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Compact Selective Bandpass Filter With Wide
Stopband for TETRA Band Applications
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Abstract— A selective miniaturized bandpass filter with wide
stopband for TETRA band applications is presented in this
paper. Basic resonator used in the filter construction is an open
stub-loaded-short-circuited stepped-impedance resonator, which
has the inherent property of having harmonics far from the
fundamental mode. The high selectivity of the filter is obtained
by virtue of the transmission zeros around the passband. The
transmission zeros are generated because of the mixed electric
and magnetic coupling between the resonators and the feedline
structures. The selective filter has a miniaturized size of 0.078λg×
0.082λg with a wide stopband extended up to 4.91 times the
operating frequency.

Index Terms— Bandpass filter, compact, mixed coupling, selec-
tivity, wide stopband.

I. INTRODUCTION

INCREASE in the number of wireless applications sharing
the same electromagnetic (EM) spectrum has created the

need for bandpass filter with high selectivity, wide stopband,
and compact size. Many researchers have reported different
ways of designing a bandpass filter. However, very few meth-
ods were useful in designing a miniaturized filter with high
selectivity and wide stopband.

The basic exploration of designing a bandpass filter started
with quarter-wavelength parallel-coupled line (PCL) filter [1],
which has the disadvantage of large size and presence
of repeated harmonics. In order to eliminate these draw-
backs, modifications were made to introduce wiggly and
fractal-shaped lines as in [2] and [3], respectively, to sup-
press harmonics. Similarly, stepped-impedance lines were used
in [4] to reduce the size and to suppress the harmonics. In [5],
it has been reported that the use of asymmetric stepped-
impedance coupled lines in place of uniform symmetric cou-
pled lines can reduce size and suppress harmonics. To reduce
the size of the PCLs, a new design called hairpin filter is
introduced in [6], where the straight lines in PCL were bent in
the shape of a hairpin. Though the size is reduced by using this
technique, the problems like harmonics and low selectivity still
existed. In [7], open-loop resonators arranged in cross-coupled
configuration were used to generate a pair of transmission
zeros around passband, and in [8], open-loop resonators with
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open-circuit stubs were used to obtain wide stopband. In
place of multiple resonators, some researchers reported the
use of single-loop resonators in [9]–[11]. In [9], a square
loop resonator with open-loop elements connected at corners is
proposed. In [10], a miniaturized square loop resonator with an
inductive perturbation at a corner has been employed, whereas
a miniaturized, dual-mode ring constructed with quasi-lumped
inductors and interdigital capacitors is made use of in [11].
Though the circuit size is reduced by using these techniques,
the selectivity and stopband performance of the filters are still
poor. Metamaterial is used in [12] to design a compact filter.
Cross-coupled trisection stepped-impedance resonators (SIRs)
in [13], hexagonal SIRs in [14], mixed-coupled SIRs in [15],
and spiral SIRs in [16] are used to achieve compact filter. Some
other novel structures that have been employed are meander-
line resonators [17], hybrid resonators with interdigital coupled
lines [18], [19], short-circuited triangular resonant cells [20],
triangular stub-loaded short-circuited resonators [21], and par-
allel feeding technique [22] for designing compact bandpass
filters. An alternative method of attaching series of shunted
parallel and series resonant resonators along a transmission
line was employed in [23] to achieve selective bandpass filter
response.

In this paper, a miniaturized, selective, and wide stopband
bandpass filter is designed using open stub-loaded-short-
circuited stepped-impedance resonator (OSL-SCSIR). The res-
onator makes the filter very compact. The four resonators
used in construction of the filter are arranged in a way,
to create EM coupling between them. The open stub in
the OSL-SCSIR aids in tuning the electric coupling strength
between the resonators. This EM coupling helps in achieving
transmission zeros around the passband. The source–load cou-
pling deployed between the input–output feeding transformers
helps in achieving additional transmission zero. The proposed
filter is designed and simulated using CST Microwave Stu-
dio software, which is based on finite-integration technique.
Design model is solved using frequency domain solver with
hexahedral meshing by keeping 40 mesh cells per wavelength.

Fabrication is done by manual photolithography etching
process on Rogers RO3010 substrate having the properties:
�r = 10.2, dielectric thickness = 1.28 mm, metal thickness =
0.017 mm, and tanδ = 0.0022.

II. RESONATOR ANALYSIS

The schematic layout of the proposed filter is shown
in Fig. 1(a). It is composed of four OSL-SCSIRs (R1, R2, R3,
and R4) and two impedance transformer (IT) lines connected
to 50-� feedlines. The proposed resonator with dimensions
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Fig. 1. (a) Schematic view of the proposed bandpass filter. (b) Structure of
the OSL-SCSIR with dimensions.

Fig. 2. Transmission line model of the OSL-SCSIR.

can be seen in Fig. 1(b). Each OSL-SCIR is constructed by
appending an open stub with an SCSIR. The resonant modes
of the resonator can be obtained from the input admittance of
the resonator.

The input admittance of the resonator is calculated from the
transmission line model of the OSL-SCSIR shown in Fig. 2.
As the resonator is composed of three sections, namely, short-
circuited line, a thick transmission line, and a thin open stub
cascaded in line, input impedance is derived at the end of
each section to find out overall input impedance Z in. Input
admittance is found by reciprocating input impedance

ZSC = j Z3 tan θ3 (1)

Z L = j Z2

(
tan θ3 + p tan θ2

p − tan θ2 tan θ3

)
, where p = Z2/Z3 (2)

Z in = Z1

(
Z L + j Z1 tan θ1

Z1 + j Z L tan θ1

)
. (3)

The fundamental and harmonic modes of the resonator are the
frequencies at which the imaginary part of input admittance
of the resonator equals zero.

Input admittance is given by yin = (1/Z in). By making the
input admittance yin = 0, the condition obtained is given in
the following equation:
Z1[p − tan θ2 tan θ3] − Z2[tan θ3 + p tan θ2] tan θ1 = 0. (4)

This condition in (4) gives a fundamental mode at
f0 = 0.35 GHz and harmonic at f1 = 1.8 GHz. These can

Fig. 3. Modes of the OSL-SCSIR.

Fig. 4. Variation in fundamental mode resonant frequency position with
dimensions.

be viewed from the input impedance versus frequency plot
in Fig. 3 for parameters Z1 = 84.13, Z2 = 10.38, Z3 = 84.13,
θ1 = 2.96, θ2 = 1.238, and θ3 = 7.18. From (4), it is visible
that the modes of OSL-SCSIR depend on the four parameters,
i.e., impedance ratio p, and lengths of each transmission line
section θ1, θ2, and θ3.

The variation in resonant frequency of the resonator with p,
θ1, and θ3 is shown in Fig. 4. (Values are obtained from
EM simulations in CST Microwave Studio software.) As the
impedance ratio p increases, the resonant frequency shifts
toward higher frequency, which is in conjuncture with the
nature of stepped-impedance stubs. As the electrical lengths
θ1 and θ3 increase, the resonant frequency shifts toward
lower frequencies. Hence, according to the required resonant
frequency, the parameters of the resonator have to be chosen.

III. PROPOSED FILTER DESIGN

The main goal is to design a compact bandpass filter at
center frequency of 0.35 GHz for TETRA band applications
with a fractional bandwidth (FBW) of 10%, return loss of
greater than 20 dB, and a wide stopband at least up to 4.9 f0.
After the resonator dimensions are determined as per the center
frequency of the specified filter, remaining dimensions are
determined as follows.

A. Coupling Gaps

The type of coupling between the resonators depends upon
coupling orientation in which they are coupled. In the proposed
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Fig. 5. Variation in coupling coefficient and modes of the coupling resonators.
(a) R2 and R3. (b) R1 and R2.

filter shown in Fig. 1(a), two types of coupling orientations
are used, which are shown in Fig. 5(a) and (b). In both
orientations, dominant magnetic field is experienced at gray
parts and dominant electric field is experienced at dark parts
of the resonator. In Fig. 5(a), the coupling between R2 and
R3, the frequency response variation with G1 is shown. As the
value of G1 is increased, among the two modes, even mode
is almost constant, while odd mode and the transmission zero
shift to higher frequencies. The shift in the odd mode and
transmission zero (TZ) (which is generated because of mixed
coupling between these resonators as per [24]) position is
due to the change in coupling between the resonators from
dominant electric to dominant magnetic with change in G1.
As per (5) [24], when fodd > feven, k23 > 0 resembles
dominant magnetic coupling, and when fodd < feven, k23 < 0
resembles dominant electric coupling. This can be verified
from the coupling coefficient variation with space parameter
G1. It is clearly visible that the coupling coefficient starts with
positive value and turns to negative value as G1 increases.
This explains that at smaller value of G1, there exists mixed
coupling between the resonators

k = f 2
odd − f 2

even

f 2
odd + f 2

even
. (5)

In a similar way, between R1 and R2 also, mixed coupling
exists, which can be observed from the coupling coefficient
and modes variation graphs shown in Fig. 5(b). As G2 changes

Fig. 6. Change in frequency response of the filter with (a) G2 and (b) G1.

(with value of Si fixed), the coupling coefficient changes from
negative to positive value as shown in Fig. 5(b). Furthermore,
the position of change in the sign of the coupling coefficient
(k12/k34) increases as Si increases. Thus, the value of the
coupling coefficient between the resonators depends on two
parameters, namely, G2 and Si .

This mixed coupling generates TZ, and the frequency of this
TZ can be tuned by varying the mixed coupling coefficient
between the resonators, i.e., by changing the gap between the
resonators [24].

In Fig. 6(a), it can be seen that there exist four TZs,
TZ1–TZ4. Among the four transmission zeros, TZ2 is
because of the mixed coupling between resonators R1-R2 and
R3-R4. It is clearly visible that, except for TZ2, remaining TZs
are constant with respect to space between the resonators (G2).
From Fig. 6(b), it can be observed that as the gap between the
resonators R3-R4 is changed, the frequency of TZ3 changes.
This clearly explains that the existence of TZ3 is due to the
presence of mixed coupling between the resonators. Therefore,
the gap between the resonators is optimized according to the
requirement of the TZs position around passband.

B. Input–Output Impedance Transformer Parameters

Once the resonator dimensions and gap between the para-
meters are obtained, the dimensions of input–output coupling
ITs and coupling gaps are to be determined according to the
requirement of quality factor, return loss, and bandwidth.
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Fig. 7. (a) Change in EQF with G4 and FW1. (b) Change in EQF with P.

Fig. 8. (a) Variation in return loss of the filter response with parameter P .
(b) Variation in return loss and bandwidth of the filter response with parame-
ter G4.

The external quality factor (EQF) (Qeff), can be calculated
from (6) taken from [25, Ch. 8]

Qeff = ω0τS11(ω0)

4
(6)

where τS11 = group delay at resonant frequency of resonator,
ω0 = 2π f0, and f0 is the self-resonant frequency of resonator.
The change in Qeff with input–output coupling gap between
resonator and IT lines and length and width of IT lines is
shown in Fig. 7. Fig. 7(a) shows that Qeff increases with
I/O coupling gap and with width of the IT lines. Qeff is
nearly constant with respect to length of the IT lines. Hence,
the bandwidth of the filter can be tuned with the help of two
parameters G4 and FW1.

From Fig. 8(a), it can be seen that as IT length increases,
the return loss value increases. At p = 32.4, the return loss
reaches 20 dB, which is as per design specifications of the
filter. In Fig. 8(b), the change in bandwidth and return loss
of the filter response with G4 is shown. From this graph, it is
visible that when G4 = 0.25, the optimum value of bandwidth
and return loss are achieved.

Fig. 9. (a) Frequency response of the total filter and only feedlines. (b) Layout
of the feedlines structure. (c) Half-wavelength resonator and its lumped
equivalent. (d) Change in frequency response of the filter with parameter G3.

The TZ1 and TZ4 are due to the input–output feedline
structure. From Fig. 9, the variation in the frequency response
of the total filter and the frequency response with feedlines
alone can be observed. First and fourth TZs are present even
when all the resonators were removed; this proves that these
TZs are due to the feedline structure. TZ1 and TZ4 are due
to the coupling between source and load, which is because
of the coupling between two open stubs (red in Fig. 9(a) with
coupling gap G3 in between) connected to the 50-� feedlines.
In Fig. 9(d), a graph of change in frequency response of
the filter with different coupling gaps (G3) is shown, which
depicts that the transmission zeros TZ1 and TZ4 vary with
change in G3 (without any change in the frequency of TZ2,
TZ3, and TZ5); at G3 = 0.285, the transmission zero TZ1
vanishes. This validates that the generation of TZ1 and TZ4 is
generated by virtue of cross coupling between source and load
through open stubs connected to the feedlines. The feedlines
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TABLE I

COMPARISON OF THE PROPOSED WORK WITH REPORTED WORKS

act as half-wavelength resonator at fTZ5; at this frequency,
it acts as a series L–C resonator as in Fig. 9(c). Therefore,
at fTZ5 it generates a transmission zero. This is the reason for
not having variation in TZ5 position in Fig. 9(d) as it totally
depends on the length of the feedlines only.

In summary, the design procedure of the proposed bandpass
filter is given in the following.

1) The resonator dimensions and stub lengths are to be
determined based on the required operating frequency of
the filter from design graphs as shown in Fig. 4 obtained
from (4).

2) The orientation of the coupled resonators is set in
such a way that mixed coupling exists between them.
The transmission zero generated because of the mixed
coupling between the resonators is tuned to place them
near the passband by varying the gap between the
resonators.

3) Once the resonator dimensions and the coupling gaps
are obtained, the dimensions of the ITs and input–
output coupling gaps are to be obtained depending
on the values of bandwidth and return loss require-
ment. The flowchart for the design procedure is shown
in Fig. 10.

IV. RESULTS AND DISCUSSION

The optimized parameters of the filter used for experimen-
tation are Wa15.8, Wa2 = 5.65, Wb1 = 0.45, Wb2 = 0.3,
Wc1 = 0.3, Wc2 = 0.4, Wd1 = 0.2, Wd2 = 0.2, We1 = 0.3,
We2 = 0.2, La1 = 12, La2 = 12, Lb1 = 13.5, Lb2 = 13.5,

Fig. 10. Flowchart for the process to design proposed bandpass filter.

Lc1 = 30.25, Lc2 = 30.25, P = 31.5, S1 = 0.5, S2 = 0.5,
G1 = 0.4, G2 = 0.4, G3 = 0.25, G4 = 0.3, Fw1 = 0.3,
FL1 = 11.55, and F50 = 1.2 (units: mm). Fabrication of the
filter is done by manual photolithography etching process. The
experimental (measurement done with vector network analyzer
Agilent E5071C) and simulation results of the proposed filter
are compared in Fig. 11(a). The inset picture in Fig. 11(b)



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

6 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY

Fig. 11. (a) Comparison of the experimental and simulation results. (b) Image
of the proposed filter fabricated prototype. (c) Zoomed-in view of passband
response of the filter.

shows the fabricated structure. Fig. 11(c) shows that the filter
operates at a center frequency of 0.3405 GHz having an FBW
of 10%. The TZs are generated at 0.12, 0.25, 0.375, 1.15, and
1.65 GHz. The maximum insertion and minimum return loss
are obtained as 1.2 and 19 dB. The stopband is extended up
to 4.91 f0 ( f0 is the center frequency) with suppression level
of 27.5 dB. The proposed filter has the asset of high selectivity,
which can be quantified by the parameter BW(3dB)/BW(20dB)

and is equal to 0.609. The slight variation in the positions
of transmission zeros can be attributed to the fabrication
tolerances of thin microstrip lines and of vias. The proposed
work is compared with recently reported works in Table I.
The superiority of the work is clearly established from the
tabulated results.

V. CONCLUSION

A miniaturized selective bandpass filter for TETRA band
applications is proposed in this paper. The filter is con-
structed with the help of a compact resonator OSLSC-SIR.
For achieving good selectivity, three transmission zeros are
realized around passband with the help of EM coupling
between resonators and source load cross coupling. A wide
stopband with good suppression is obtained with the help of
two transmission zeros in stopband. The filter is designed,
analyzed, and experimentally verified.
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