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Abstract— This paper presents a generalized approach to the
full-wave analysis of multilayer microstrip structures. One of the
structures studied is a new kind of microstrip bandpass filter
realized in a double-layer dielectric substrate configuration. This

filter demonstrates the use of the third (vertical) dimension in the

design of microstrip devices. The approach involves the mixed
potentird integral equation technique, the Method of Moments,

and an S-parameter extraction technique based on a simple form
of Matched Load Simulation. Simulated and measured results
for various microstrip structures are presented and show good

agreement. The approach is demonstrated in detail for 2-port
structures, with an outline of how it can readily be extended to
the n-port case.

I. INTRODUCTION

M ULTILAYER microstrip circuits offer the advantage of

greater compactness and lend themselves to incorpora-

tion in monolithic integrated circuits. This paper introduces

a new kind of microstrip filter consisting of a microstrip

line with a gap and a parasitic resonator line mounted on a

second layer above the gap. Extension to other forms is also

considered. Analysis is facilitated by the use of a simulated

matched load on the output port thereby enabling the direct cal-

culation of the S-parameters for the device. For the full-wave

analysis of microstrip structures, the most popular approach

involves an integral equation formulation and the application

of Method of Moments (MOM) [1]. Over the past decade, with

the acceleration of computing capability, numerous researchers

have reported reliable simulation results for characterizing

planar microstrip discontinuities, e.g. [2]–[9]. In addition, the

numerical analysis of physical configurations consisting of

multiple layers of substrate and metallization has become

possible, e.g. [10]–[12]. Although the use of the third (vertical)

dimension in the design of microstrip components remains a

fairly new subject, some previous examples include the overlay

duectional coupler [13], the semi-reentrant coupler [14], slot

couplers [12], [15], and novel proximity couplers [6].
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In this paper, an approach to the full-wave analysis of open

double layer two-port microstrip discontinuities is presented.

This approach is suitable for treating double-layer planar dis-

continuities as shown in Fig. 1. The discontinuities presented

include an embedded microstrip gap (Fig. 2(a)), a microstrip

gap with offset overlay resonator (Fig. 2(b)) and a derived

novel double layer microstrip bandpass filter (Fig. 2(c)). The

analysis is based on the Mixed Potential Integral Equation

(MPIE) [16] and MOM is applied in the spatial domain.

Thus radiation, surface waves and mutual coupling are all

included. Dielectric loss is also accounted for as it is included

in the formulation of the Green’s functions. A Matched Load

Simulation (MLS) technique [17] is then introduced for the

extraction of S-parameters from the current distribution. While

this technique can be seen to be broadly similar to that in other

work, such as [3] to [10], in that it represents traveling waves

on the output microstrip lines, it is here presented explicitly in

the spatial domain with a process of enforcement of relative

current values on a small number of elements along the output

line. As the whole treatment of the network is here also in the

spatial domain, this provides a very simple way to simulate a

matched load on the output port.

An independent work [18] has also recently proposed a

method of matched load simulation by the inclusion of loaded

scatterers on the output line of a two-port network. However,

the MLS technique now introduced, with its direct enforcement

of current amplitude and phases, appears to be significantly

more efficient and simpler to implement.

Since all of the structures analyzed here have small trans-

verse dimensions compared to the wavelength, the transverse

components of current are considered second order effects, as

in [3], and are ignored. Conductor loss and thickness are not

accounted for as they have negligible effects in the frequency

range of interest.

II. ANALYSIS

A. Formulation

The MPIE has been applied by many authors to treat

microstrip antennas and discontinuities, e.g. [ 19]–[22]. The

present formulation is adapted from that in [16]. In Fig. 1,

the boundary condition of the tangential electric field on the

conductive surfaces on both interfaces can be written as:

13;(T-) = –E; (r) = (jLJA(r) + VV(r))t (1)

where the superscripts e,s, and the subscript t represent

excited, scattered and tangential components, respectively. The

0018–9480/95$04.00 @ 1995 IEEE
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Fig. 1. An arbitrary two-port double-layer microstrip discoutiuuity with
defined reference planes.

potentials A and V can be written as:

v(r) =
/

Gap, ck’ (3)
SI +s2

GA and Gv are Green’s functions for the magnetic vector

potential and the electric scalar potential, respectively, for a

horizontal electric dipole and expressions for them, in the form

of Sommerfelcl integrals, are listed explicitly in [16]. With

numerical integration in the complex plane, these Green’s

functions are obtained as functions of radial distance. They

are then tabulated for a chosen set of discrete positions

and interpolated as needed by use of a cubic spline, as

demonstrated in [23].

B. Method of Moments

As the boundary condition is enforced on the conductive

surfaces, a two dimensional MOM procedure is applied and

the conductive surfaces are discretized into rectangular cells.

Overlapping roof-top basis functions [24] and two-dimensional

pulse functions are used for the expansion of the surface

current density, JS, and the surface charge density, ps, re-

spectively. For the testing procedure, one-dimensional pulse

functions (or razor functions) are used. These choices of basis

functions and testing functions are based on their compatibility

with the MPIE [19] and lead to the efficient evaluation of the

terms in the moment matrix. The MPIE is thus transformed

into a matrix equation:

5 Z;,i .Ij = ~, i=.1,2, . . ..N (4)
j=l

where the Z~,~ represent interactions between the cells on the

metallized surfaces, 13 are the unhewn current expansion

coefficients, and Vi are the excitations.

C. Treatment of Input Port

For multi-port microstrip discontinuities, the input and out-

put reference planes have to be specified. As shown in Fig. 1,

the reference planes are defined for a two port, arbitrarily

shaped, double-layer discontinuity. For excitation, a delta

gap generator is placed sufficiently far away from the input
reference plane to allow for an undisturbed current standing

wave (SW) to appear along the input line, as in [31. S-

parameters can then be obtained directly from this current SW

when all the output lines are matched.

., ....,,.. ,.’;:,,”,.. ,,’,,.

,,,::,..

(a)

,... ,,.:,.,,,.
,.’, ,..:::.”’

,,,.,,.:...
,,,;,,.

(b)

(c)

Fig.
gap,

2. Two port discontinuities studied : (a) an embedded microstrip
(b) an embedded microstrip gap with an overlay half-wave microstrip

resonator (MGOHR), and (c) a novel double-layer micro strip bandpass filter
(DLMBPF); light shading area metallization at air-dielectric interface, heavy

shading area metallization at dielectric-dielectric interface.

D. Treatment of Output Ports

We apply matched load simulation (MLS) to the output

ports. Specifically, we simulate matched load terminations at
the output ports by enforcing in the spatial domain a uni-

directional current traveling wave propagating along each of

the output lines in the direction away from the discontinuities,

The simulation is based on a simple manipulation of the

matrix equation (4). There are two figways of manipulating

the equation to achieve the same matched load effects.

The first way, introduced in [17] for a two-port disconti-

nuity, involves the specification of some current coefficients

at the end of the output line. If the total number of unknown

coefficients and the number of coefficients to be specified are

~ and k, respectively, the specification can be generalized as:

lN–(~–mJ = e
–j(m–l)p’gl

> m=l,2, . . ..k (5)

where ,Bg is the pre-computed propagation constant for the

output line and 1 is the distance between the locations of the

centers of successive roof-top basis functions. The number of

unknown coefficients is now reduced to N – k and therefore

only (N – k + 1) equations are needed. The extra equation

is for solving for the delta-gap voltage as this is no longer

arbitrary but is related to the specified coefficients. To reflect
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this enforced current condition in the matrix equation (4), the

specified coefficients and their corresponding entries in the

Z~,j matrix may be considered as effective sources and can

then be re-arranged to form a new excitation vector to replace

[W]. The matrix equation now becomes:

[’”’

ZI,J . . . zl,N_,k –1 II

“.

ZN_~,~ . . . ZN_~,N_h O

1[’1

1~.k

ZNQ+l,l . . . .ZN-&~,N–k ~ VI

-M
El

—

lEN_k+,j
where

N

(6)

Ei = – ~ Zi,jIj

~= N–k+l

The Ei’s are these newly formed effective sources. Obviously,

for multi-port discontinuities, the relationships among the

currents on each matched output line are generally unknown.

Thus, in the multi-port case, the coefficients on each output

line would have to be specified accordingly; i.e., they would

initially be completely known on only one output line, with

the relative amplitudes of the currents on the other output lines

to be included among the unknowns in the matrix equation.

The second way of implementing MLS is even simpler and

better suited for multi-port simulation. No re-arrangements

of matrix terms are required. The mutual relationship of the

current coefficients along the various output lines is enforced

by introducing new linear equations into the matrix equation

such as:

Im – Im+le–~Pgz = O (7)

This equation enforces a uniform magnitude and a uniform

progressive phase lag constraint on the coefficients 1~ and

1~+1 on any particular output line. With the previous assump-

tions of N and k, a typical mth row in Z~,j form > N – k + 1

now becomes:

[0...0 1 –e~8g~ 0...0] (8)

The advantage of this implementation of MLS over the previ-

ous one lies in the fact that the magnitudes and phases of the

currents on all the matched output lines are now obtained as

the solution of the matrix equation. The delta gap voltage can

thus be arbitrarily chosen, as in the case of a one-port network.

Investigation has shown that the above two procedures for

the implementation of MLS do satisfactorily simulate matched

loads at the output ports. Consequently, the solution obtained
to the new matrix equation does approximate, to a high degree,

the current distribution on the whole structure when all ports

are truly matched, thus enabling the S-parameters to be directly

found.

It is important to stress that constant-amplitude, constant

phase-lag current conditions should only be enforced for

coefficients associated with current cells that are physically

located far from the discontinuity at the junction between the

output line and the device. This ensures that all effects due

to the discontinuity will have become negligible and that the

enforcement of a simple outgoing quasi-TEM mode is then

justified. Numerical trials have shown that the enforcement re-

gion should be at least a quarter-wavelength from the junction

discontinuity.

E. Derivation of S-parameters

Once the current distribution of a matched multi-port struc-

ture has been obtained, the extraction of S-parameters involves

only basic transmission line theory. The magnitudes of the

S-parameters for a multi-port network are given by:

(9)

~.X and l~in are the current maximum and minimum,where I

respectively, of the SW pattern on the input line and 11,I is

the current magnitude at the ith output reference plane. The

phase of S’ll is obtained from the well known procedure [3] of

locating the nearest current minimum of the SW pattern and

finding its distance from the input reference plane. The phase

of S~l for i other than 1 is then given by:

(10)

where lin is the complex current at the input reference plane.

~~~~ and ~min are obtained through the use of cubic spline
interpolation [25] of a discretized SW pattern. The error

introduced in the interpolation is generally much higher at

the minima than at the maxima. However, with the use of

MLS, in which power is simulated as being absorbed at the

outputs, an accurate estimation of the current minimum can

be achieved with a moderate cell density (100 cells per &).

This constitutes a further advantage in the use of MLS in

that the minima are much easier to estimate than when o/c

terminations [26] are used on the output lines, particularly for

low-loss networks for which the input SWR will be close to

infinite for an o/c at the output.

To obtain Sij (including j = i) for i other than 1, the delta

gap excitation must be placed at line i while MLS is applied

to all other lines. For N-port discontinuities, the maximum

possible number of distinct S-parameters is N2. However, in

most practical cases, symmetry and reciprocity considerations

greatly reduce the number of distinct S-parameters to be

derived.

III. VERIFICATION

A. Uniform iklicrostrip Line

MLS is first applied to a uniform microstrip line on its own

so that the effects of the number of cells enforced, and of the

cell density, on the simulated behavior can be studied. The

microstrip line (Fig. 3) is treated as a two-port structure with

the excitation, V, at one end of the strip and MLS applied
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Fig. 3. A uniform microstrip line and its numerical model.

along 12 at the other end. We are interested in studying the

resulting current coefficients on 11 as ~., the number of

coefficients enforced on 12, is varied, The simulated current

magnitudes for various ~. are shown in Fig, 4(a) [17]. For

the case of ~e = 8, the results have achieved an accuracy

within 1.O’% of the theoretical value of 1.0 A. The residual

periodic behavior is believed to be caused by the finite value of

IV,, Similar accuracy is obtained for the phase relationship as

depicted in Fig. 4(b) (theoretical phase-lag %3.30). This value

of ~., for example, corresponds for the dimensions tested to

approximately 110 coefficients per wavelength at the specified

frequency of 2 GHz. At higher frequencies it is anticipated that

the same number per wavelength would suffice for effective

matched load simulation. It should, however, be noted that the

MPIE formulation itself would have to be extended (e.g., to

include transverse currents) if the frequency were increased

sufficiently; whether this simple form of MLS could then still

be used would require further investigation.

For a varying cell density, similar results show that higher

cell densities produce simulated currents with magnitudes and

phases closer to the theoretical values (for an approximately

constant total enforced length, 12) [26].

B. Microstrip Gap

As a further test of the usefulness of the MLS approach, the

simulated and measured magnitudes of the S-parameters for a

microstrip gap embedded in RT-duroid (Fig. 2(a)) are shown

in Fig. 5. The line widths are chosen to achieve a 500 guiding

structure to simplify the measurement. Although the magnitude

of S21 is inherently small and therefore susceptible to device

tolerances and measurement errors, the agreement between

the simulated and measured results does indeed confirm the
usefulness of this simple form of MLS.

IV. APPLICATION TO NOVEL FILTER STRUCTURES

A. Microstrip Gap with Overlay Halj- Wave

Resonator (MGOHR)

The addition of a parasitic microstrip half-wavelength res-

onator above the gap introduces novel filtering possibilities and

suggests an important way to make use of the third dimension

in multi-layer microstrip structures. For the simplest case with

the resonator symmetrically over the gap with no offset (i.e.

s = O in Fig. 6), the results are shown in Fig. 7(a) for the
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Fig. 4. Currents on a simulated matched uniform rnicrostrip line : (a)
Magnitudes, (b) Phase-lag; o: N. = 4, ● : N. n 5, — — — ; Ne a 8, -

--: N.=1O, —: Theory; N. = number of enforced cells (w = h =

1.0 mm, C. = 2.3, frequency = 2.0 GHz).

magnitudes of the S-parameters, and in Fig. 7(b) for their

phases. The magnitude results (Fig. 7(a)) show a very good

agreement (measured IS11 I~in w – 26 dB) at the frequency

(4.0 GHz) at which the overlay resonator is a half-wavelength

long. The coupling, S21, is much stronger for the entire

frequency range (2.0 to 6.0 GHz) than when without the

overlay resonator (Fig. 5) and peaks at around 4.0 GHz. The

simulated phase results (Fig. 7(b)) show a linear behavior for

S21 which is desirable if signal distortion is to be minimized.

This frequency selective behavior promises the possibility of a

new class of 3-dimensional microstrip filters. We note that the

designable parameters for this structure include the gap width

g, the resonator length 1., and the resonator offset s, which

is measured from the center of the resonator to the center of

the microstrip line (Fig. 6). This offset is found to be useful

in controlling the steepness of the IS21 I response, as discussed

later.
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Fig. 6. Top view and side view of a rnicrostrip gap with au overlay resonator
showing the lateral offset, s (light shading: metallizadon at air-dielectric
interface, heavy shading: metatlizadon at dielectric-dielectric interface).

The gap width g, is found to have very little effect on the

overall response of the structure [26], except for a slight shift

of the center frequency. The effect of a varying gap width on

the center frequency is tabulated in Table I. A slight down

shift of the center frequency is observed as the gap width

is increased and is correctly predicted by the simulations for

various values of g and 1,.From a design perspective, a shift

in the center frequency can also be produced by a change in

/.. This is an improved way of designing the center frequency

as the change is more predictable, as shown in Table I. 1, is a

half-wavelength at the design frequency, where the wavelength

refers to the one for a uniform microstrip line of width w and

height of (hl + h2). As such, the end effects for the resonator

are not accounted for in the design and thus the actual center

frequency can be expected to be slightly smaller than the

designed one.

A very interesting improvement in the steepness of the skirt

selectivity for IS21 I is obtainable by laterally offsetting the

overlay resonator (i.e., s >0 in Fig. 6) to a small extent. The

effect is similar to that of decreasing the coupling to a tuned

circuit. The simulated results for a microstrip gap with an
offset overlay half-wave resonator are depicted in Fig. 8(a),

together with the experimental measurement for the s = 0.5

w case. They show a decrease in the off-center value of ISZ1I

at 4.5 GHz from approximately – 1.5 dB to – 11 dB as s is

increased from O w to 0.75 w (1.73 mm). This decrease is

associated with a tolerably small reduction in the IS21 I peak
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Fig. 7. SI 1 and S21 of a MGOHR with a zero-offset (s = O) overlay
haff-wave resonator (Fig. 2(b)): (a) simulated and measnred magnitudes, (b)

simulated phases (C, I = G.2 = 2.33,1z I = hz = 0.8382 mm, w = 2.3

mm> 9 = 1.0 mm, 1, = 27.3 mm).

TABLE I
COmpariSOn OF MEASURED AND SIMULATED CENTER

FREQUENCIESOF A MGOHR (FIG. 2(b)) WITH VARtOUS g AND
1, COMBINATIONS. (PHYSICAL PARAMETERSAS IN FIG 7)

1 designed measured simulated cerrtre % dif-
[mgm] [mm] centre centm frequency ferenee

frequency frequency [Ghz] &50 between
[GHz] [GHz, + 5 MHz measured &

MHz simulated

1.0 27.3 4.0 4.070 4.10 0.74

5.0 27.3 4.0 3.770 3.90 3.4

5.0 28.74 3.8 3.640 3.75 3.0

10.0 28.74 3.8 3.510 3.55 1.1

5.0 26.0 4.2 3.895 4.05 4.0

10.0 26.0 4.2 3.830 3.95 3.1

at approximately 4 GHz. As indicated in the IS11 I results

in Fig. 8(b), including the experimental measurement for the
s = 0,5 case, the center frequency is also slightly down shifted

as s increases, This behavior may be caused by an increase

in the end capacitances for an offset resonator compared to

a zero-offset one, since the embedded microstrip may have

a bigger field-confining effect on a zero-offset resonator. An

offset s of 0.75 w is a good choice for filter design since

it retains the good match while providing a steep roll-off on

either side of the center frequency.
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Fig. 8. Simulated and measured magnitudes of S-parameters of a MGOHR
with an offset overlay resonator (Fig. 2(b)), s = 0.0, 0.5 w and 0.75 w: ~d)

IS211, (b) ISII I (physical parameters as in Fig. 7).

A similar analysis was performed for a microstrip gap with

an underlay half-wavelength microstrip resonator [26]. The

results obtained (not shown here) were comparable to those in

Figs. 7 and 8, and Table I.

The presence of the parasitic resonator might be expected to

produce radiation in the upper half space. In fact this is not the

case to any significant extent, as is shown, both numerically

and experimentally, by the closeness of the IS21 \ value to O

dB at the center frequency (Figs. 7(a) and 8(a)). The effective

absence of radiation must be attributable to the close coupling

to the continuing microstrip line.

B. Double-Layer Microstrip Bmtdpass Filter (DLMBPF)

This configuration is based on cascading a number of

identical MGOHR sections. An example of it is depicted in

Fig. 2(c) and consists of 3 sections. The cascading produces

a further improvement in the steepness of the IS21 I response

over that of a single MGOHR, provided that a suitable inter-

section spacing (1 + g) is used. The design of DLMBPF

involves the characterization of a MGOHR using MLS. Then

the ABCD matrix is obtained from the S-matrix of a MGOHR

for cascading purposes. Thus, the coupling between successive

resonators, beyond that along the microstrip lines, is ignored,

which is valid if they are sufficiently far apart. Therefore

the approach for the analysis of DLMBPF is a hybrid one

that involves full-wave analysis (for a single MGOHR) and

network theory (for cascading network parameters).

The optimum section spacing for the best filtering char-

acteristics of the cascaded structure, is found by numerical

trials to be an odd multiple of a quarter wavelength at the

center frequency. The use of %lg /4 for the section spacing

o-

m -10
Q

A
—. -20

w-
= -30

-5 ~.

&
c“! -50

4
3.4 3.6 3.8 4.0 4.2 4.4

Frequency, GHz.

Fig. 9. Slmrrlated IS2J I of a DLMBPF (Fig. 2(c)) for a varying number of
cascaded sections A’ (,V = 2 to 5, s = 0.75 w for all sections, 1 = 38.6
mm. other physical parameters as m Fig. 7).

is the practical mimmum as the resonators would then be

approximately ~g/4 apart. With this section spacing of 3&/4,

the overall S-parameters for cascading 2 to 5 sections are

depicted in Fig. 9 showing the dmmatic steepening of the

skirts of \S211. However, the overall IS21 I peak drops to

approximately –2.5 dB in the 5-section case. Thus a trade-off

of transmission peak and skirt steepness is again observed. In

geuerat, the amount of offset s and the number of sections

can thus be optimized to create a desired filter function.

Experimental verification of the simulated responses is in

progress. It is worth noting that the overall length of a 3-

section filter of this proposed new kind is only about 5 cm on

duroid (e. = 2.8), for a center frequency of 10 GHz.

Other possible forms are worthy of investigation, including

increasing the number of layers with resonant overlays, or

underlays, or adding offset overlay elements on either side of

the gap. There thus arises the potential for truly 3 dimensional

microstrip tilters.

V. CONCLUSION

In this paper, we have presented an approach to the full-

wave analysis of multi-layer, two-port microstrip disconti-

nuities with an outline of the possible extension to n-port

networks. The approach involves the mixed potential integral

equation, the Method of Moments, and a very simple Matched

Load Simulation technique. The technique allows straightfor-

ward extraction of the S-parameters for the discontinuities

from the solution of the integral equation. For design purposes,

the overall characteristics of a combination of various discon-

dnuides in series can be obtained through the cascading of

the parameters for the individual structures. This combination

of’ full-wave analysis and a network approach for the analysis

of complicated structures is efficient while still accounting for

the dominant electromagnetic effects.

Test simulation results for the isolated microstrip line it-

self are convincing and those for the embedded microstrip

gap compare well with measurements. A novel double-layer

microstrip filter structure has been introduced, with good

agreement between the simulated and measured results. This

builds on the selective coupling across a microstrip gap

produced by an offset overlay half-wave microstrip resonator.

This structure opens up the possibility of a new class of

3-dimensional microstrip filters.
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