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Dispersion Characteristics for Wide Slotlines on
Low-Permittivity Substrates

R. JANASWAMY anp D. H. SCHAUBERT, SENIOR MEMBER, 1EEE

Abstract — This paper provides additional dispersion data on slotlines not
available in the literature to date. In particular, data are presented on wide
slots etched on an electrically thin substrate of low-dielectric constant. The
range of parameters covered in this paper are 0.006 < d /A < 0.06, 0.005
<W/Xy<20, and €, = 2.22,3.0,3.8,9.8. The problem is formulated using
the spectral-domain technique, and the spectral Galerkin’s method is
employed to compute the slot wavelength. Numerical results are compared
to the experimental data over 2-6 GHz for slotlines on a 1.57-mm
substrate (e, = 2.55). Agreement to within 2.0 percent is obtained.

1. INTRODUCTION

Dispersion characteristics of a slotline shown in Fig. 1 have
been thoroughly investigated by a number of authors in the past
[1]-[6]. Cohn [1] made some elegant approximations essentially
valid for narrow slots on high-permittivity substrates, and solved
the problem using the transverse resonance technique. Mariani et
al. [2] presented extensive curves for slot wavelength A’ and
characteristic impedance based on the above method. Garg and
Gupta [5] obtained closed-form expressions for slot wavelengths
and characteristic impedance by curve fitting these numerical
data. Itoh and Mittra [3] highlighted a new technique called the
spectral-domain technique to solve for the propagation constant
of the slotline in a more rigorous manner. Knorr and Kuchler [4]
extended the method to solve for the characteristic impedance as
well. J. B. Davies and D. Mirshekar-Syahkal [6] applied the
spectral-domain technique to a shielded multilayered structure.
In all these works, the range of various parameters was restricted
to 9.7<e¢ <200, 002 <W/d<20, and 0.01< (d/Ay) <
(d/Xo)1e,» Where (d/A;)rg, is equal to the cutoff for the first
TE surface wave on a grounded slab. Though this range is quite
adequate for a slotline used as a transmission line and for many
circuit applications, there is an increasing interest [7]-[9] to
modify the slotline for antenna applications, where the above
constraints breakdown. In [7], for instance, the slot is flared
lincarly to a width W of the order of a wavelength and the
substrate is thin (d/Ag = 0.008) with ¢, =3.0. It is, therefore,
desirable to know the propagation constant of wide slots on these
low-€, substrates.

In this paper, theoretical and experimental data are presented
for the slot wavelength A\’ for wide slots on low-¢, substrates. The
problem is first formulated using the spectral-domain immitance
approach suggested by Itoh [10], and expressions are obtained for
the two-dimensional dyadic admittance Green’s function, which
relates the electric surface currents and slot electric field in the
plane of the slot. The unknown transverse and longitudinal slot
fields are expanded in a set of basis functions, and Galerkin’s
method [3] together with Parseval’s theorem are invoked to result
finally in a set of homogeneous equations for the unknown
coefficients used in the expansion. The elements of the matrix
operating on these coefficients are all functions of the propa-
gation constant k, along the slotline. The dispersion relation is
obtained by solving for values of k, that render the determinant
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Fig 1. Geometry of slotline.

of the matrix to zero. Finally, comparison is made between the
computed and experimentally determined slot wavelength A".

1I. FORMULATION OF THE PROBLEM
The method suggested in [10] as applied to the slotline leads to

T, Yo |[E(o)]_ (/o)
N N . =1 1)
Y, Y E(e)] |J(a)
where E,_ and E, are, respectively, the transverse and longitudi-
nal ﬁelds in the slot region, and J, and J. are electric surface

currents on the metalization. A tilde denotes quantities Fourier
transformed with respect to x, and a is the transformed variable.

Y., ¥, ¥, and ¥,, are elements of the two-dimensional
admittance Green’s functlon given by
- 1
o oo T
[(T — 1)y, + T™)(2k2 = k3 (e, +1))+ (k2 — K3)
{25r71 kidXy(e, 1)} Yl(Xoakod) € (e, _1)] (22)
R ..
T jepenTT”
D¢, + Xod{2(e, +1) 72 — k3 (e, —1)} (2b)
+n(%d)’ {243 +€.(e, -1 k5 }
< 1
(T*=1)(n + T")(2e” ~ ki (¢, +1)) +(o® = &3) (20)

’ {2€r71 - k(iXOd( €, _1)} - ‘YI(XOdksz)zer(er - 1)

where k, = w‘/p,oeo is the free-space wavenumber, v, y, are the
transverse propagation constants in medium 1 (air) and 2 (dielec-
tric slab), respectively, and where

o +kI=vyl + ki =v]+ek}
o=tanh(de)/('Y2d)
T 1+—tanh(72d)

T™ = ¢,y, + v, tanh ( v, d).

The zeros of T¢ and T™ give the location in the a plane of the
surface waves on a grounded dielectric slab.
E, and E, over the slot region are approximated by expanding
in a finite set of basis functions.
M,
EX = Z a'ie:l(
1

M,
E, =Y be;
1
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Fig. 2. Normalized slot wavelength. (a) ¢, = 2.22. (b) €¢,=3.0. (¢) €,=3.8. (d) ¢,=9.8.

Employing Galerkin’s method in the spectral domain and using
Parseval’s relation, (1) reduces to

a

Apix

b,

i
ol

()

—
]
N

Pun=[ Volnesda (42)
0 .
Qo =R = [ ¥,258 da (4b)
-0
Lo
Sun= [ V.27 da (4c)
— X

The dispersion relation is obtained by solving for values of k&,
that render the determinant of the PQRS matrix to zero at a

particular wavelength A,, substrate thickness 4, slot width W,
and dielectric constant «,.

IIL.

The basis functions employed in this paper are

S

where U, is the Chebyshev polynomial of the second kind of

order one
e =T2n(3§)/v1—(2x/W)2

where T,,(x) are Chebychev polynomials of the first kind of
even order.

The longitudinal (z-directed) component is an odd function of
x, whereas the transverse (x-directed) component is an even
function of x, which would be the field configuration for the
fundamental mode on the slot. Since the longitudinal component

NUMERICAL RESULTS AND DISCUSSION

(5b)
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TABLE I :
COMPARISON OF MEASURED AND CALCULATED SLOT WAVELENGTHS

W/d Frequency (d/Ay) (W/A,) Measured Calculeted % Error

(GHz) N/Xo)  (N/X)
1.335
2.0 0.0103  0.014 0.8726 0.8885 +1.39
2.5 0.0129 0.0175  0.86632 0.8834 +1.5
3.0 0.0155  0.021 0.8623 0.879 +1.9
35 0.0181  0.0245  0.8516 0.875 +2.0
4.0 0.021 0.028 0.8667 0.871 +0.39
10.71
2.0 0.0103 0.1107  0.9333 0.958 +2.64
25 0.0129 01383  0.9375 0.954 +1.82
3.0 0.0155  0.166 0.945 0.951 +0.66
3.5 0.0181 01937  0.9333 0.948 +1.57
4.0 0.021 0.22 0.9289 0.943 +1.5
5.0 0.0258  0.277 0.9215 0.939 +1.89
6.0 0.031 0.332 0.9156 0.933 +1.8

€, = 2.55, d =1.57 mm (0.062 in)

is an order of magnitude less than the transverse component [4],
only one basis function is considered for the z-component. The
Fourier transforms of the basis functions are available in closed
form as [11]

alW

ez A TW Jz(_Z—)

AT ) Tany
()

é;=(—1)"(12‘i’)12n(1"—2vz), n=0,1,---.

The integrals in (4) must be evaluated numerically. However, the
choice of basis functions in (5) facilitates the extraction of the
asymptotic contribution of the integrals and converts them to
rapidly convergent integrals suitable for efficient numerical com-
putation. This procedure reduces the CPU time required for
computing the integrals in (4) by a factor of about 10. The CPU
time taken for the computation of the integrals for a particular
value of m, n is around 15 s on a VAX 11 /750 minicomputer.
The zero of the determinant of the matrix in (3) is found by an
iterative technique. It is found that the solution was convergent
with 3-4 modes for the transverse component and that the
solution can be obtained in seven iterations. For narrow slots,
sufficiently accurate results are obtained with only one transverse
basis function.

The slot wavelength A’ has been computed for four substrates
with ¢, = 2.22, 3.0, 3.8, and 9.8 and for slot widths 0.005 < W/ A,
< 2.0. The thickness of the substrate (d/A) over which these
computations have been carried out ranged between 0.006 and
0.06. Computed values of the normalized slot wavelength versus
the width of the slot are plotted in Fig. 2. Comparison of the
normalized wavelength between the present calculations and those
in [2] over 0.02<d/A;<0.07, for ¢,=96 and w/d=20,
showed that the two agree to within 1 percent. Experiments were
carried out on a 1.57-mm (0.062-in) substrate (¢, =2.55) over
2-6 GHz to validate the computed data. The slot wavelength A’
was measured using the scheme suggested in [1]. Table I shows
the comparison between theory and experiment for a narrow slot
and a wide slot. It is seen that the two results agree to within 2.0
percent over most of the frequency range.

The dispersion curves asymptotically approach the TE,, surface
wave wavelength in the limit of a wide slot at any particular
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Fig. 4. Normalized slot wavelength as a function of substrate thickness.

substrate thickness. That this is the case can be shown analyti-
cally by considering basis functions without the edge condition
and passing the limit on the determinant in (3). The sensitivity of
the dispersion characteristics with respect to the slot width W/A,,
and substrate thickness d/A, is shown in Figs. 3 and 4 for
€, =222, At a fixed frequency, the substrate thickness has a
greater effect on the guide wavelength than does the slot width.
This can be verified by considering the curves in Fig. 2(a).
Starting from any point on the d /A, = 0.015 curve, the decrease
in A’ caused by doubling d (moving to the d /A, = 0.029 curve
at the same W/A,) is greater than the increase in A’ caused by
moving along the d/A;=0.015 curve to the point where W is
twice its original value. This effect produces the negative slope in
the curves of Figs. 3 and 4, which show A’/A, as W and d are
simultaneously increased.

IV. CoNcCLUSION

A spectral-domain Galerkin method is used to compute the
dispersion characteristics of wide slotlines on low-permittivity
substrates that are electrically thin. The choice of expansion and
testing functions permits extraction of the asymptotic form of the
infinite integrals, resulting in a computationally efficient solution.
The agreement between calculated and measured slot wave-
lengths on narrow and wide slots is generally within 2.0 percent
over 2-6 GHz.
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Transient Analysis of Microstrip Gap in
Three-Dimensional Space

SHOICHI KOIKE, NORINOBU YOSHIDA,
AaND ICHIRO FUKAI

Abstract —In this paper, we deal with the microstrip gap that should be
analyzed in three-dimensional space. The time variations of the electric
field at each surface of the stripline having a finite metallization thickness
are analyzed. Our method of analysis is based on both an equivalent circuit
of Maxwell’s equations and Bergeron’s method. The former has advantages
in the vector analysis by using all electromagnetic components. The latter
has advantages in the time-domain analysis of the field. Therefore, our
method can analyze field variations in three-dimensional space and time.
We present the time variation of the instantaneous electric-field distribu-
tions below the strip, at the side of the strip, and at the gap end surface.
These results show how the steady-state field distribution grows in the gap.

I. INTRODUCTION

The microstrip gap is important as a coupling component in
MIC [1], [2]. In this paper, we analyze the microstrip gap in
three-dimensional space [3]. The transient analysis of the electro-
magnetic field is not only useful in clarifying the field response
but also yields information on the mechanism by which the
distribution of the electromagnetic field in the stationary state is
brought about. We have recently proposed a new numerical
method for the transient analysis of the electromagnetic field in
three-dimensional space by formulating the equivalent circuit
which simulates Maxwell’s equations by Bergeron’s method [4],
[5]. We analyze the microstrip gap with this method, taking into
account the thickness of the strip conductor. This paper presents
the time variation of the instantaneous electric-field distributions
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Fig. 1. Model of microstrip gap.

Fig. 2. Arrangement of nodes on the surfaces of the conductor.

below the strip, at the side of the strip, and at the gap end
surface. These results show how the steady-state field distribution
grows in the gap.

II. ANALYZED MODEL OF THE MICROSTRIP GAP

In Fig. 1, the model of the microstrip gap is shown. In this
figure, Ad is the interval between adjacent nodes in the equiv-
alent circuit, and the plane abcd is a plane of symmetry with
respect to the x-direction. In order to model this structure by
Bergeron’s method, three principal conditions are introduced,
namely the boundary condition at the strip conductor, the
boundary condition at the free boundary which is the surface of
the analyzed region, and the condition of the dielectric. In this
paper, we do not give the details of these formulations. But the
boundary condition at the conductor is explained in detail be-
cause it is important in the formulation. In this analysis, the
conductor is supposed to have infinite conductivity, so the
tangential components of the electric field and the normal com-
ponents of the magnetic field on the surface of the conductor
should be zero. For example, the equivalent circuit of the part
designated by p on the strip conductor in Fig. 1 is presented in
Fig. 2. In this figure, the notations ®, O, and 3 represent the
electric node in which the voltage variable corresponds to the
electric-field component, the magnetic node in which the voltage
variable corresponds to the magnetic-field component, and the
open-circuit condition, respectively. So the equivalent circuit for
the surface of the conductor is realized by: 1) short-circuiting the
node on the surface, in which the tangential component of the
electric field or the normal component of the magnetic field
corresponds to the voltage variable; 2) open-circuiting the node,
in which the preceding electromagnetic component corresponds
to a current variable. Fig. 2 shows the resultant equivalent circuit
obtained by the above-mentioned treatment of the boundary
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