using a mode-matching procedure. Use of
the model allowed optimization to be performed, which
would not have been possible using mode matching alone.
The results are design charts where the loss has been
minimized in an approximate manner. Experimental verifi-
cation of the charts is still required.
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