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Abstract— This article discusses the patterns of coupling
coefficients between stripline resonators in combline and
pseudocombline structures. It was established that there is an
electromagnetic (EM) coupling between λ/4 (λ/2) resonators in
such structures, and they are bandpass filters (BPFs). Between
stripline stepped-impedance resonators (SIRs), both positive and
negative mixed couplings can be realized. This coupling can
widely vary by changing the shape of resonators and the gap
between them. Moreover, the tuning of coupling is carried out
without the use of a conducting pin, as in the case of microstrip
resonators. The patterns of changes in the coupling coefficients
between stripline SIRs at higher resonant frequencies were
studied. These changes have a wave-like (alternating) character.
The effect of transitioning the coupling coefficient through
zero can be used to expand the rejection band of BPF by
suppressing the nearest spurious bandwidth. It was found that
the coupling coefficients between stripline resonators, all of
whose side surfaces are metallized, depend only on the geometric
parameters and are not dependent on dielectric constant εr .
The dielectric constant only moves the coupling frequencies
of an insulated stripline structure, while maintaining the ratio
between these frequencies. The measurement data for some
combline and pseudocombline stripline BPFs are presented.

Index Terms— Combline and pseudocombline coupling struc-
tures, discriminating coupling, invariant of coupling coefficient,
mixed coupling, rejection band, transmission zero.

I. INTRODUCTION

BANDPASS filters (BPFs) belong to basic compo-
nents of microwave telecommunication systems [1], [2].

Small-sized filters like filters designed on coaxial dielectric
resonators [2], monoblock ceramic filters [3], surface acoustic
wave (SAW) filters [4], and multilayer ceramic filters [5], [6]
are in great demand. Stripline BPFs, which can overlap a
frequency band from 300 MHz to 100 GHz or even higher,
show considerable promise [2]. This is due to the possibility
of application in these filters of substrates with different values
of dielectric constant εr = 2–100. The use of thick substrates
(h = 2–3 mm) allows us to achieve low losses of these BPFs.
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The use of thin substrates (h ≤ 0.5 mm) allows us to create
thin BPFs with a thickness of 1 mm or less. Stripline BPF can
use a wide variety of metallized topological patterns, making
it possible to obtain different frequency responses.

Regardless of this advantage, the development of miniature
stripline BPFs in recent decades was very limited. In our
opinion, this is related to the proposition about the absence
of coupling between quarter-wave (λ/4) or half-wave (λ/2)
stripline resonators placed in parallel to each other or forming
a combline or a pseudocombline structure, which was stated
in [7]. This statement entered an authoritative publication
on contemporary filters [1] and slowed down the process of
development of stripline BPFs.

The combline and pseudocombline stripline structures were
attributed to the category of unpromising structures. They were
even not included in the review of stripline BPFs presented
in 1983 [9]. The statement that there is no coupling between
λ/4 or λ/2 resonators in combline or pseudocombline struc-
tures has long been established and requires clarification.

The basis for the design of BPFs is the knowledge of
coupling coefficients between resonators and the ability to
manage them. The use of mixed coupling coefficients con-
taining magnetic Km and electric Ke components in BPFs
makes their frequency responses more diverse by introduc-
ing transmission zeros into them. Such couplings are also
called “frequency dependent” [10] or “resonant” [11]. Mixed
couplings are implemented in BPFs on various transmission
lines, such as coaxial [12], multilayer [13], substrate integrated
waveguide [14]–[16], and microstrip [17]–[21]. If a BPF
has N tuned mixed couplings between adjacent resonators,
then we can have N adjustable transmission zeros at real
frequencies. Cited articles differ from each other in ways of
implementing mixed coupling coefficients that depend on the
transmission line construction, type of resonators used, and
their parameters. The mixed coupling between resonators of
different transmission line constructions is studied well. At the
same time, the mixed couplings between stripline resonators
are not well studied.

A large number of articles are devoted to the extension of
rejection band of BPF. We will select three of them [22]–[24],
which use discriminating couplings between resonators to sup-
press spurious passbands. In [22], open-loop resonators were
used. In [23], two types of resonators λ/4 and λ/2 were used
simultaneously. In [24], discriminating couplings were realized
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Fig. 1. Stripline quarter-wave resonator. (a) 3-D view. (b) Topology.

between stepped-impedance resonators (SIRs) of two different
types, quarter wave and half wave. In these articles, microstrip
BPFs were considered. It is also advisable to explore the
possibility of implementing discriminating couplings between
stripline resonators.

This article explores the coupling coefficients between
resonators in combline and pseudocombline stripline BPFs.
The article is organized as follows. Section II analyzes cou-
pling coefficients between stripline λ/4 resonators. Section III
analyzes mixed couplings between stripline quarter-wave
SIRs. Design of small-sized quasi-elliptic BPF with high
dielectric constant εr = 92 is performed. Section IV analyses
coupling coefficients between stripline SIRs of quarter-wave
type at higher resonance frequencies. The design of the thin
(1 mm) BPF with wide rejection band, achieved due to the
zero coupling coefficient at the frequency of the parasitic res-
onance, is performed. Section V considers a new property of
electromagnetic (EM) interaction between resonators in closed
stripline structures. Our conclusion is given in Section VI.

II. STRIPLINE QUARTER-WAVE RESONATORS

Let us consider a pair of stripline quarter-wave resonators
(Fig. 1). The stripline design is filled with dielectric having
dielectric constant εr , and its thickness is equal to b. Central
conductors of these resonators are characterized by width w
and length L. They are separated by the gap S. The bottom and
top of the base and the sides of the structure are metallized,
which makes it insulated. One end of the central conductors
is open and the other one is short circuited to the conductive
wall.

A. Coupling Coefficient Between λ/4 Resonators

Each stripline resonator has many resonance frequencies,
and the lowest of which f0 is the main one. At frequency f0,

the resonator in question is a quarter-wave resonator. Let us
consider the EM interaction of the pair of resonators at the
main resonance frequency that is characterized by the coupling
coefficient K . The values of K can be calculated by the
following formula [8]:

k = f 2
o − f 2

e

f 2
o + f 2

e

(1)

where fe and fo are the frequencies of even and odd modes of
oscillations, respectively. The insertion loss response of a pair
of stripline resonators weakly coupled with input and output
loads contains two pronounced peaks corresponding to the

Fig. 2. Coupling coefficient between stripline λ/4 resonators with width
w = 2 mm. (a) For f0 = 1.5 GHz, b = 1 mm. (b) For f0 = 1.5 GHz,
b = 2 mm. (c) For f0 = 2.3 GHz, b = 2 mm and εr = 92.

coupling frequencies. The simulation of frequency responses
involved the use of commercial program Microwave Office
(AWR Company). Excitation of resonators was performed
through capacitive gaps.

Fig. 2(a) illustrates the effect of gap S and dielectric
constant εr on coupling coefficient K at the thickness of
stripline structure b = 1 mm. The simulation was performed
by assuming the following values: εr = 92, 38, 9.7, and 1;
w = 2 mm; and the value of gap S was varied from 0.05
to 1 mm. At εr = 92, the length of resonator was assumed
to be equal to L = 5 mm, and its corresponding resonance
frequency f0 ≈ 1508 MHz. At other values of εr , the lengths
of resonators were selected in such way that their resonance
frequencies would coincide with the previous value of f0: at
εr = 38, L = 7.9 mm; at εr = 9.7, L = 15.8 mm; and at
εr = 1, L = 49.5 mm. The dependencies in Fig. 2(a) show
that the more the εr is, the more is the K.

Fig. 2(b) presents the relationship of K as a function of gap
S and dielectric constant εr at doubled thickness of stripline
b = 2 mm. In this case, the values of K increased more than
three times, which indicates that the increase in the thickness
of b leads to an increase in K .

Fig. 2(c) presents the K –S relationship for a pair of stripline
resonators with εr = 92, b = 2 mm, w = 2 mm, and the length
of which is reduced to L = 3 mm. These resonators have
a higher resonance frequency f0 ≈ 2.3 GHz. Comparison of
dependences in Fig. 2(b) and (c) shows that the increase in the
resonant frequency of resonators f0 leads to the growth of K .
Data in Fig. 2(a)–(c) allow us to formulate the patterns of the
variation of coupling coefficient K for stripline quarter-wave
resonators in combline structure. To increase the K result,
increase εr , increase the thickness of stripline b, and increase
the resonance frequency f0.
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Fig. 3. Dependencies used in the design of the stripline BPF. (a) Coupling
coefficient. (b) External quality factor.

B. Stripline Combline BPF

Let us design a fourth-order stripline combline BPF with
Chebyshev response corresponding to the following require-
ments: center frequency f0 = 2380 MHz; fractional bandwidth
FBW = 0.035; and passband ripple LAr = 0.1 dB. Using the
initial data and parameters of Chebyshev low-pass prototype
g0, g1, . . . , gn , gn+1 corresponding to the specified values of
n and LAr and using the known formulas [1]

Ki,i+1 = FBW√
gi gi+1

for i = 1, . . . , n − 1 (2)

Qe1 = g0g1

FBW
, Qe2 = gngn+1

FBW
. (3)

We can determine the coupling coefficients between adjacent
resonators Ki,i+1 and external Q-factors, Qe1 and Qe2 of end
resonators. For LAr = 0.1 dB and n = 4, using tables [1],
we can find g-parameters: g0 = 1, g1 = 1.1088, g2 = 1.3062,
g3 = 1.7704, g4 = 0.8181, and g5 = 1.3554. Substituting
these values of g-parameters and the initial data into (2)
and (3), we obtain K12 = K34 = 0.029; K23 = 0.023;
and Qe = 31.7.

The design of the filter is formed by connecting two
dielectric substrates from alumina having thickness h = 2 mm,
εr = 9.7, and tanδ = 0.0002. The filters are fully shielded
because all of their side surfaces are metallized.

Fig. 3 shows the dependencies used in the design, and
the insets show filter elements. The central conductors of
these resonators are characterized by width w = 4 mm.
The short-circuited ends of the resonators are connected to
a “protective” band of 1-mm width, which prevents tin from
getting inside the filter during its assembly. The length of
resonators, counted from this strip, is equal to L = 8.6 mm.
The resonators are separated by the gap S. The “protective”
strip leads to a slight increase in coupling coefficients.

Fig. 4. Stripline combline BPF. (a) Topology. (b) Photograph of the fabricated
filter.

Fig. 3(a) presents the relationship K = K (S) for stripline
resonators. According to this curve, we determine that the
coupling coefficients K12 = K34 = 0, 029 and K23 =
0.023 correspond to the gaps S12 = S34 = 1.5 mm and
S23 = 2.0 mm.

As shown in the inset to Fig. 3(b), circuit ensures the
coupling of end resonator with load 50 �. It represents a
segment of stepped-impedance stripline with a width of 1 and
0.5 mm. This segment is removed from the “protective” band
by distance l. The value of external Q-factor of end resonator
Qe is adjusted by distance l. The values of external Q-factor
Qe can be expediently determined by using the results of the
EM simulation of group delay of parameter S11 for resonator
with one-sided load [8]. The Qe can be calculated by using
the following expression:

Qe = π f0τS11( f0)

2
(4)

where τS11( f0) is the group delay at the resonance fre-
quency f0. Fig. 3(b) presents the relationship Qe = Qe(l)
based on (4). The value of external Q-factor Qe = 31.7 is
obtained at l = 0.7 mm.

Dielectric substrates with alumina were coated with a layer
of copper of 8 μm in thickness using vacuum deposition.
The topology of central conductors of the filter is shown
in Fig. 4(a) (position 1), where dimensions are specified in
millimeters. The size of the filter is 26 mm × 12 mm × 4 mm.
When assembling a filter, substrates with conductive layers are
pressed to each other according to the “face-to-face” principle
and their metallized ends are soldered together. Conductive
strips on the two ends of the filter, which are shown in Fig. 4(a)
(position 2), connect the inner and outer parts of the filter.
The latter ones are contact pads. They are shown in the filter
photograph presented in Fig. 4(b), where the filter is shown
on the reverse side. The filter design is intended for surface
mounting.

Frequency responses of the stripline BPF are presented
in Fig. 5. The measured filter characteristics are center fre-
quency f0 = 2380 MHz, bandwidth BW = 85 MHz, insertion
loss at the center frequency IL0 = 1.3 dB, return loss RL ≤
–13.0 dB, and selectivity 40 dB ( f0 ± 115 MHz).

Thus, there is EM coupling between the stripline combline
(λ/4) resonators, and the stripline combline structure is BPF.
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Fig. 5. Frequency responses of stripline combline BPF.

III. MIXED COUPLINGS BETWEEN STRIPLINE

RESONATORS

The mixed coupling coefficient K has magnetic Km and
electric Ke components [8]

K = Km + Ke. (5)

The “+” sign is assigned to the magnetic component and
the “–” sign is assigned to the electrical one. In second-order
BPF with mixed coupling, an fz transmission zero is gener-
ated, the position of which is expressed by the well-known
formula [12], [18]

fz = f0

√
Km/|Ke|. (6)

A transmission zero may be above or below f0. If K > 0,
then fz > f0, and if K < 0, then fz < f0. The pattern (6)
allows us to move the transmission zero fz with respect to
f0 for a fixed value of |K |. If the BPF contains N mixed
couplings, it can have N transmission zeros.

The design principle of a BPF with mixed couplings
between adjacent resonators is as follows. Using expres-
sion (2), the absolute values |K | of mixed coupling coefficients
are determined. Each coupling coefficient is associated with
a predetermined transmission zero fz . Based on (5) and (6),
the components Km and Ke of each mixed coupling coefficient
are determined. It is reasonable to study the mixed coupling
between stripline SIRs for implementing BPF with predefined
transmission zeros.

A. Electromagnetic Interaction Between Stripline SIRs

Fig. 6 shows the dependence of K on the form of closely
placed stripline SIRs, one end of which is short circuited.
These dependences are constructed for two characteristic
shapes of the resonators, which are shown in the insets.
The following parameters of SIR were used: the thickness
b = 2 mm; the dielectric constant εr = 92; the resonator
length L = 3.6 mm; the width of the wide part of the SIR
w1 = 1.4 mm; and narrow width of the SIR w2 = 0.9 mm.
The length l of the narrow section of the resonator is variable.
The solid lines correspond to the gap 0.2 mm between the
resonators and dashed lines correspond to the gap 0.4 mm.
For the pair of resonators shown in Fig. 6(a), the values of

Fig. 6. Coupling coefficient between stripline SIRs. (a) Short-circuited end
of SIR is narrow. (b) Open end of SIR is narrow.

K can be positive, negative, and equal to zero. For positive
mixed coupling coefficient (K > 0), the magnetic component
Km dominates in it. For K < 0, the electrical component
dominates. With increasing length l of a narrow part of the
resonator [Fig. 6(a)], the value of K decreases to zero firstly.
Then it becomes negative and increases in absolute value.
The value of K < 0 for almost all values of l is changed.
The functions K = K (l/L) are bell shaped and they have
a minimum at l/L ≈ 1/2. The largest change in K occurs
when the gap between the resonators is equal to 0.2 mm:
−0.106 ≤ K ≤ 0.0385.

For the pair of resonators shown in Fig. 6(b), the values of
K are always positive. The curves of K = K (l/L) are bell
shaped. They have the maximum at l/L ≈ 1/2. When the gap
between the resonators is 0.2 mm, the values of K vary within
0.0385 ≤ K ≤ 0.0948. In the two cases considered, the mixed
coupling coefficient between stripline SIRs changed in a wide
enough range −0.106 ≤ K ≤ 0.0948. Note that the change
in K over a wide range is carried out without the use of an
additional conductive pin between two resonators, as in the
case of microstrip SIRs [19].

The dependences K (l/L), similar to shown in Fig. 6(a),
can also be obtained if the narrow part of the SIR is located
near the open end but in its “inner” part. The dependences
K (l/L), similar to shown in Fig. 6(b), can also be obtained if
the narrow part of the SIR is located near the short-circuited
end but in its “internal” part.

Fig. 7 shows symmetric fourth-order BPFs with alternating
signs of mixed coupling coefficients that have two both sided
transmission zeros. Filters in Fig. 7(a) and (b) have two
couplings with K < 0 and one coupling with K > 0. The
filters in Fig. 7(c) and (d) have two positive mixed couplings
and one negative mixed coupling.

The coupling coefficients K in Fig. 6(a) and (b) are mixed.
Expressions (5) and (6) allow us to determine the components
of Km and Ke if the values of K and fz are known. The
center frequency f0 in (6) is defined as follows: f0 = ( fo +
fe)/2. Table I shows the values of Km and Ke for four points
in Fig. 6(a) with the same negative mixed coupling coefficient
K = −0.04. Each curve in Fig. 6(a) intersects line K =
−0.04 at two points. Points 1 and 2 correspond to the gap
S = 0.2 mm between resonators. Points 3 and 4 correspond
to the gap S = 0.4 mm. Fig. 8(a) shows the SIR topologies
corresponding to these points.
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Fig. 7. Fourth-order stripline BPFs with alternating mixed couplings. (a) Two
negative and one positive couplings, short-circuited end of SIR is narrow.
(b) Two negative and one positive couplings, open-circuited end of SIR is
narrow. (c) Two positive and one negative couplings, short-circuited end of
SIR is narrow. (d) Two positive and one negative couplings, open-circuited
end of SIR is narrow.

TABLE I

COMPONENTS OF MIXED COUPLING K = −0.04
AT POINTS 1, 2, 3, AND 4 IN FIG. 6(A)

Fig. 8. Pairs of SIRs with mixed coupling coefficient |K | = 0.04. (a) Pairs
of SIRs corresponding to points 1, 2, 3, and 4 in Fig. 6(a) for K = −0.04.
(b) Pairs of SIRs corresponding to points 1, 2, 3, and 4 in Fig. 6(b) for
K = 0.04.

Table II presents the values of Km and Ke for four points
in Fig. 6(b) with the same positive mixed coupling coefficient
K = 0.04. As in the previous case, points 1 and 2 correspond
to the gap S = 0.2 mm between two resonators. Points 3 and 4
correspond to the gap S = 0.4 mm. Fig. 8(b) shows the SIR
topologies corresponding to these points.

TABLE II

COMPONENTS OF MIXED COUPLING K = −0.04
AT POINTS 1, 2, 3, AND 4 IN FIG. 6(B)

The data presented in Tables I and II and Fig. 8 indicate
that the mixed coupling coefficient K can be implemented on a
set of SIRs of various shapes and with different gaps between
resonators. The differences between these pairs of resonators
lie in the values of the components Km and Ke and, therefore,
in the position of the transmission zero fz relative to f0. The
shape of the resonators and the gap between them allow us to
adjust the position of fz relative to f0.

Analysis shows the following patterns.

1) The convergence of stripline SIRs, i.e., decreasing the
gap S between them leads to an increase in the compo-
nents Km and Ke for a fixed value of K . In this case,
the ratio Km /|Ke| approaches unity and interval between
frequencies fz and f0 decreases.

2) For a fixed gap S between stripline SIRs, a smaller
ratio of lengths l/L leads to a smaller interval between
frequencies fz and f0.

3) The degree of convergence of the frequencies fz and
f0 is limited by the minimum allowable gap S between
stripline resonators.

4) Two mixed coupling coefficients K1 and K2 are equal to
each other if K1 m = K2 m and K1 e = K2 e. The mixed
coupling coefficients at points 1, 2, 3, and 4 (Fig. 6) do
not satisfy these conditions.

B. Small-Sized Stripline Quasi-Elliptic BPF

We realize a fourth-order stripline combline filter. This filter
has a Chebyshev characteristic in the passband and following
specification:

Center frequency: f0 = 1835 MHz
Bandwidth: BW = 90 MHz (FBW = 0.049)
Return loss: RL < −13.5 dB
Transmission zeros: fz1, fz2 ∈ [ f0 ± 200 MHz].
In this case, two transmission zeros are not defined exactly.

They should be removed from f0 no more than 200 MHz
providing increased frequency selectivity. The specified value
of return loss RL = −13.5 dB corresponds to the ripple
value: LAr ≈ 0.2 dB. For designing the filter with the values
LAr ≈ 0.2 dB and n = 4, the next g-parameters are used [1]:
g0 = 1, g1 = 1.3028, g2 = 1.2844, g3 = 1.9761, g4 = 0.8468,
and g5 = 1.5386. Substituting these values and the value
FBW = 0.049 into (2) and (3), we obtain |K12| = |K34| =
0.0379, |K23| = 0.0308, and Qe = 26.59. We take the values
of K12 and K34 positive and K23 < 0.

These coupling coefficients are mixed and their components
Km and Ke must provide the required location of the transmis-
sion zeros. The transmission zero for the positive K12 value
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Fig. 9. Resonator pairs of the developed BPF with mixed coupling
coefficients. (a) Pairs of SIRs with K < 0. (b) Pairs of SIRs with K > 0.
(c) Dependence of the value K on the gap S.

is denoted by fz1. According to the accepted specification, we
have fz1 ≤ f0 + 200 MHz. From this inequality, we define
fz1/ f0 ≤ 1.109. Using (6), we write the condition that the
components Km12 and Ke12 must satisfy

Km12/|Ke12| ≤ 1.23. (7)

The transmission zero for a negative K23 value is denoted
as fz2. According to the accepted specification, we have fz2 ≥
f0 – 200 MHz, hence, it follows fz2/ f0 ≥ 0.891. Using (6),
we finally get the following:

Km23/|Ke23| ≥ 0.794. (8)

In the developed stripline BPF, two thermostable dielectric
substrates with εr = 92 and tanδ = 0.0003 are used. The
thickness of the substrates is h = 1 mm and thickness of the
stripline filter is b = 2 mm.

Fig. 9(a) and (b) shows the topology of the resonator pairs
of the developed filter. Both pairs contain the same resonators,
which are oriented relative to each other in different ways. As a
result, the pair of resonators in Fig. 9(a) is characterized by
the value K < 0 and the pair of resonators in Fig. 9(b) is
characterized by the value K > 0.

The short-circuited ends of the resonators are connected
to a “protective” strip of 0.4-mm width. The length of each
resonator, counted from this strip, is equal to L = 3.2 mm
and the maximum width of the resonator is w = 1.4 mm.
In the area of the short circuit, two rectangles of 0.8 mm ×
0.4 mm and 0.6 mm × 0.2 mm were extracted from the central
strip of the resonator. As a result, the resonator becomes
step-impedance and tuned to the frequency f0. The protective
strip in the short-circuit end region of the resonators increases
the magnetic component Km of the mixed coupling. The wider

Fig. 10. Miniaturized quazi-elliptic stripline BPF with mixed couplings.
(a) Topology. (b) Photograph of the fabricated filter. (c) Frequency responses.

it is, the more the Km is. This led to the fact that in pair of
resonators [Fig. 9(b)] with K > 0, the width of the conductors
was reduced in the area of the short circuit ends.

Using computer simulation, we present the dependences
K = K (S) in Fig. 9(c) for the considered pairs of resonators.
Values K12 = K34 = 0.0379 are realized on a pair of res-
onators shown in Fig. 9(b) at S12 = S34 = 0.2 mm. The value
of K23 = −0.0308 is implemented on a pair of resonators
shown in Fig. 9(a) at S23 = 0.2 mm. Using (5) and (6),
we determine the components of Km12 and Ke12 of the mixed
coupling K12: Km12 = 0.2079 and Ke12 = −0.170. These
components satisfy the condition (7), which is derived from the
specification. Similarly, we determine the components Km23

and Ke23 of the mixed coupling K23:Km23 = 0.1547 and
Ke23 = −0.1855. These components satisfy the condition (8).

Combining the pairs of resonators shown in Fig. 9 leads
to a fourth-order BPF shown in Fig. 10. Dielectric substrates
with εr = 92 and tanδ = 0.0003 were coated with a layer
of copper of 8 μm in thickness using vacuum deposition.
The topology of the central conductors of the filter is shown
in Fig. 10(a) (position 1), where dimensions are indicated in
millimeters. The size of the filter is 7.4 mm × 4.2 mm ×
2 mm. The use of the “protective” strip of 0.4-mm width has
resulted in a different topology for this filter from the filter
topology shown in Fig. 7(b). Conductive strips on the two
ends of the filter, which are shown in Fig. 10(a) (position 2),
connect the inner and outer parts of the filter. The latter ones
are contact pads. They are shown in the filter photograph
presented in Fig. 10(b), where the filter is shown on the reverse
side. The required external quality factor of the end resonators
Qe = 26.59 is provided by the appropriate choice (4) of the
connection coordinates of the I/O strips.

The measured and simulated frequency responses of the fil-
ter are shown in Fig. 10(c). The measured filter characteristics
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are center frequency f0 = 1835 MHz, BW = 90 MHz,
insertion loss at the center frequency IL0 = 1.9 dB, insertion
loss at the edges of the passband ILmax = 3.2 dB, and return
loss RL ≤ –14.0 dB.

Two transmission zeros of the filter are located at fre-
quencies fz1 = 2034 MHz and fz2 = 1668 MHz, which
correspond to the previously accepted specification. The filter
has an increased selectivity of 45 dB ( f0 ± 135 MHz). When
using a normalized frequency j� = ( f / f0 – f0/ f )/FBW,
the selectivity can be presented in the form of 45 dB (± j3).
For comparison, we note that the fourth-order “High-Perf
Ceramic Monoblock Filter CER0206A” [25] with dimensions
7.1 mm × 5.6 mm × 4 mm, f0 = 1880, and BW = 60 MHz
has lower selectivity: 42 dB(− j3.3) and 24 dB( j3.3).

Extremely important is the effect of the transition of the
mixed coupling coefficient through the zero value, as shown
in Fig. 6(a). In this moment, the components of the mixed
coupling are equal to each other Km = |Ke|. If a hairpin
resonator is placed over a pair of such resonators and open
ends of this hairpin resonator are turned in the direction of the
first two resonators, a third-order BPF is formed. The mixed
coupling of the formed filter is cross-coupling one. Such a
filter has a quasi-elliptic frequency response with two trans-
mission zeros located equidistant relative to f0 [20]. The larger
the value of Km = |Ke|, the closer the transmission zeros
to f0. If the hairpin resonator is replaced with a quarter-wave
resonator, then the newly formed filter will have a flat group
delay [21]. These effects were demonstrated in [20] and [21]
for microstrip BPFs. However, they can also be used in
stripline BPFs that are self-shielded, and their resonators have
a higher unloaded quality factor Qu than microstrip resonators.
The transition of the mixed cross-coupling coefficient through
the zero value gives the third-order filter, the properties that
are inherent in a quadruplet BPF with all simple couplings.

The use of substrates with a low dielectric constant
(εr = 2.2) allows the filters in question to operate at frequen-
cies of 100 GHz and higher, which is consistent with the
results given in [2].

IV. COUPLING COEFFICIENTS AT HIGHER

RESONANT FREQUENCIES

Fig. 11(a) and (b) shows two types of low-profile (b =
1 mm) stripline SIRs with dielectric constant εr = 9.7
(alumina), whose length is L = 10 mm. The maximum width
of the resonator is 1.6 mm (Z0min = 14.75 �), and the
minimum width of the resonator is 0.8 mm (Z0max = 24.26 �).
The resonators are separated by the gap S = 0.1 mm.

A. Coupling Coefficients Vs Shape of SIRs

These resonators are characterized by many oscillations
with resonant frequencies fn , n = 0, 1, . . . , which are
electromagnetically coupled to each other. Let us denote K0,
K1, and K2 coupling coefficients corresponding to resonance
frequencies f0, f1, and f2. Fig. 11(c) and (d) shows the
dependences of K0, K1, and K2 on the normalized value l/L
of these SIRs.

Fig. 11. Coupling coefficients between low-profile stripline SIRs.
(a) First-type SIRs. (b) Second-type SIRs. (c) Coupling coefficients K0 and
K1. (d) Coupling coefficients K2.

Let us mention the characteristic features of curves Kn =
Kn(l/L) shown in Fig. 11(c) and (d),

1) Functions Kn(l/L) demonstrate alternating behavior; the
number of extremes of these curves is 2n + 1.

2) The number of internal zeros of function Kn(l/L) is 2n.
The coupling coefficients K0, K1, and K2 are mixed.
Condition for suppression of the first spurious passband
K1 = 0 is of the greatest interest, because, in this case,
the rejection band of the BPF expands.

Plots in Fig. 11(c) show that the condition K1 = 0 holds
for l/L ≈ 1/3 and l/L ≈ 2/3 for both types of resonator pairs.
To determine which pair of resonators in Fig. 11(a) and (b)
gives preference, additional analysis is necessary.

Resonance frequencies of considered SIRs [Fig. 11(a)
and (b)] can be determined from the resonance equations

m tan[ω(L − l)/v] = −cot(ωl/v) for the first type; (9�)
m−1 tan[(ωl/v)] = −cot[ω(L − l)/v]

for the second type (9��)

where v is the propagation speed of EM wave, and
m = Z0max/Z0min. Fig. 12 shows the plots of the ratio of
resonance frequencies f2/ f0, which characterize the distance
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Fig. 12. Ratio f2/ f0 of stripline SIRs.

between these frequencies. These curves show that the SIR
of the first type is more preferable because it has higher
value f2/ f0. For a pair of resonators of the first type, upper
curves f2/ f0 (Fig. 12) have two maximum at l/L = 1/3 and
at l/L = 2/3. It follows from expression (9�) that, for the SIR,
the ratio f2/ f0 is given by the formula

f2
f0

= π

tan−1
√

1/(1 + 2m)
− 1 (10)

from which we find that f2/ f0 = 6.47 for m = 2 and f2/ f0 =
7.69 for m = 3.

Comparison of the curves in Figs. 11(c) and 12 shows that
there is a double effect at points l/L ≈ 1/3 and l/L ≈ 2/3:
the zero value of K1 = 0 and the maximum ratio f2/ f0.
Combining both effects, we can obtain a significant expansion
of the BPF rejection band.

B. Low-Profile Stripline BPF With Extended Stopband

To demonstrate the described above effect (K1 = 0), a
third-order Chebyshev filter centered at f0 = 2.45 GHz, with
a 0.2-dB bandpass ripple and BW = 140 MHz (FBW =
0.057), was designed. According to [1], these values give the
coupling coefficients K12 = K23 = K0 = 0.048 and external
quality factor of end resonators Qe = 21.5. The low-profile
(b = 1 mm) stripline BPF with SIRs was fabricated from the
alumina substrates with thickness h = 0.5 mm. Topology of
the filter is depicted in Fig. 13(a), position 1. Some dimensions
are in millimeters: l = 2.1 mm, L = 7.8 mm (l/L = 0.27),
wmax = 1.6 mm (Z0min = 14.75 �), wmin = 0.8 mm
(Z0max = 24.26 �), S = 0.2 mm, t = 1.2 mm, and BPF size is
9 mm × 7.6 mm × 1 mm. Conducting segments were formed
on the BPF faces [Fig. 13(a), position 2]. These segments
connect internal and external filter parts. The external part is
depicted in the filter photograph presented in Fig. 13(b), where
the filter is shown on the reverse side.

Fig. 14(a) plots coupling coefficients K0 and K1 with
various gap values S. If S = 0.2 mm, then |K0| = 0.048.
Although the resonators in the inset to Fig. 14(a) are not
identical as in Fig. 11(a), the coupling coefficient K1 = 0.0032
is quite small for given parameters. Fig. 14(b) plots external
quality factor Qe with different t values. If t = 1.2 mm, then
Qe = 21.5.

Fig. 13. Low-profile stripline BPF with K1 = 0. (a) Topology. (b) Photograph
of the fabricated filter.

Fig. 14. Design plots for low-profile stripline BPF. (a) Coupling coefficients
K0 and K1. (b) External quality factor Qe.

Fig. 15. Measured and simulated frequency responses of low-profile stripline
BPF with K1 = 0.

The measured and simulated frequency responses of the
filter are shown in Fig. 15. The measured data are f0 =
2450 MHz; BW = 140 MHz; IL0 = 1.8 dB; and RL <
−16 dB. Spurious bandpass associated with resonant fre-
quency f1 is suppressed as predicted. First spurious bandpass
of the BPF is 6.06 f0. SIRs of the filter are characterized by
the parameter m = 24.26 �/14.75 � = 1.645. Substituting the
value of m in (10), we get the calculated value of f2/ f0 = 5.98,
which is close enough to the measured value.

The rejection band of this filter at the attenuation
level 30 dB is characterized by the ratio of the boundary
frequencies fmax/ fmin = 5.44. For comparison, we note that
the third-order BPF [23] with λ/2 and λ/4 resonators, using

Authorized licensed use limited to: Auckland University of Technology. Downloaded on May 23,2020 at 10:46:48 UTC from IEEE Xplore.  Restrictions apply. 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

ZAKHAROV AND ILCHENKO: COUPLING COEFFICIENTS BETWEEN RESONATORS 9

Fig. 16. Pairs of stripline half-wave resonators. (a) Symmetrical positioned.
(b) Offset down. (c) Offset down and to the right. (d) Displaced downward
to the right and with respect to each other. (e) SIRs of a half-wave type.

discriminating coupling K1, has rejection band from 2.1 to
8.6 GHz ( fmax/ fmin = 4.09).

V. INVARIANCE OF COUPLING COEFFICIENTS RELATIVE

TO DIELECTRIC CONSTANT

Consider the influence of the dielectric constant εr on the
coupling coefficient K between stripline resonators at the main
resonant frequency f0. To exclude the influence of a short
circuit on K , we will use half-wave resonators.

A. Different Location of Stripline Half-Wave Resonators

Fig. 16(a) shows the topology of half-wave resonators,
which are located in the middle of stripline construction. As in
Fig. 1(a), the side surfaces of the strip structure are metallized,
which makes the structure insulated. When simulating with
Microwave Office (AWR), we use the following parameters:
b = 2 mm, L = 6 mm, w = 1 mm, and S = 0.2 mm.
Dimensions of the topological layout are 9.2 mm × 5.4 mm;
center conductors are separated from metallized ends by

TABLE III

COUPLING COEFFICIENTS OF STRIPLINE RESONATORS [FIG. 16(A)]

1.6 mm. In case εr = 9.7, we get the following values:
fe = 7220 MHz and fo = 7604 MHz. Calculation by (1)
gives the value of the coupling coefficient: K = 0.005177. If a
permittivity εr = 9.7 is changed to εr = 2.2, then we obtain
fe = 15159 MHz, fo = 15965 MHz, and K = 0.05176.
Table III presents the values of K for different values of εr .
Values of K remain almost unchanged for different values
of εr , and only coupling frequencies fe and fo vary.

In Fig. 16(b), center conductors of resonators are shifted
downward by 0.5 mm. In this case, K varies from 0.0383 to
0.0384 when εr varies from 2.2 to 92. In Fig. 16(c), center
conductors are shifted downward and to the right, and res-
onance frequencies of resonators are different. Closeness of
metal increases the resonance frequency of the right resonator.
If the resonators are not identical, coefficient K is calculated
from a more general expression as follows [8]:

K = ±1

2

(
f2

f1
+ f1

f2

)√(
f 2
o − f 2

e

f 2
o + f 2

e

)2

−
(

f 2
2 − f 2

1

f 2
2 + f 2

1

)2

. (11)

In (11), f1 and f2 are the resonance frequencies of the
first and second resonators. For the pair of resonators shown
in Fig. 16(c), K = 0.0352–0.0355 when εr varies from
2.2 to 92. The most general case of arrangement of stripline
resonators is shown in Fig. 16(d), when center conductors
are shifted additionally relative to each other. This pair
of resonators has K = 0.1053–0.1055 when εr varies
from 2.2 to 92.

The topology of SIRs of half-wave type is shown
in Fig. 16(d). Rectangles with dimensions of 1 mm × 0.4 mm
are removed in the center part of strips with dimensions
of 6 mm × 1 mm. In this case, the coupling coefficient is
mixed and negative. When εr changes from 2.2 to 92, the
value of K changes from −0.0613 to −0.0614.

The results of the computer simulation considered above led
to the following conclusion. The EM coupling coefficient of
resonators in a stripline structure with homogeneous dielectric
filling and metallized lateral surfaces depends only on geo-
metric parameters of the structure and is independent of the
value of dielectric constant εr .

B. Dependence of Coupling Coefficient
on Resonators’ Length

The influence of geometric parameters, permittivity εr , and
operating frequency f0 on the value of coupling coefficient K
in stripline resonators was analyzed in Section II. The regu-
larity revealed above leads to the necessity of reconsideration
of the influence of last two factors on K .

Let us consider the influence of resonator’s length on K
in more detail. We return to the pair of half-wave stripline
resonators [Fig. 16(a)]. Since the permittivity does not affect
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Fig. 17. Dependence of coupling coefficient on length of stripline half-wave
resonators with parameters b = 2 mm, w = 1 mm, S = 0.2 mm.

the value of coefficient K , we can use any value of εr in
simulation. As before, let us specify remaining parameters of
the pair of resonators: b = 2 mm, w = 1 mm, and S =
0.2 mm. The dependence of coupling coefficient K on length
L of half-wave stripline resonators is presented in Fig. 17.
This dependence is evidence of the strong influence of length
L on the coupling coefficient: the smaller the L is, the larger
is the K .

It should be noted that quarter-wave resonators have the
same coupling coefficients as half-wave resonators, but their
length is only half as large. The dependence K = K (L)
(Fig. 17) is of practical importance. It is applicable to stripline
structures with a great number of permittivity εr values,
therefore, it is universal.

Let us return to the dependencies in Fig. 2. It seems that an
increase in εr and operating frequency leads to an increase
in K . Actually, the increase in K of stripline resonators
associated with an increase in εr at a fixed frequency and
with an increase in the operating frequency is caused by a
decrease in the resonator length.

The value of K of stripline resonators can also be increased
by increasing the stripline thickness b, decreasing the width
w of resonator conductor, and decreasing the gap S between
them. These quantities are geometric parameters of the
stripline structure.

C. Stripline BPF With Different εr

The role of the dielectric constant εr is to move coupling
frequencies of a stripline without changing the ratio between
these frequencies. Let us consider a thin (b = 1 mm) fourth-
order stripline filter with homogeneous dielectric weakly
coupled with input and output loads [Fig. 18(a)]. The filter
contains half-wave SIRs. The resonators are characterized by
the following parameters: L = 4.4 mm and w = 1.1 mm.
The rectangles with dimensions of 0.9 mm × 0.4 mm are
removed in their center parts. The gap between resonators 2–3
is 0.25 mm, and the gap between resonators 1–2 and 3–4 is
0.3 mm. The filter dimensions are 7.05 mm×5.9 mm×1 mm.
The coupling coefficients of the filter are mixed and have
positive and negative signs.

If the end resonators are weakly coupled with loads, cou-
pling frequencies are clearly seen in the filter’s insertion
loss function. We denote these frequencies by f1, f2, f3,

Fig. 18. Stripline fourth-order BPF. (a) Topology. (b) Coupling frequencies
for εr = 92. (c) Coupling frequencies for εr = 23.

and f4. The coupling frequencies of the filter with dielectric
constant εr = 92 are shown in Fig. 18(b): f1 = 2923 MHz,
f2 = 2982 MHz, f3 = 3068 MHz, and f4 = 3105 MHz.
If permittivity εr is decreased by a factor of four and is
assumed to be 23, all coupling frequencies increase exactly
by a factor of two: f1 = 5846 MHz, f2 = 5964 MHz, f3 =
6136 MHz, and f4 = 6210 MHz [Fig. 18(c)]. The relation
between coupling frequencies in a high-order stripline BPF
with homogeneous dielectric and metallized lateral surfaces
depends only on geometric parameters and it is independent
of the εr value.

This regularity allows us to repeat frequency characteristics
of the same filter design in different frequency ranges by
changing the value of εr . The presented statements highlight
that lateral surfaces of the stripline structure should be metal-
lized. In other words, these structures should be insulated EM
structures. Extremely small coupling of end resonators with
loads serves as an approximation to such systems. The value of
dielectric constant εr does not affect the relation between the
coupling frequencies only in the case of complete insulation.
When passing to the filter characteristics, it is necessary to
increase coupling of the end resonators with loads, the EM
system ceases to be insulated, and frequencies of the end
resonated are detuned. The following question arises: what
is required for keeping the filter frequency response under
variations in εr?

Coupling of the end resonators with the load is characterized
by external Q factor Qe. The lesser the Qe, the more this
coupling is. Let us consider the most widespread method for
connection of the load to the half-wave resonator via a short
conductive section. If we neglect the length of this section,
the value of Qe can be calculated from the expression as
follows:

Qe = π RL

2Z0sin2θ � , θ � ≤ π/2 (12)
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Fig. 19. Connecting loads and simulated frequency responses of stripline
BPF shown at Fig. 18. (a) For case εr = 92, f0 = 3000 MHz and BW =
140 MHz. (b) For case εr = 23, f0 = 6000 MHz and BW = 280 MHz.

where RL = 50 � is the load resistance, and θ � is the
load connection coordinate counted from the middle of
the resonator. If we reduce the dielectric constant εr , then
the value of Z0 will increase, and Qe (12) will decrease.
In order to keep the former value of Qe, it is necessary to
decrease θ �.

The considered filter [Fig. 18(a)] contains SIRs, for which
expression (12) is not legitimate. However, the pattern of
variation in the load connection coordinate associated with
the changing of the εr value is retained. Two variants of
load connection and frequency responses of the filter, which
correspond to values of εr = 92 and 23, are shown in Fig. 19.
It is important to note that, simultaneously with shifting
the load connection point toward the middle point of the
resonator, it is necessary to elongate the resonator itself. This
neutralizes the frequency drift associated with variation in the
load connection coordinate.

After changes of εr by a factor of four from 92 to 23, the
normalized frequency characteristics remained the same. The
center frequency was doubled from 3000 to 6000 MHz.
The absolute bandwidth also changed by a factor of two
from 140 to 280 MHz. In general, these changes occur at
(εr2/εr1)

1/2 times.
Thus, if the completed design of a stripline BPF has good

frequency response, it can be reproduced in another frequency
band by means of appropriate selection of εr and minor
changes in the end resonators. This pattern also applies to
a stripline BPF with quarter-wave resonators and to coupling
coefficients at higher resonant frequencies. Fig. 20 shows the
simulated and measured frequency responses of low-profile
BPF (Fig. 13), whose dielectric constant εr was changed

Fig. 20. Frequency responses of the modified low-profile stripline BPF shown
in Fig. 13.

from 9.7 to 38, the end resonators are somewhat shortened,
and the coordinate of the connection of loads t is increased
from 1.2 to 1.8 mm.

In this case, we have (εr2/εr1)
1/2 ≈ 1.98. The value of f0

decreased by the same amount from 2450 to 1240 MHz, and
BW changed from 140 to 71 MHz. It is important to note that
the “zero” value of the coupling coefficient at the frequency
of the first spurious resonance K1 ≈ 0 is preserved and we
get a BPF with a wide rejection band in this case as well.

VI. CONCLUSION

The studied patterns of coupling coefficients in combline
and pseudocombline stripline BPFs allow us to realize a
significant variety of frequency responses. It has been found
that there is EM coupling between the stripline combline
(λ/4) resonators, and the stripline combline structure is BPF.
Mixed coupling coefficients between SIRs and the simultane-
ous use of substrates with high dielectric constant allow us to
implement the quasi-elliptic small-sized stripline BPFs with
high selectivity. Zero coupling coefficient (K1 = 0) at the
first spurious resonant frequency of SIRs [Fig.11(c)] and thin
substrates (h ≤ 0.5 mm) allows us to create thin (b ≤ 1 mm)
stripline BPFs with extended rejection band. The established
property of the invariance of the coupling coefficients with
respect to εr in isolated stripline structures allows us to
move the same frequency response on the frequency axis by
changing εr only. Stripline BPFs have great potential.
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