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Abstract — Overlays (superstrates) are of practicaf use in a variety of

microstrip circuit applications. This article presents the analysis and mod-

eling of microstrip open-end and gap dkeontinuities in a substrate-super-

strate strnctnre using the numerical solution of integraf equations. Good

accuracy is achieved by adopting semi-infinite and suhdomain mode expan-

sion functions, with a transverse coordluate dependence obtained from a

hvo-dimensional infinite fine analysis. A parametric stndy of the materiaf

layer effects on radiation and surface wave losses and of the fringing fields

at the discontinuities is afso performed.

I. INTRODUCTION

M

ICROSTRIP open-end and gap discontinuities are

useful in the design of matching stubs and coupled

filters. In recent years, layered integrated structures have

found various applications in MIC’S, especially for mono-

lithic integration. Therefore, design data for open-end

and gap discontinuities in layered structures would be

useful. In this paper, microstrip open-end and gap discon-

tinuities in a substrate-superstrate configuration (Fig. 1)

will be considered. The characterization of these disconti-

nuities for a single layer has been performed quite exten-

sively in the past. Quasi-static analysis based on solving

Laplace’s equation has been applied for low-frequency

applications [1]–[4]. For higher frequencies, models based

on rigorous dynamic analysis are required. Frequency-

dependent results in shielded microstrip structures have

been presented [5]-[8]. A dynamic method based on solv-

ing integral equations by the method of moments has

recently been applied to the modeling of microstrip open-

end and gap discontinuities for a single layer case [9], [10].

This analysis takes into account all the physical effects,

among them radiation, surface waves, and dominant as

well as higher order mode coupling. In [9] a finite but long

microstrip line with a 8 gap source is used, which typically

requires many basis functions and may be numerically
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Fig. 1. Microstrip open end and gap in a two-layer structure: h = t + b.

inefficient. In [10] a more efficient method, using a combi-

nation of the entire domain modes and subdomain modes,

is used. However, from the discussion presented in [10], it

appears that an improvement is needed for the capacitance

calculation.

A crucial step in the method of moments is to choose

suitable expansion functions to provide efficient and accu-

rate numerical computation. A combination of semi-

infinite traveling-waves modes and local subdomain modes

is fruitful and can be modified easily to adapt to different

geometries. The traveling-wave mode corresponds to the

fundamental guided-wave mode of the microstrip line. The

local subdomain modes are used in the vicinity of the

discontinuity region to take into account the higher order

mode effects. For the transverse dependence of the expan-

sion functions, it is possible that for sufficiently high
frequencies, the simple Maxwellian or pulse function may

not be a good approximation when the dominant mode is

not TEM-like. Therefore in this analysis, the transverse

dependence of the longitudinal current is obtained by a

two-dimensional infinite line analysis where three modified

cosine Maxwellian functions are used. The characterization

of an open-end discontinuity is through the open-end
capacitance, which is mainly due to the fringing electric

fields, or excess length. When radiation and surface wave

losses are considered, a conductance should also be in-

cluded in the equivalent circuit model. The gap discontinu-

ity is usually modeled as a n network with two capaci-

tances as shown in Fig. 2. The loss mechanism can also be

included by adding the two conductance in Fig. 2. The

material effects of the layered structure on the radiation

and surface wave loss, together with the fringing fields at

the discontinuities, will also be discussed.
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Fig. 2. Equivalent circuit of a rnicrostrip gap.

11. THE METHOD OF MOMENTS AND MATRIX

FORMULATION

If only the longitudinal current in the rnicrostrip line is

considered, the integral equation for the open-end case can

be written in terms of the longitudinal electric field on the

microstrip only as

Ex(x, y,z) =j:@j::2Gxx(x, y, zlx~, y,,,,)

“Jx(x,,y.)dy,dx. =o (1)

where EX is the electric field due to the current at z = z,.

The Green’s function GXX is the value of Ex at the (x, y)

point of the microstrip due to an i-directed delta function

at (x,, y,). This Green’s function has been described [11].

Since the microstrip open end is a special case of the gap

discontinuity, the formulation will be for the gap case. The

current in the microstrip gap can be expanded as

with

f(x) = e-’’”’- I’e’kmx+ f Inlfn(x) for x <0 (3)
~=1

f(x) =Te-’km(x-s) + f ln,gn(x) forx>s (4)
~=1

and

~(y) = “O+alcos(a+a,cos(:y)(5,

?
‘?TW1 – (2y/w)

where 17 is the reflection coefficient from the discontinuity

and T is the wave amplitude of the transmitted wave. The

parameters km, ao, al, and az are obtained through an

infinite line analysis, which involves solving a characteris-

tic equation in a matrix form [12]. The piecewise-sinusoidal

(PWS) modes are defined in [9].

When the expansion functions are used in (l), followed

by a nearly Galerkin procedure [10], integral equations are

converted into a set of linear
equations, when expressed in ma

[

[zse,fl[ztse,fl[ze.actl[z,eact1
[Ze=actl[z,=actl[zselfl[ztself11

luations. These 2N + 2

Iinc,]

1
[inC,]“

(6)
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Fig. 3. Convergence test for open-end {circuit parameters: cl= 9.6, b =
0.02L0 and w/b= 1.

The matrix elements in each submatrix are in the form

of double infinite integration, for example,

Z:&=Jm Jm ~xx(~x~y)~:(~,)~:(~x)
—cc —w

.Cos [Ax(m – n)dl]dxxdx, (7)

where XII( Ax) and Fl( A ~) are the Fourier transforms of the

expansion functions in the 3 and J directions respectively.

Numerical methods for the computation of (7) were dis-

cussed in detail in [11] and [13].

III. DISCUSSION OF THE RESULTS

Usually MIC discontinuities are characterized by their

equivalent circuits. Therefore, in order for the character-

ization to be meaningful, all the higher order modes caus-

ing distortion from the quasi-TEM current should quickly

die out as one moves away from the discontinuity. In

microstrip structures, any discontinuity will generate radi-

ating and surface waves. When radiating or surface wave

fields are strong enough such that their interactions with

the microstrip guided mode become significant far from

the discontinuity y, the computed equivalent circuits will not

be accurate. In other words, the results will be different at

different reference planes. This phenomenon limits the

possible operating frequency of the devices.

The equivalent circuit of a microstrip open end is com-

puted from the reflection coefficient which is obtained

directly from the matrix solution of (6). The convergence

of the results depends on the size of both the expansion

functions and the region where l,he subdomain modes are

used. An example of a convergence check for the open-end

conductance and capacitance is shown in Fig. 3. This

check is carried out by varying tlhe number of modes used

in a fixed subdomain mode region. The subdomain region

is chosen as ten times the substrate thickness. It is found

that with only two modes, a convergent result for the
conductance calculation has already occurred. However,

the convergence of the capacitance value is very slow with

respect to the number of expansion modes. The region

where the subdomain modes are used is less important. It

is found that the results are almost unchanged by changing

the covered range of the subdomain modes. Physically, this



1544 lEEE TRANSACTIONS ON M3CROWAVE THEORY AND TECHNIQUES, VOL. 37, NO. 10, OCTOBER 1989

10

1 This analysis

o1 ....... Measurement in [14]

$
2 -10-~
-u
G.-

.20-
z

w
v

-30-

-401
-50

,
1 1 I I 1

0 5 10 15 20 25

Frequency in GHz

Fig. 4. Theoretical and measured phase of Sll for a microstnp open

end: c, = 9.9, h = 0.635 mm, and w = 0.95h.
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Fig. 5. Energy loss at rnkrostnp open end versus frequency: q = 9.6,

fr=0,3mm, w= b,andt=b.

means that the higher order modes generated by the dis-

continuity have already died out in the testing region. The

above convergence tests are for the case where the radiat-

ing and surface waves are weakly excited. It is found that

the results will not be as good when the surface waves and

radiation loss are strong, due to their interaction with the

microstrip fundamental mode. For a circuit to be useful,

radiation and surface wave loss should be as small as

possible. With a careful convergence study, it is found

that, within the useful frequency range, typically 19 PWS

modes of size 0.06 guided wavelength can provide results

within a few percent accuracy. The validity of the current

analysis has been checked against the quasi-static method

[4] at low frequencies, with excellent agreement. The theo-

retical results for the phase of Sll of the open end are

compared against the measured results presented in [14]

and the comparisons are shown in Fig. 4. It is found that

the difference between the theory and measurement is less

than 10 over the frequency range of the measurement.

Energy loss due to radiation and surface waves at a

microstrip open end is shown in Fig. 5 with and without a

cover layer. The microstrip line in this case is embedded
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Fig. 6. Excess length of an open-end microstrip versus frequency: q =
9.6, b=0.3mm, w= b,andt=b.
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Fig. 7. Excess length of an open-end microstnp versus frequency: b = t

= h/2, h = 0.3 mm, and w/h =1. Microstrip is at the air-dielectric

interface.

between the substrate and the superstrata. It is found that

with the presence of the cover layer, the loss increases with

the increase of the superstrata dielectric constant due to

stronger radiation and surface waves. The length extension

(or capacitance) at the open end due to the fringing field

for the same geometry as that in Fig. 5 is shown in Fig. 6.

It is found that by adding a cover layer the excess length to

substrate thickness ratio (or end capacitance) is larger due

to a stronger fringing field. In general, the excess length

increases with the increase of effective dielectric constant

and is insensitive to frequency, except when the surface

waves are strong. The excess length values for microstrip

in a composite substrate (microstrip is at the ai–dielectric

interface) are shown in Fig. 7. Two different material

arrangements were investigated, which include the case of

a large permittivit y on the top with a lower one on the

bottom and vice versa. It is found that the excess length

value for the first case is significantly larger than the

second one. This implies that, when the microstrip line is

on the larger dielectric constant material, the fringing

electric field is stronger. It is also interesting to see that for

the composite structure, the results are more frequency
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dependent, which is due to the fact that the dominant

mode is less TEM-like.

For the gap case, the reflection coefficients r and the

transmission coefficient T are S1l and – S12 respectively.

Therefore, the admittance matrix of the gap discontinuities

can be obtained by the following transformation:

[Y] = ([u] -[s]) ([u] +[s])-’ (8)

where [U] is the identity matrix. By comparing the two-port

m network and Fig. 1, one has

‘p+ Jucp=y _y

Go
11 12

and

(9)

(lo)

The results for the gap discontinuity are first compared

with those obtained by the quasi-static method [2] and

those obtained by measurements [15], with the result’ shown

in Fig. 8. In this analysis, the frequency is chosen to be 5

GHz. Since the gap capacitance is small and is sensitive to

the device tolerances, this type, of measurement is inher-

ently difficult to perform accurately. It is found that this

dynamic model agrees well with the quasi-static approach.

Some discrepancies for large gap spacing may be due to

the fact that, in such cases, the amount of energy coupled

through the gap is comparable to the energy losses due to

surface waves and radiation, and this aspect is not in-

cluded in the quasi-static approach. This would tend to

explain the larger value of Cg obtained with the dynamic

approach. The gap conductance GP and Gg are shown in
Fig. 9 for the same material arrangements as those shown

in Fig. 5. It is found that the cover layer (superstrate) will

increase conductance due to a stronger fringing field and a

greater energy losses. Also since GP + j~c’ represents the

input admittance when a perfect magnetic wall is in the

middle of the gap, it is expected that, due to image
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cancellation, Gg will be much likrger than GP. As shown in

Fig. 9, Gg is about two orders of magnitude larger that GP.

For a narrower gap, Cg will be larger than Cp due to

stronger end coupling. However for wide gap spacing, the

input admittance seen from either side of the gap is mainly

the open-end admittance, so CP will be larger than Cg. The

results for the microstrip gap on top of the superstrata are

shown in Fig. 10. It is found that Cg/ w is more frequency

dependent than Cp/w when the dispersion is strong and

that both capacitances are sensitive to frequency when the

high-permittivity layer is the one close to the line.

IV. CONCIL.USION

In this paper, we presented the results of microstrip

open-end and gap discontinuities in a two-layer structure.

The importance of the cover layer effect is also addressed.

The accuracy of the results has been checked, in a limiting

case, with excellent agreement with the quasi-static solu-

tions.
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