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ABSTRACT This paper presents a class of reduced footprint inline microstrip bandpass filters capable
of covering bandwidth up to 20% as well as good flexibility in establishing various cross-couplings for
creating transmission zeros. The resonating elements are quarter-wave stepped-impedance resonators (SIRs),
which have a wide upper stopband in nature. To achieve size miniaturization, the low-impedance segment
of each SIR is implemented as a thick-trace ring and configured in a spiral form, and the high-impedance
section is deformed to accommodate the low-impedance section. An interlaced coupling structure is proposed
to enhance the coupling limited by the downsized coupled segments of adjacent resonators. In addition,
by properly routing the associated shorted stubs, the structure can easily establish cross-coupling between
nonadjacent resonators. Thus, compact SIR filters in an inline arrangement can be achieved to have either
narrow or wide passbandswithmultiple transmission zeros. Two such circuits with sharp transition bands and
upper stopband extension are synthesized, fabricated, and tested. The measured results show good agreement
with simulated data. The circuit areas together with the performances of the experimental filters are compared
with those in existing literature.

INDEX TERMS Bandpass filter, compact, cross-coupling, microstrip, miniaturization, stepped-impedance
resonator (SIR), transmission zero, wideband.

I. INTRODUCTION
Bandpass filter (BPF) is an essential device in the RF
front end of a wireless/microwave communication system
for rejecting unwanted out-of-band signals. One of the
key metrics for characterizing a practical BPF is circuit
miniaturization, and the design challenge lies in satisfying
the trade-off among insertion loss, achievable bandwidth,
and upper stopband extension [1]. The circuit size reduction
often relies on the miniaturization techniques of individual
resonator, such as hairpin resonators [2], stepped-impedance
resonators (SIRs) [3], and hybrid-resonance resonators [4].
In general, downsized resonators will pose a constraint on
achievable circuit bandwidth since the coupling strength is
limited. Good examples are the filters in [2]–[4], of which the
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fractional bandwidths (FBWs) are less than 10%. In addition,
frequency selectivity in transition band is also one of
important concerns in filter design. To enhance the selectivity,
more resonating elements can be used, but this will lead to
increased both circuit area and insertion loss. For enhancing
out-of-band rejection and saving the in-band insertion loss,
cross-couplings are widely used in filter synthesis [5], [6]
for creating transmission zeros. In practice, cross-coupled
resonators are usually arranged in a symmetric double
array; hence, the whole structure can be bulky. Furthermore,
cross-couplings usually require fine layout geometries in
realization, and hence time-consuming EM simulations.

Recently, filters with inline configuration regain much
attention due to its compact size and good electrical
and physical isolation between input and output (I/O)
ports [7], [8]. To minimize the circuit order and to realize
satisfactory frequency selectivity in transition bands, the
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following three design approaches are adopted for generating
transmission zeros. The first one is based on the extracted-
pole synthesis with nonresonating nodes (NRNs) [9], [10].
The second method uses frequency-dependent couplings
[11], [12]. In practice, this type of coupling is realized
by mixed electric and magnetic couplings between res-
onators [7], [13]–[16]. The third approach is to add extra
cross-coupling paths [8], [17]. It is noted that most inline
designs in literature are basically for cavity filters; only a
small number of papers have extended such techniques to
planar applications. It is worth mentioning that the achievable
bandwidth and flexibility in allocating transmission zeros
of the inline designs in [7]–[17] are limited. For example,
only [14] has an experimental filter with an FBW larger
than 10%.

The demand of extended upper stopband is also increasing
for eliminating interferences from adjacent channels or other
wireless systems. It is known that SIR is a good candidate for
realizing a wide stopband response [3], [18]–[19]. In [18],
a compact trisection filter based on net-type resonators is
realized to have a spurious resonance at 6.5f0 with an area
of only 0.15λg × 0.15λg(λg is the guided wavelength at the
design frequency). This structure, however, seems limited
to narrowband applications since each coupling arm is less
than 0.1λg. In [19], the proposed interdigital SIR filters not
only preserve the advantage of a very compact size and
wide upper stopband but also resolve the problem of limited
coupling strength with adjacent conventional quarter-wave
SIRs. However, both accuracy and time of EM simulations of
the sophisticated structure will be tough issues. The primitive
of short-circuited stub-embedded ring resonators in [20] is an
SIR. Its circuit area is small and FBWs of the realized diplexer
are less than 5%, due to the limited coupling geometries,
as expected. Besides SIRs, the structures in [21]–[25] have
been proposed to implement a wideband BPF with a wide
stopband response.

The primary purpose of this paper is to show the
development of highly compact planar inline filters suitable
for realizing transmission zeros with cross-couplings as well
as bandwidths up to 20%. The resonating elements are
quarter-wave SIRs. The low-impedance section is deformed
into a spiral ring so that the whole circuit area can be
significantly reduced, and the thin grounded high-impedance
tail is flexibly routed for implementing cross-couplings in the
inline structure.

The paper is organized as follows. Section II describes
resonance characteristics of the proposed SIR, together with
geometry control for area shrinking and inter-resonator
couplings. Section III depicts the synthesis and design
of the inline wideband filters with cross-couplings. For
demonstration, two filters are fabricated and measured. One
is a trisection with a transmission zero in the upper stopband,
and the other is a sixth-order filter with two pairs of
transmission zeros. Both experimental circuits are designed
to have a bandwidth greater than 20%, even though their
circuit sizes are highly miniaturized. Measurement results are

compared with simulation responses, and then some practical
issues in filter realization are also discussed. Section IV
draws the conclusion.

FIGURE 1. The proposed resonator. (a) Shorted stub inside the ring for
circuit miniaturization. (b) Shorted stub outside the ring for establishing
appropriate couplings.

II. RESONATOR, MINIATURIZATION, AND COUPLING
Fig. 1 shows the circuit schematics of the proposed quarter-
wave SIR. It is formed by a low-impedance closed ring
tapped with a high-impedance shorted stub at P, where PQ
is its symmetry plane. The characteristic impedances and
electrical lengths are also given in Fig. 1. The shorted stub
can be either placed inside the ring, as in Fig. 1(a), for
circuit miniaturization or outside the ring, as in Fig. 1(b), for
establishing appropriate couplings with other resonators. The
resonator in Fig. 1(a) is the same as the short-circuited stub-
embedded ring resonator of type A in [20]. In comparison
with [20], as it will be shown later, our realization of Fig. 1 is
not onlymuch smaller but also capable of building filters with
relatively wide bandwidths and flexible cross-couplings for
generating transmission zeros.

A. RESONANCE CHARACTERISTICS
The resonance frequencies of the resonator proposed in
Fig. 1 can be easily determined by subsequently replacing the
PQ-plane with a magnetic and electric wall. It results in the
following resonance conditions

R = tanθ1tanθ (Even mode) (1a)

θ = nπ, n = 1, 2, 3, . . . (Odd mode) (1b)

where R = Zc/(2Z1). It is easily seen that the even-mode
resonance condition (1a) is the same as that of a quarter-wave
SIR [3], where 2Z1 is the characteristic impedance of the
bisected high-impedance section. Condition (1b) is obtained
by shorting the Z1-section to ground, which represents
the natural resonances of the low-impedance segment.
A simple root-searching program can be used to calculate
the resonance frequencies based on the two conditions.
Fig. 2 plots the leading two higher-order resonances f1 and
f2 normalized with respect to their associated fundamental
resonance f0 as a function of length ratio u = θ1/(θ1 + θ ),
where f0 and f2 are from (1a), and f1 from (1b).
In Fig. 2, it is found that f1 > f2 when u > ux = 1/3.

It can be validated that the boundary ux is independent of the
value of R. By choosing u = 1/2 > ux , i.e., θ1 = θ , for any
R < 1, not only f2 reaches its highest point, but also f1 >
f2. Since any higher-order resonances may cause spurious

VOLUME 10, 2022 21329



S.-C. Tang et al.: Compact Microstrip Wideband Cross-Coupled Inline BPF With Miniaturized SIRs

FIGURE 2. Normalized frequencies of the leading two higher-order
resonances for the resonator proposed in Fig. 1. R = 0.3, 0.5, and 0.8.

S21 peaks in the upper stopband, this suggests the fact that
u = 1/2 should be selected for the best filter performance in
the upper rejection band. This choice is the same as that in [3],
evenwhen the low-impedance segment of the proposed SIR is
deformed. It also can be seen from Fig. 2 that the smaller the
R value, the shorter the total SIR length. Take R = 0.3 as an
example. By inserting the shorted stub in the ring in Fig. 1(a),
the total electrical length of the resonator at the fundamental
resonance is only θ = θ1 = 28.71◦, which is merely one
twelfth of a wavelength. The ring also contributes further
reduction, as it reduces value of R from Zc/Z1 to Zc/(2Z1).
In addition to size reduction, the use of the ring brings
additional advantages. Usually, width of the high impedance
section approaches the fabrication limit, which may decrease
the unloaded Q of the SIR. Alternatively, keeping the high-
impedance section ‘‘moderately’’ thin, one can adopt a
sufficiently low Zc value to meet the impedance ratio R in
need. Yet when the line width of the low-impedance section
gets close to the length, spurious transversal resonancesmight
occur and degrade the performance. The low-impedance
section in a ring form will be free of such degradations,
gaining desired impedance ratio while keeping both Zc and Z1
reliable and feasible. In addition, the ring section possesses
a better routing efficiency than conventional SIRs since the
ring trace can be easily folded into an arbitrary shape. This is
also helpful for establishing desired direct as well as cross-
couplings of either electric or magnetic type [5].

B. CIRCUIT MINIATURIZATION
To make a significant circuit area reduction, the double-ring
spiral configuration [26] is employed for the low-impedance
ring in Fig. 1, as shown in Fig. 3. The ring peripheral
is folded into two spiral loops with a short CPW section
etched on the ground plane as the interconnection. The line
width Wc and the gap size s of the CPW is designed to
match the characteristic impedance of the microstrip traces
on the top layer for minimizing the discontinuity. The black
traces denote top metal, the gray area indicates the bottom
ground conductor, and the white circular dots represent either

FIGURE 3. Schematic of a double-ring spiral resonator.

signal vias connecting traces on the top and bottom layers or
grounding via for the shorted stub.

FIGURE 4. Design curves of the resonator proposed in Fig. 3. (a) Area.
(b) Unloaded quality factor Qu.

By aligning the shorted stub along the ring peripheral,
in Fig. 3, the area occupied by a single resonator is
approximately equal to that of the spiral ring. Define a length-
to-width ratio r = Ly/Lx , it can be known from Cauchy-
Schwarz inequality that when r = 1 the area has its maximum,
and the area can be significantly scaled down when r � 1.
Herein, all gaps between ring traces are initially set as gc =
0.2 mm (conservative resolution for reliable fabrication) to
minimize the circuit area. Fig. 4(a) plots the area, in terms
of λ2g, of a single resonator on a Rogers RO4003C substrate
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with εr = 3.38, h = 20 mil, and metal thickness t = 18 µm
against different Z1 and Zc values. Theoretically, lower Rwill
result in a more compact size. When Zc is kept constant,
the downward trend of circuit size can be observed as Z1 is
increased from 104 � to 158 �. Yet, as Zc is decreased from
111 � to 78 �, for a constant Z1, the area increases. This
is attributed to the increase of line width of the ring trace
in practice. The simulation data are obtained by a full-wave
package IE3D [27]. Fig. 4(b) illustrates the unloaded quality
factor Qu versus different geometries. As Z1 increases, Qu
decreases from 80 to 46; however, the variation of Zc does
not make significant difference in Qu. Fig. 4 also reveals that
the smaller the resonator, the lower the Qu.

FIGURE 5. Resonance characteristics of the resonator proposed in
Fig. 3 versus gc . (a) Normalized resonance frequency fcoup/f0.
(b) Unloaded quality factor Qu.

To attain a highly compact SIR, the separation between
lines gc in Fig. 3 is made as small as possible. Fig. 5 investi-
gates the influence of possible couplings among the segments
within the spiral ring on the resonance frequency, where the
effect of right-angle bends is also taken into consideration
in simulation. Fig. 5(a) shows the variation of normalized
resonance frequencies fcoup/f0 with respect to the change of
gc. Given Wc = 0.2, 0.4, and 0.5 mm and W1 = 0.1 mm, the
frequency shift from f0 is less than 5%when gc> 0.6, 0.4, and
0.3 mm, respectively. When gc = 0.1 mm, fcoup can be 12%
– 25% higher than f0. This means that when gc, and hence
Lx , is decreased, Ly will be increased to tune the resonance
back to f0. Surprisingly, such increase in Ly does not exceed

the decrease in Lx since there are three gc’s within the spiral
ring, where a small change in gc actually makes a significant
change in Lx . As a result, for Wc = 0.5 mm, the area of a
resonator is reduced from 48.63 λ2g to 34.27 λ2g, which is an
additional 30% reduction when gc is changed from 1.5 mm
to 0.1 mm.

Fig. 5(b) displays the unloaded quality factorQu of the SIR
versus gc. It indicates that Qu falls in a range from 62 to 68.
As gc is increased from 0.1 mm to 1.5 mm, the three Qu sets
all decrease by about 4%. At any given gc, resonators with
the thinnest ring trace exhibit the lowest Qu, as expected.

FIGURE 6. Coupling structures and design curves. (a) Edge-coupled.
(b) Interlaced coupling. (c) Coupling coefficients design curves. Substrate
RO4003C is used. Lc = 8 mm and W1 = 0.13 mm.

C. COUPLING STRUCTURE
Fig. 6 shows the two coupling structures employed in our
designs. In Fig. 6(a), the coupling is realized by the outermost
ring traces of two neighboring resonators. The coupling
length is merely 0.043λg at the design frequency f0 =
1 GHz, so that the coupling strength is limited. In Fig. 6(b),
the positions of the two coupling arms in Fig. 6(a) are
interchanged, forming an interlaced coupling structure like
the Lange coupler [28], to enhance the coupling.

The coupling coefficients k of the two coupling structures
in Fig. 6(a) and 6(b) are extracted by the weak coupling
method [5]. Fig. 6(c) illustrates the variation of coupling
coefficient k versus gc for Z1 = 132 �, where Zc = 78, 86,
97, and 111 �. The coupling coefficients of both structures
decrease as the gap size gc is increased. For the same Zc and
gc in Fig. 6(c), k values of the interlaced coupling structure
aremore than two times those of the edge-coupled structure in
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Fig. 6(a). Thus, the coupling coefficient covers a range from
lower than 0.05 to higher than 0.3. This reflects the fact that
the proposed coupling structure is also suitable for design of
circuits with relatively wide bandwidths. It is noted that the
areas used by these two coupling structures are approximately
the same.

III. TWO EXPERIMENTAL INLINE FILTERS
A trisection and a sixth-order inline filter are realized for
demonstration. Also described is the implementation of
extra cross-coupling with appropriate polarities in these two
inline filters for creating transmission zeros at designated
positions. The circuits are designed on a Rogers RO4003C
substrate with εr = 3.38, h = 20 mil, metal thickness t =
18 µm, and loss tangent tanδ = 0.0021. The initial electrical
parameters for all resonators are Z1 = 132�, Zc = 78�, and
u = 0.5 before the whole filter is simulated for final fine
tuning. The width of the shorted stubW1 = 0.12 mm is close
to the fabrication limit of standard PCB process.

FIGURE 7. Coupling scheme for an N th-order cross-coupled inline filter.

Fig. 7 shows a generic N th-order coupling scheme of an
inline filter. Each dark dot represents a resonator, empty
circles stand for the I/O ports, the solid lines Mij denote
inter-resonatormainline couplings, and the dashed linesmean
cross-couplings. The corresponding (N + 2) × (N + 2)
couplingmatrix can be established by the synthesis procedure
in [6], and the response can be obtained by the conventional
lowpass-to-bandpass transformation [28, eq. (8.71)]. In the
bandpass domain, the corresponding coupling coefficient
between resonators i and j, kij, and external quality factorQext
of the first and last resonators can be written as [5, eq. (7.9)
and (7.84)]

kij = Mij ×1 (2a)

Qext = 1/(M2
S1 ×1) (2b)

where 1 is the FBW.

A. WIDEBAND TRISECTION
The first experimental circuit is a trisection filter for
demonstrating a wideband application. The passband at
center frequency f0 = 1 GHz has a 0.1-dB ripple and
fractional bandwidth 1 = 21%. The coupling coefficients
in the bandpass domain can be obtained as k12 = k23 =
−0.2133 and k13 = 0.0177 [5]. The interlaced coupling
structure in Fig. 6(b) is used to realize k12 and k23 with
Lc = 8 mm and gc = 0.2 mm. Fig. 8(a) shows the circuit
layout. The cross-coupling k13 should be positive for creating
a transmission zero. It is implemented by bringing the
shorted high-impedance sections of the two end resonators

FIGURE 8. Miniaturized wideband inline trisection filter. (a) Circuit layout.
(b) Simulated and measured responses. (c) Photograph of the measured
circuit. Geometric parameters in mm: L1 = 7.40, L2 = 10.50, L3 = 7.94,
L4 = 6.99, Lm = 0.22, W1 = 0.12, Wc = 0.50, gc = 0.20, and D = 0.30.

together and leaving a common short high-impedance section
Lm= 0.22mmbefore they are connected to the grounding via.
A tapped-line feeding is applied to match the external quality
factor of these two resonators.

Fig. 8(b) compares measured responses with the sim-
ulated data of the fabricated circuit. The measured in-
band insertion loss is 2.05 dB, the fractional bandwidth
1 = 21.5%, and the return loss is better than 18 dB. The
transmission zero is at 1.96 GHz due to the inductive cross-
coupling. The upper stopband is extended to 4.24f0 for a
reference rejection level of 30 dB. The circuit area is only
0.053λg × 0.053λg(10.26 × 10.13 mm2). Good agreement
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between the simulation and measured responses is obtained.
Fig. 8(c) shows the photograph of the measured circuit.

FIGURE 9. Inline sixth-order canonical filter. (a) Coupling scheme.
(b) Calculated S-parameter responses by the coupling matrix in (3).

B. INLINE SIXTH-ORDER CANONICAL FILTER
The second design is an inline sixth-order circuit with
four transmission zeros. The circuit topology, as shown in
Fig. 9(a), can generate two pairs of transmission zeros. The
corresponding coupling matrix is given below

[M ] =



0 MS 0 0 0 0 0 0
MS 0 M12 0 0 0 M16 0
0 M12 0 M23 0 M25 0 0
0 0 M23 0 M34 0 0 0
0 0 0 M34 0 M45 0 0
0 0 M25 0 M45 0 M56 0
0 M16 0 0 0 M56 0 MS

0 0 0 0 0 0 MS 0


(3)

In the lowpass domain, the designated zeros are at
� = ±1.3 and ±2.5, and the coupling coefficients MS =

0.9925, M12 = M56 = −0.8248, M23 = M45 = −0.5509,
M34 = −0.7591, M25 = 0.2387, and M16 = −0.0242. Given
the FBW1= 20%, the coupling coefficients of the filter are
k12 = k56 =−0.1650, k23 = k45 =−0.1102, k34 =−0.1518,
k25 = 0.0477, k16 = −0.0048, Qext = 5.08, and the zeros
are at 0.78, 0.88, 1.14, and 1.28 GHz. Fig. 9(b) shows the
calculated S-parameters.
As indicated by the circuit layout in Fig. 10(a), all the

resonators are arranged in an inline configuration, instead
of a two-dimensional array. The mainline couplings are of
the same polarity and have relatively large magnitudes, and
they are realized by capacitive couplings by the interlaced

FIGURE 10. Sixth-order inline canonical filter. (a) Circuit layout.
(b) Wideband simulated and measured results. (c) Simulated in-band
responses with/without substrate loss. (d) Photograph of the measured
circuit. Geometric parameters in mm: L1 = 7.66, L2 = 10.21, L3 = 7.94,
L4 = 6.94, Lm = 0.71, Le = 0.60, W1 = 0.12, Wc = 0.5, Wm = 0.12,
g12 = 0.23, g23 = 0.42, g34 = 0.20, ge = 0.13, and D = 0.30.

coupling structure in Fig. 6(b). The required inductive cross-
coupling M25 is implemented by a shorted high impedance
section, whereas the anti-phase coupling M16 is realized
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TABLE 1. Performance comparison with existing BPFs in literature.

by a pair of short-ended parallel-coupled lines [29]. The
simulated and measured results from 0 to 5 GHz are plotted
in Fig. 10(b), showing a stopband extension to 3.98f0 for
a reference level of 30 dB. The minimum measured in-
band insertion loss is 2.61 dB, and the measured fractional
bandwidth is 24%. The return loss in the passband is better
than 15 dB. Four transmission zeros are at 0.65, 0.86,
1.22, and 1.70 GHz. Good agreement between measured
and simulated results can be observed. The frequency shift
may be attributed to unwanted stray coupling between
nonadjacent resonators since the twisted loops have a tight
layout arrangement. Also, coupling between thin traces
and dielectric losses will degrade the quality factors of
the resonators, leading to deterioration of the stopband
attenuation compared to calculated results in Fig. 9(b).
Fig. 10(c) illustrates the comparison between simulation data
with and without substrate loss. It indicates that substrate
loss not only degrades the passband but also the stopband
attenuation at each transmission null. The circuit area is only
0.1182λg× 0.0663λg. Fig. 10(d) shows the photograph of the
measured circuit.

Table 1 compares the performances of the proposed
compact inline BPFs with those in some previous works.
The fourth-order circuit in [4] has merely a transmission
zero, and its FBW is limited by 10%. More importantly,
its circuit area is more than 2.5 times that of the six-order
filter in Fig. 10(d). Significant improvement in stopband
performance can be observed from [4] to both the trisection
and sixth-order filters, even though a more stringent level of
30 dB is referred here. The trisection in [18] has the best
stopband performance among all works cited in Table 1. Due
to its multi-stubs, however, not only the achievable circuit
bandwidth is restricted, but also the circuit area is eight times
of that of the trisection in Fig. 8(c). The circuit in [19] features
the best insertion loss, but it lacks design flexibility for a
higher roll-off rate or more zeros. For the UWB applications
in [22]–[25], the FBW is wider than those of our work;
however, their areas are comparatively larger. As it can be
seen from Table 1, the proposed BPFs have a noteworthy
significance in both number of transmission zeros and circuit
area reduction. The presented design is also suitable for a
relatively wide passband up to more than 20%.

IV. CONCLUSION
Very compact inline planar bandpass filters are realized with
cross-couplings and wide bandwidth utilizing highly minia-
turized SIRs. Some design curves are provided to show how
to determine the impedance ratio compromised for both size
reduction and upper stopband extension. A novel interlaced
coupling structure is exploited to extend the coupling level of
the miniaturized resonators, enabling applications requiring
a wider operation bandwidth. An additional significantly
important feature of the proposed resonators is that the
shorted high-impedance stubs can provide inductive as well
as capacitive cross-couplings, and consequently save much
area for extra cross-couplings for creating transmission zeros.
A trisection and a sixth-order inline filter are synthesized and
realized for validating the idea, showing the flexibility of the
proposed resonators in filter design. The measured results
show a good agreement with the simulation.
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