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Abstract–This paper describes the general realization of el-
liptic function narrow-bandpass filters constructed from two

adjacent planes of microstrip quasi-TEM line resonators. This

dual-plane configuration allows nonadjacent coupling to be re-

alized through small slots between the planes. Alternate sign

coupling is realized by the appropriate positioning of the slot

along the resonator length. A model developed from Bethe’s
small-hole coupling theory is used to predict these couplings.
Adjacent resonator couplings are modeled using a coupled-line

analysis modified to characterize the coupling of an inhomo-
geneous medium. The filter synthesis technique previously de-

veloped for waveguide cavity filters can be directly applied in

designing a dual-plane filter.

I. INTRODUCTION

RECENT advances in the fabrication of high-temper-

ature superconducting (HTS) thin films [1], and their

properties at microwave frequencies, have stimulated a

renewed interest in planar microstrip passive devices such

as resonators [2], delay lines [3], and filters [4], [5]. With

a surface resistivity about 10 times lower than copper at

1-10 GHz, superconducting, YBCO thin-film microstrip

resonators can now realize unloaded Q’s in excess of

10000. These improved Q’s enable the development of

microstrip filters with performance comparable to that of

waveguide cavity filters but with substantial savings in

weight, volume, and fabrication costs.

Conventional synthesis of planar, elliptic response fil-

ters is generally based on the transformation of a known

lumped prototype into a distributed network. Although

this approach is relatively straightforward for Chebyshev

filter realization, it is not so for elliptic response filters.

The transformation often requires the realization of dis-

tributed Brune sections [6], which is complicated and re-

quires a large number of microstrip elements. Complexity

is also found in the half-wave stepped digital elliptic fil-

ters introduced by Rhodes [7], which require nonuniform

lines and stepped impedances.

For waveguide cavity elliptic response filters, the de-

sign method introduced by Atia and Williams [8], [9] is

widely adopted for its simplicity and accuracy. A cou-

pling matrix is derived from the transfer function and re-
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Fig. 1. Analogy between waveguide cavity canonical filter and dual-plane
filter.

alized in terms of intercavity couplings. For lossy cavi-

ties, a method of predistorting the transfer function can

be used to recover an equivalent lossless response [10].

The application of this synthesis technique to microstrip

elliptic function filter design can therefore make use of

the above advantages. However, one problem to such an

approach in a planar structure is the difficulty in identi-

fying the required magnetic and electric couplings of the

nonadjacent resonator couplings. This problem is re-

solved if the single-plane filter is extended to multiplanes,

such as the multilayered dual-mode microstrip filter [4].

This paper addresses the multilayered filter design con-

cept and presents a general form of the dual-plane multi-

coupled-line filter [11].

A general realization of the dual-plane multicoupled-
line filter, illustrated in Fig. 1, draws its analogy from the

narrow-bandpass folded waveguide filter in canonical

form described in [9]. The dual-plane filter uses direct-
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coupled resonators of uniform width and adopts a comb-

line arrangement at each plane. All resonators operate at

the dominant quasi-TEM mode and are approximately

one-quarter-wavelength long. The couplings between re-

sonators can be realized in terms of parallel coupling and
interplanar coupling. The parallel coupling can be ad-

justed by the distance between the coupled lines and is

derived from a modified analysis of coupled line theory

[12]. Adjacent plane coupling, termed aperture coupling,

is controlled by the size and position of an iris at the shared

common ground plane. The coupling coefficient can be

predicted by using Bethe’s small-hole diffraction theory

[13] modified with correction factors to account for large

apertures. The position of the iris determines whether the

magnetic or electric field dominates and, hence, whether

the coupling is positive or negative.

II. DUAL-PLANE FILTER DESIGN
(

An elliptic response filter function is characterized by

the input/output transformers and the coupling coeffi-

cients. This synthesis procedure is described by Atia and

Williams [9]. The geometric design parameters for the

dual-plane filter are derived from these coefficients and

the required center frequency.

In general, the coupling of adjacent resonators in the

same plane Mil + 1 are realized by parallel coupled lines,

while nonadjacent resonator couplings M~ 1, M2~ -1, etc.,
are realized by aperture coupling. The realization of the

input/output transformers can be achieved in various ways

such as direct tapping [14] and parallel coupling [12]. For

the sake of minimizing filter size, direct tapping is adopted

in this paper.

A. Interplanar Coupling l%rough Rectangular Aperture

Fig. 2 shows the configuration of microstrip resonators

at different planes coupled through a rectangular slot. To

calculate the coupling coefficient (k), Bethe’s small-hole

diffraction theory [13] can be applied. With reference to

the coordinates given. in Fig. 2, an expression given by

Matthaei et al. [15] is extended to

where Pm, P~z, and P.Y are the magnetic and electric po-

larizabilities of the aperture. H.O and H,O are the tangential

H-fields located at the aperture, and EYOis the correspond-

ing normal E-field. For small apertures, the fields at the

aperture can be assumed to be uniform and can be given
by the values at the aperture center, However, in the case

where the length of the slot is an appreciable fraction of

the operating wavelength, this assumption is no longer

accurate. Instead of assuming H.O of (1) to be the value

at the center of the aperture, the average field value must
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Fig. 2. Coupling between interplanar microstrip resonators.

be applied. This is calculated as [16]

H2=SXoave

u

dS

s

(2)

where the surface integral is over the area of the aperture.

The average field values for H,O and EYOcan be obtained

in a similar manner.

The application of (1) requires knowledge of the field

distributions. A semiempirical model based on an equiv-

alent waveguide model and exponential field decay was

presented in [11]. A variational method in space domain

[17] provides an alternative view.

The geometry of the microstrip resonator under consid-

eration is shown in Fig. 3. Since the potential variation in

a given x-y plane is independent of z, the problem calll be

solved first in the two-dimensional x–y plane and then in

the z direction.

Referring to Fig. 3(a), without loss of generality, the

structure is assumed to be symmetrical at about x = W/2.

For quasi-TEM mode, the field configuration in each of

the five regions shown can be obtained from the solution

of Laplace’s equation:

v%), = o fori=l,2,3,4,5 (3)

where @i is the potential at the specified region.
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(a) Cross Section of Microstrip Resonator in x-y Plane

(b) Cross Section of Microstrip Resonator in y-z Plane

Fig. 3. Cross section of microstrip resonator.

Assuming perfect metallic boundaries, the potentials in

the five regions can be expressed as Fourier expansions:

wr(zl – y)
44 = j El Sinh ~

n7rw’
sin —

w

[
f$5 = ~$1Cm sinh

rmr(y – h – t/2)

w’

+ ~ ~oshrmr(y – h – t/2)
m 1

sin ‘=+vo~
w’ w’ w’

(4)

where A., B., Cm, and D~ are coefficients to be solved

using the stationary property of the stored energy as dis-

cussed in [17]. In practice, the thickness of the microstrip

can be neglected. To obtain a reasonably accurate Fourier

expansion representation of the potentials, the number of

terms must be greater than 20. In most cases, the effect

of the sidewalls can be ignored when the ratio w‘ /w ex-

ceeds 5, and further increments of the ratio will require

more terms to maintain the same accuracy.

The electric and magnetic fields with z variation are now

included in the two-dimensional solutions. Assuming that
only the dominant mode exists and the resonator is one-

quarter-wavelength, within the constraints of the short

circuit and open circuit ends of the resonator, the electric

and magnetic fields at resonance are given by

21rz
E(~, y, Z) = ~(x, Y) sin ~ (5)

g

21rz
H(X> y, z) = H(X, Y) Cos v (6)

%’

where Ag = &/ ~f is the resonator wavelength in a

given substrate of a relative effective dielectric constant

~,.f. E(x, y) is obtained from (4), and H(x, y) can be

found by using Maxwell’s relations.

The above treatment of the field distribution is by no

means exact. It is obvious that (5) and (6) are only ap-

proximations and do not satisfy the Helmholtz equation.

For quasi-TEM resonators, the z-direction tangential H-

field can be neglected; therefore, only the polarizabilities

P~X and P,Y are relevant in (1). With respect to the con-

figuration given in Fig. 2, the formulas for the polariza-

bilities are given by [18], [19]

and

[ 01
b2

P,Y = –~b2a 1 – 0.566~ + 0.1398 ;
a

(8)

where a, b are the dimensions of the rectangular slot with

the aspect ratio b/a < 1.

Measurements using the method described in [20], and

the calculated aperture coupling coefficients between two

microstrip resonators with a width of 0.203 cm on a sub-

strate with a relative dielectric constant of 10 and a thick-
ness of 0.0635 cm at 1000 MHz, are plotted in Figs. 4

and 5. In Fig. 4, the dimensions of the aperture are fixed

and the coupling coefficients are calculated with changing

aperture positions. It is evident that by changing the po-

sition of the aperture, different sign couplings can be re-

alized, due to the differing nature of electric and magnetic

coupling. Fig. 5 is a plot of the coupling coefficients vary-

ing with the length of the slot where the slot position re-

mains the same. It is clear that Bethe’s theory is able to

predict the coupling coefficient when the aperture is small.

But as the length of the slot increases, the theory deviates

from the measured data and requires field averaging.
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rived from variational method.

B. Parallel Coupling

It was reported that exact TEM quarter-wavelength

coupled lines having a comb-line arrangement could re-

sult in a stopband network, as equal and opposite mag-

netic and electric couplings cancel each other [21 ]. But

when the lines are not pure TEM, nor exactly the same

length, and foreshorted to slightly less than a quarter-

wavelength [21], adjacent resonators can be tuned to cou-

ple. Appreciable coupling is realized because the mag-

netic and electric couplings are no longer equal.

The study of parallel coupled lines has long been estab-

lished, but there are few formulas that relate the geometry

of adjacent resonators to the mutual coupling coefficient,

In most analyses, the coupling property of coupled lines

is mainly characterized by the coupling factor. The term

‘“coupling coefficient” should not be confused with the

coupling factor. The coupling coefficient between two re-

sonators is defined as the ratio of energy transfer between

resonators to the total energy stored, whereas the coupling

factor is the ratio of the coupled line voltages. In this sec-

tion, the coupling coefficient between comb-line coupled

2185

resonators based on certain assumptions and the previous

work on coupled lines are evaluated. A new parameter,

defined as the coupling ratio, is introduced to characterize

the effect of an inhomogeneous medium on the coupling.

The aim is not to give an exact analysis of coupled qulasi-

TEM resonators but to derive an approximate formula

with sufficient accuracy for design purposes. After com-

putation of the initial geometrical parameters, further re-

finement can be achieved by computer simulation.

Fig. 6(a) shows the equivalent circuits for a pair of

comb-line coupled lines used by Matthaei [12] in the anal-

ysis of comb-line bandpass filters. The inductor symbols

are based on Sate’s [22] notations and represent slnort-

circuited transmission lines with the assigned electrical

lengths f3and characteristic admittances Yak, where k == i,

j. The admittance inverter is specified by Jo. The admit-

tances and inverter can be expressed in terms of capacit-

ances

where

u=

Cii, Cjj =

Cti =

90 =

Yai = v (Cjj + co) (9)

Y~j = ‘V(Cjj + C~) (10)

JY = u C; cot 00 (11)

velocity of propagation

self-capacitance per unit length of the line

with respect to ground

mutual capacitance per unit length between

line i and line j

electrical length at midband frequency.

The circuit model described thus far is based on pure

TEM transmission lines but is useful in deriving the cou-

pling coefficient between quarter-wavelength microstrip

resonators, given the following assumptions.

1)

2)

The inhomogeneous medium of the microstrip cou-

pled lines does not support pure TEM mode. The

magnetic and electric couplings are no longer equal

and magnetic coupling dominates [17]. If the dif-

ference in permittivities of the two mediums is large,

the electric coupling can be assumed to be a fraction

of the magnetic coupling.

Even though the coupled resonators are not ex~ctly

the same l&gth, they are assumed to be equal and

one-quarter-wavelength. This is justifiable, since

weaker magnetic coupling occurs at the open ends.

Based on the above assumptions, the coupling coeffi-

cient can now be estimated. Consider that the cou@ed

lines in Fig. 6(a) are given extensions of electric length

d, These extensions are assumed to be noncoupling and

hence are treated as individual transmission lines and rep-
resented by straight bold lines, as shown in Fig. 6(b), Us-

ing the same approach as Matthaei [12], the susceptance

function, Bk (co), is

Bk (o) = Y@ktan (%:) - Ydcot(eo:) (12)
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where

00 =

d.k =

Y@ =
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(a) Equivalent Circuits of Parallel Coupled Lines

‘ij = ‘cIjcOte

(b) Equivalent Circuits of Parallel Coupled Lines With Extensions

Fig. 6. Equivalent circuits of parallel coupled lines with extensions.

electrical length of the unextended resonator at

midband frequency

electrical length of the extended portion at mid-

band frequency

vckk .

This expression is similar to that of Matthaei [12], except

that the capacitance has been replaced by an open end

transmission line. Following the procedure given in [15],

the susceptance slope parameter is given by

+ ~ooyakCosec 28.. (13)

The coupling coefficient is then

(14)

Since the coupled lines are uniform, they have the same

impedances, C’ji = C’J. In general, Cii >> Cti and leads

to Ya = Y&. Substituting (12) and (13) into (14) and as-

suming equal extension of the coupled lines,

ke =
cot 00 co

[1
. (15)

~ 4. sec240 + ~ 00 cosec 280 ‘ii + Co

When q50 = O and 00 = r/2 (one-quarter-wavelength),
we have pure TEM coupled lines and the coupling coef-

ficient (kU ) is zero, However, for @O = O. = 7r/4, the

total length remains the same,

VOL. 41. NO. 12, DECEMBER 1993

but

where ZOeand ZOOare the even and odd impedances of the

coupled lines, respectively. Note that the impedance ratio

in (16) is the familiar coupling factor. The physical inter-

pretation of (16) is as follows. For a given pair of quarter-

wavelength coupled lines, only the portion 190provides

coupling since it is closer to the short-circuited end and

the magnetic coupling (k~o ) dominates the electric cou-

pling (k.O). If the portion @Owere to couple, this portion

would be closer to the open end; therefore, the electric

coupling (k=+ ) dominates the magnetic coupling (k~d ).

Applying Assumption 1 to the above result, the cou-

pling between quarter-wavelength microstrip resonators

can be given as

‘~=:[:~a “ [’klyi:,””l ’17)
where I ~= I is the amount of electric coupling present,
which is a fraction of the overall magnetic coupling Ik,.o I

+ I k~o \ and

[

kn+l + 1%+1 - I’el .

I%nol - Ikix)l 1
IS defined as the coupling ratio.

The coupling ratio is envisaged to be a function of the

substrate relative permittivity and the microstrip-width-

to-substrate-thickness ratio. Physically, it is a parameter

which measures the effect of the inhomogeneous medium

on electric and magnetic coupling. The coupling ratio is

determined experimentally for a pair of coupled lines of
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width 0,2 cm on a substrate with a relative dielectric con-

stant of 10 and a thickness of 0.0635 cm, and is equal to

2,

The coupling coefficients of the above coupled-line

specifications are shown in Fig. 7, where the measured

values are compared to the values obtained from

(18)

C. Input/Output Transformer

The input/output transformers of ‘the filter are designed

to give the required loaded external Q. = 1/R of the first

and last resonators. The dual-plane filter uses direct tap-

ping of the resonator described by Dishal [14]. The design

formula

where

ZR =

Z. =
L=

1=

40 =

is given by

characteristic impedance of the tap line

characteristic impedance of the resonator

resonator length

tapping point from the short-circuit end

electric length of resonator at midband

quency.

(19)

fre-

D. Resonators

The length of the resonator is the principal factor in

determining the filter resonating frequency. While the
quarter-wavelength assumption suffices for most anal-

yses, the exact length must be determined experimentally

or by numerical electromagnetic simulations. Deviation

from the exact quarter-wavelength is due to effects of open

ends, interaction between adjacent resonators, and inter-

actions between the resonators and test fixture.

Fig. 8. Photograph of experimental dual-plane filter.

The most prominent effects are the interactions between

resonators due to interplanar couplings and parallel cou-

plings. Coupling coefficient between resonators is related

to the shift in resonance frequency. Magnetic coupling

lowers the resonant frequency, while electric coupling in-

creases the resonant frequency. The length is therefore

adjusted to compensate for such effects. In order for ltwo

comb-line parallel resonators to be in tune with each other

to obtain maximum parallel coupling, the resonators will

in general be of slightly different lengths.

III. EXPERIMENTAL DUAL-PLANE FILTER

A four-pole elliptic response dual-plane filter with an

80-MHz bandwidth centered at 1.1 GHz was designedl ac-

cording to the above procedure. The construction of the

filter involved normal patterning of the planar circuit, with

additional patterning of coupling slots at the ground plane.

Two such planar circuits were stacked back to back with

proper grounding. Fig, 8 is a photograph of the experi-

mental dual-plane filter and the coupling apertures. A

comparison of the coupling coefficient specifications and

,measurements is shown in Table 1. The positive couplings

Mlz, iklz~, and MSJ are realized by magnetic couplings,

while the negative coupling coefficient M14 is achieved via

electric coupling, The coupling i1414provides the zeros of

transmission at the stopband.

The measured transmission and return loss curves of

the dual-plane filter, given in Fig. 9, match the theoretical

curves within experimental errors. Fig. 10 shows the wide-

band frequency ‘response. Note the closest spurious mlode

occurs above the second harmonic position. The highl in-

sertion loss (3. 8 dB) is due to the low resonator Q (1[50)

achieved with copper microstrip lines. A superconducting

film realization would boost the unloaded Q to over
10000.

IV. CONCLUSION AND DISCUSSIONS

A design technique to realize a class of filters in a gen-

eralized dual-plane configuration was introduced. The

proposed configuration allows nonadjacent resonator cou-
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TABLE I
COMPARISON BETWEEN MEASURED AND SPECIFIED COUPLINGS

Coupling Specification Measurement Error (%)

Rl 0.08785 0.08694 1.0
J!f,2 0.06582 0.06512 1.1
M14 –0.01090 –0.01 :E0.001
M23 0.04872 0.05037 3.4
M34 0.06582 0.07006 6.4
R4 0.08785 0.08325 5.2

0 - “’’” e% — MeasuredS11

–20 -
=

s
~ -40

F

...- >
... ~.,

rn “%, >,...,’
m
~ -60 -’” — Measured S21

.- Theoretical S21

-80

-loo~~
600 800 1,000 1,200 1,400 1,600

FREQUENCY (MHz)

Fig. 9. Measured and theoretical filter response,

CH ‘ ’21 log MAG 10 dB/ REF O dB 2. –9.349 dB

C2

START .130000 000 GHz STOP “1O.000 000 000 GHz

Fig. 10. Filter response over wide frequency sweep.

plings that are either predominantly electric or magnetic

in nature. This permits the realization of general transfer

functions, such as elliptic and self-equalized functions

with or without transmission zeros. This procedure ex-

tends synthesis techniques that are well established in the

waveguide cavity environment to MIC filters. The iris for

interplanar coupling can assume other shapes, and al-

though the comb-line arrangement of the resonators sim-

plifies fabrication and grounding, they can also be re-

placed by interdigital lines, with the positions of the slots

adjusted accordingly. An experimental four-pole filter il-

lustrated the concept and shows potential for high-tem-

perature superconducting thin-film implementation.
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