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Test Material ~R ●C

A 4.0 3.9
4.0 3.8
4.2 3.9

B 8.0 9.0
8.5 9.3

c 2.3 2.2

D
2.2 2.3
2.8 2.6
3.2 3.0
2.8 3.2

E 2.9 2.5
2.5

F ?: 9.3

All measurements were made at 11.5
GHz (unloaded resonant frequency).

frequency drift is aconstant andtheproportionality rule given

by (18) is no longer respected.

Compared with other, more time consuming measurement
methods, this method makesit possible to save time and is well
suited to material characterization for industrial applications.
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Characterization of Microstrip Open End
in the Structure of a Parallel-Coupled

Stripline Resonator Filter
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Abstmct —This paper describes an accurate characterization of
ztripline open end in the parallel-coupled microstrip tllter configuration.
The method of analysis is based on a two-port resonance technique
where the spectral-domain approach is used as a fhll.wave ana)ysis.
Even. and odd-mode edge effects are characterized separately by sollving
transcendental equations, Calculated results are used for the design of
certain filters and the experimental results show excellent filter petior-
mances, which validates this method and leads to accurate tllter dasign
in practice.
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Fig. 1. Circuit configuration of the problem.

I. INTRODUCTION

In a microwave integrated circuit design, a stripline filter is
one of the most important circuit elements. Among microstrip
filters, the parallel-coupled stripline resonator filter is very pop-
ular because of its structural simplicity, and many studies have
been carried out on both its theory and design [1]–[3] as well as
on structural design formula of even- and odd-mode characteris-
tic impedances for CAD [4]. One problem in this design, how-
ever, is dealing with the fringing effect at the open end of each
stripline resonator. Because of this discontinuity, the length of a
resonator should be slightly shorter than half the wavelength of
the propagation. These compensation lengths, usually fixed ones,
have been given by a reference table mostly derived from
computed or experimental results for the case of a standard
stripline resonator. With regard to the characterization of stan-
dard stripline open ends including abrupt ends of coupled lines
[5], many works by various analysis methods have been reported
and several commercial CAD packages are available [6]. As the
parallel-coupled striplines have two separate phase velocities,
corresponding to the even and odd modes, it is expected that
the edge effects in two modes are different from that for the
single stripline and vary depending on the stripline gap. Thus,
the length of compensation needs adjustment for the variety of
designs. Recently, a model including lumped capacitances to
account for parasitic coupling and their characterization by
computer fitting has been reported [7].

This paper will present the characterization of the edge
effects of a parallel-coupled microstrip resonator filter configu-
ration in terms of the equivalent electrical lengths for the even
and odd modes respectively in a rigorous manner. The method

of analysis is based on a two-port resonance technique [8]. The
parallel-coupled stripline section to be analyzed is represented
as a two-port network matrix with unknown elements, Then,
each port is terminated with a stripline as a known reactance so
that the entire structure becomes a resonance circuit. The spec-
tral-domain approach (SDA) [9] is applied to a full-wave analy-
sis, where the resonant frequency is found as an eigenvalue
problem.

II. CIRCUIT REPRESENTATION

The circuit shape of the problem is shown in Fig, 1 along with
dimensional parameters. The coupled stripline section is de-
fined between the reference planes, ref(l) and ref(2), and
attached by striplines of continuous widths. Thus, the perceived
discontinuity is the same as that in the filter structure if 1, is
long enough to have continuous propagation fields on the lines,

The ,electrical length, 0, of the coupled lines can be expressed
as

Oe= AtJe+ ~eLr

e.= A60 + ~oLr (1)

where subscripts e and o refer to even and odd modes, Afl

Side View Top View

Fig. 2, View of the structure of the problem.

represents the discontinuities, and P is the propagation con-
stant. The coupled line section is symmetrically in both the x
and z directions and is then represented as a matrix [Z] with
two unknown elements:

(2)

where

211 = – ~j(ZOecot 8, + ZOOcot O.)

212 = – ~j(ZO, csc0, – ZOOcsc /3.)

2., ~ being the characteristic impedances in even and odd modes.
In assuming that there is no loss, we have two unknowns, Af~
and A 80, in the matrix. If the two ports are reactively termi-

nated with equal short ended striplines of characteristic

impedance Z, as shown in Fig. 1, the resonance condition is
shown [8] as

(211+2,)2-2122=0 (3)

where

where 20 is the characteristic impedance and B$ is the propaga-
tion constant of the attached striplines. If the same resonant
frequency is obtained with two different pairs of 1, and L,, (3)
yields two different transcendental equations in terms of A@e
and AtIO. These equations may be arithmetically solved by a
computer.

III. RESONANTFREQUENCYANALYSIS

For the analysis of the resonant frequency, the circuit in Fig, 1
is enclosed with conducting sidewalls and a top cover. Fig. 2
shows a view of the structure of the problem. The resonant
frequency is solved by the SDA method where the currents on
the strips are expanded as a set of orthogonal basis functions
with unknown coefficients CP and dv as follows:

Jz(x, z) = ~cJzw(x, z)
P

Mx

Jx(x, z)=~d#lqJx,z). (4)

The basis functions are separable in the x and z directional
variables, and assuming the rotational symmetry of the electric
and magnetic fields with regard to the planes at x = Oand z = O
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Fig. 3. Shapes of the current basis functions.

respectively, the component functions may be chosen as follows:

2r–1
Jzr(z) = Cos

2(L + b)
lr(z *i)

2r–1
.Ix,(z) = sin

2(L+b)
m(zfb)

Jz,(x) =

lx,(x) =

—

L

~=o,z,...

~= 1,3,...

S= 1,3.’”

~=~,4,..%

(5)

Here k means that the sign is + on strip A and – on strip B;
T means that it is – on strip A and + on strip B, The currents
are nonzero only on strips A and B. Jz,(x) being an x-depen-
dent term, it already incorporates the singular behavior of the
currents at the stripline edges so that quick convergence is
expected. The r and s are to be chosen on the basis of the
number K. Fig. 3 shows the dominant and second-order curves
of Jz(x, O) and Jx(x, O) in relation to s.

Fourier transforms of Jzk and Jxp are then given as

fiw(a,p )=f~(p)f<(a )+~$(p)~<(a)

&&(a, p)= f#(p)f#(a) +i#(p)fg(a) (6)
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Fig. 4. Calculated results for 0.38-mm-thickness substrate.

where the quantities with the tilde (-) denote Fourier transf-
orms of corresponding quantities, and the superscripts A and
B refer to the components for strips A and B. Each component
term in (6) is detailed in the Appendix.

Finally, the homogeneous system of equations is derived with
respect to a solution vector [cP] and [dP]:

][ 1
Cp
. . . = [0]
d~

fori<Mz, j<Mz

fori<Mz, j& Mz+l

fori>Mz+l, j<Mz

fori>Mz+l, j> Mz+l (7)

where the element ei, is the inner product of the basis functions
and Green’s function for a single-layer substrate [10]. The ma-
trix is real-symmetric. The condition for a nontrivial solution of
(7) is given by the determinant of the matrix equated to ztro.
This equation may be regarded as a function of u, L and b:

f((o, L, b)=O. (8)

For given values of o = or, (8) can be solved to evaluate the
different pairs of L and b giving rise to the same resonant
frequency, 0,,

IV, CALCULATEDRESULTS

First, the convergence for the solution in (8) was tested in
terms of the trr.mcation numbers for a, /3, r, and s, and those
numbers were chosen in such a way that the convergence error
for the final solution in @is less than 0.2°. Calculated results for
the case with t = 0.38 mm and G, = 9.8 at 14 GHz are shown in
Fig, 4. The characteristic impedances and phase velocities used
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Fig. 5. Calculated results for 0.635-mm-thickness substrate.

in (3) are computed by means of SDA [101with the same current
shapes as shown in Fig. 3. Any spurious solution can be avoided
from the insight that A8e should be close to the value for an
isolated stripline open end while At)O might have a value be-
tween zero and AO, because of the confined fields over the gap
and fewer fields at the edge. The uniqueness of the solution was
confirmed by examining the different combinations of L and b
pairs. The asymptotic values for Af)e in Fig. 4 have a perfect
match with those estimated from the open end effect of an
isolated stripline resonator [11]. The ctuves for A190 are also
expected to reach the same values as a large g in Fig. 4.
Another example of calculated results with a substrate thickness
of t = 0.635 mm at 10 GHz is shown in Fig, 5. Note that for both
substrates, the transmission lines propagations already have the
dispersion characteristics at those frequencies.

V. FILTER DESIGN AND EXPERIMENTS

Design parameters of a parallel-coupled microstrip resonator
filter, the configuration of which is shown in Fig. 6, are obtained
from a procedure based on the work of Cohn [1], The length of
each section is assumed to be 9@’(a quarter wavelength) at the
center frequeney in the formulation. In the procedure the elec-
trical parameters ZO and ZOOof each section are derived once a

frequeney response ~ given. As the phase velocities for even and
odd modes are not equal, the physical length, 1, of the section
which is to be equivalent to a quarter wavelength is expressed as
rq01LL.&J

‘H/2
1=

Zo<– Z.
~+

Z.+ zoOA~<0

(9)

where

By replacing ~el and ~J in (9) with L9eand 80 in (l), we obtain

Fig. 6. Parallel-coupled microstrip resonator filter circuit configura-
tion.

TABLE 1
COMPARISONOF THE RESONATORSECTIONLENGTHS

Section 1 1
No. from (9) from (10)

1,6 2.033[mm] 1.967[mm]
2,5 2.013 1.921
3,4 2.012 1.918

‘Filter design parameters
Chebyshevresponse: n =5, jO = 14.25GHz, BW =

8%, ripple = 0.1 dB, t = 0.38 mm, 2a= 10 mm, h =9
mm, e, = 9.8.

a modified form of (9):

n- (A/3e + AOO) Zoc–-Zoo (Aoc– A@J

T– 2 – Zo, + zoo 2
1= Zo, – Z. . (lo)

p+
Z. +zoOA~,0

The second term in the numerator in (10) shows the dominant
compensation, which is the average of Aee and A@O.The third
term may be negligible in comparison with the second term.
Table I shows a comparison of the lengths of the sections in one
example design case with five resonators. The values used for
A@, and A(?Oare those obtained from Fig. 4. The point Table I
suggests is that the structural parameters derived from (9) with
or without a uniform length of compensation may cause the
untuned frequency condition for some resonators by 0.5-1.0$10.
This value is enough to degrade the response curve.

Prior to experiments, the dielectric constant of alumina sub-
strate was accurately estimated to be 9.80 by measurements [11].
Three kinds of experimental filters were designed with a sub-
strate of 0.38 mm thickness using the calculated results in Fig. 4.
Fig. 7 shows the experimental results along with the filter design
parameters, In this figure, frequency responses of the filters
designed from (9) and (10) are illustrated. In a practical design,
many designers must have witnessed the same sort of frequency
response characteristics as shown in the left in Fig. 7, where the
lower half of the passband has a slightly larger insertion loss
with the return loss degradation than the rest of the passband. It
is intuitively learned that this degradation may be caused by the
inaccurate characterization of mainly the first and the last
sections, i.e., end resonators, and a prototype filter simulation
also has implied the end resonators possibly off-tuned to the
higher frequencies. The experimental results with the accurate
characterization in Fig, 7 have now verified this. The results
exhibit excellent agreement with the prototype responses except
for the insertion 10SSfrom the resonator unloaded Q. The
return loss curves imply well-tuned resonators in the filter. The
discrepancy of the center frequencies, about 0.2-0.770, is con
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Fig. 7. Experimental results with design parameters of Chebyshev response and (a) n =3, bandwidth= 4%, ripple= 0.2
dB; (b) n = 5, bandwidth = 5%, ripple = 0.1 dB. (Continued on nextpage)

sidered to be caused by convergence errors in computation and
by the fact that the sidewalls in the experiments are positioned
farther than in the computation.

VI. CONCLUSIONS

The microstrip open end in a parallel-coupled stripline config-
uration has been characterized in a rigorous manner by a
method based on a two-port resonance technique and full-wave
field analysis, The analysis has shown that calculation results
agree with those for isolated stripline open end in th~ asymp-
totic values as a large gap. The method has been confirmed by
the experiments. Those calculated results were used for the
design of experimental filters. The experimental results showed
excellent filter performance which followed accurate design
parameters. Thus, the method with the presented current basis
functions will ensure accurate characterization in practice.

APPENDIX

For convenience in the formulation,
taken ~etween [–2a,2a] and [–2b,2b];
form @ for Q is defined as

!$99

Fourier integration is
i.e., the Fourier trans-

&(ct,p) =J2bj2a@(x, z)ej(ax+Pz)&&
-2b -2a

n7r
a =—

2a ‘
n=O, *l, *2,*..

mm
/3 .—,

2b
m=O, *l, *2,...,

The integrals of the currents accounting for both the real
currents and fields and the image components due to the



600 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 39, NO. 3, MARCH 1991

104

0
@

u -lo

-60

Fig. 7.

13.0 14.0 II 13.0 14.0 15.0

Frequency [GHz]

(c)
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electric walls at the sidewalls lead to the following equations:

Z#(a, p) = f<(p)ff(a)+ ~f(p)f<(a)

I

1 1
j~{Jo(P)+ ‘O(Q)}(~ ‘in A1h +; ‘in@h

)
{sin(ad-@)+(-l) ”sin(ad+@)},

.
1 1

j~{~o(~) – Jo(Q)}(~ sinA~~ + ~ sinBlk
}

{Cos(ad - pb)+(- l)ncos(ad+ pb)} ,

fip(a, p) = jf(p)fg(a)+ fi:(@&;(a)

/

1 1
j~{JO(P)+ ‘O(Q)}{~ sin Alk – ~ sinBlk

}
{Cos(crd-pb)+(- l)ncos(ad+pb)},

.
1 1

j~{~o(~)– JO(Q)} (I sin Alh – ~ sin Blh
)

{sin(ad-@)+(-l) ”sin(ad+f?b)},

S =(),2,...

S= 1,3,...

s=~,3, . . .

s= 2,4,...

where

2r–1
zl=—

21~
T–p

()
P=; a+~

w

2r–1
B=—

21h
Tr+p

()
Q.; ~-fl

w

lh=L+b

with Jo the zero-order Bessel function of the first kind.
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