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Design of Microstrip Cross-Coupled Bandpass Filter
With Multiple Independent Designable Transmission
Zeros Using Branch-Line Resonators

Pu-Hua Deng, Member, IEEE, and Jen-Tse Tsai

Abstract—This letter proposes a novel branch-line resonator
to design a fourth-order cross-coupled bandpass filter (BPF).
Theoretically, the proposed branch-line resonator plays two cru-
cial roles. First, the arbitrary number transmission zeros can be
designed in the stopband of a fourth-order cross-coupled BPF.
Second, the required external quality factor can also be designed
without an impedance transformer. This study examines a novel
fourth-order cross-coupled BPF with a single pair of transmission
zeros produced by a cross-coupled mechanism near the passband
and five independent designable transmission zeros created by the
proposed resonator in the stopband.

Index Terms—Branch-line resonator, cross-coupled bandpass
filter (BPF), external quality factor, transmission zeros.

I. INTRODUCTION

N conventional non-0° feed fourth-order cross-coupled

bandpass filters (BPFs) [1] designed using a coupled-res-
onator method, selectivity is favorable because a single pair of
transmission zeros can be produced near the passband by the
cross-coupled mechanism. However, the stopband rejection
level may be degraded because the signal can directly pass from
the input resonator to the output resonator. Furthermore, the two
transmission zeros must be designed simultaneously; that is,
each transmission zero can not be designed independently, and a
small electric coupling is required if the two transmission zeros
are designed far from the passband. However, it may be difficult
to extract a precise small electric coupling; that is, the frequen-
cies of the two transmission zeros cannot be easily predicted in
a small electric coupling. Consequently, the two zeros caused
by the cross-coupled mechanism are unsuitable for the stopband
frequencies, which are far from the passband. Therefore, the
0° feed fourth-order cross-coupled filter [2] was proposed to
improve the stopband response by creating two additional trans-
mission zeros in the stopband. Although the stopband levels can
be considerably improved near the two additional transmission
zeros, designing the frequency of the two zeros to match the
desired stopband is difficult when the specific external quality
factor is determined. In addition, a filter that involves using
dissimilar resonators [3] was designed to extend the stopband

Manuscript received October 15, 2012; accepted February 28, 2013. Date
of publication April 04, 2013; date of current version May 06, 2013. This
work was supported by the National Science Council of Taiwan under Grant
NSC 99-2221-E-390-007, Grant NSC 100-2221-E-390-027, and Grant NSC
101-2221-E-390-013.

The authors are with the Department of Electrical Engineering, National Uni-
versity of Kaohsiung, Kaohsiung 811, Taiwan (e-mail: phdeng@nuk.edu.tw).

Digital Object Identifier 10.1109/LMWC.2013.2253601

response, but the desired suppression frequencies were unable
to be indicated easily. Transmission zeros have been designed
in a filter by [4] and [5], thus improving the required stopband
frequency responses. To increase the number of zeros in the
stopband, the net-type filter [6] with multiple quarter-wavelength
lines at the input/output resonator for out-of-band rejections was
proposed, but the locations of zeros is difficult to design when
the external quality factor is fixed.

In this study, the proposed branch-line resonator was used to
design the input and output resonators of a novel fourth-order
cross-coupled BPF. The proposed branch-line resonator is com-
posed of N section open stubs. Theoretically, each branch-line
resonator in the proposed filter can design N — 1 independent
transmission zeros in the stopband. In other words, the proposed
filter can design an arbitrary number of transmission zeros in
the stopband. Based on literature review, previous studies have
not developed a method to design arbitrary number transmission
zeros in the stopband of a fourth-order cross-coupled filter based
on the coupled-resonator method. This study focused on the de-
tailed design of multiple independent transmission zeros. In ad-
dition, by properly designing the proposed branch-line resonator,
the required external quality factor can also be met without addi-
tional transformers, such as in [7] and [8].

II. DESIGN OF TRANSMISSION ZEROS BASED ON THE
PROPOSED BRANCH-LINE RESONATOR

The proposed branch-line resonator with multiple transmis-
sion zeros can be composed of N shunt stubs, as shown in Fig. 1.
The branch-line resonator has N — 1 open stubs for the design
of multiple independent transmission zeros; that is, each length
of the V — 1 open stubs is designed to equal quarter wavelength
(A/4) near the unwanted frequency, and the remnant stub is used
for coupling between adjacent resonators. Theoretically, an ar-
bitrary number of zeros can be created by the shunt stubs. How-
ever, the unwanted coupling is introduced when a large number
of stubs are used. Thus, zeros can be designed at different fre-
quencies to reduce the undesired couplings between the stubs.
The manner of calculating the external quality factor of the res-
onator has been presented in [7] and [9].

The input admittance Y;,, and the external quality factor ().,
defined at the port of Fig. 1 can be written as

al j tan 6;
: ; 7 €]
] Ry <X 0;sec20);
Qe =— (2)

2 Z;

i=

1531-1309/$31.00 © 2013 IEEE



250 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 23, NO. 5, MAY 2013

T] or T] 'T 2 w/\
i ! Tz or T;’
Port [ ——
Z;
’_' T;orT; '
&,
Yin "’\’
Tvor Ty' Tn.qor T’

(For coupling)

Fig. 1. Equivalent circuit model of the proposed branch-line resonator.

In(1)and (2), Z; and ;,4 = 1,2,...,0r IV are the characteristic
impedance and the electric length of each open stub, and R, is
the load impedance from the branch-line resonator to the load.
In the filter structures used by [7] and [8], each input or output
resonator can design one additional independent transmission
zero to increase the required stopband suppression level. How-
ever, to meet the required external quality factor of each port
(i.e., the required impedance match of each port), an additional
transformer may be added before the input resonator or after the
output resonator, which may require a larger circuit area. In the
proposed filter design, the branch-line resonator can design its
external quality factor without an additional impedance trans-
former. For example, as shown in Fig. 1, the electrical length of
Stub T; (or T)), i = 1,2,...,or N — 1 is fixed when Stub T;
(orT/),i=1,2,...,0or N — 1 is designed for N — 1 transmis-
sion zeros, for which each stub is equal to A/4 of each desired
transmission zero frequency. The variables Z;, i = 1,2,...,
or N, and Ay select two unknown variables, and the remnant
variables can be arbitrarily designed. Subsequently, the two un-
known variables can be solved using (1) = 0 (Y;,, = 0) and (2),
where Y;,, = 0 is the resonant condition of the branch-line res-
onator. Because the external quality factor (). in (2) is selected
for the required value of filter specification, the additional trans-
formers used in [7] and [8] can be avoided based on the proposed
branch-line resonator design. The branch-line resonator using
the conditions (1) = 0 (resonant condition) and (2) to solve the
two remnant unknown variables is similar to the method used in
[10], which can avoid the use of an additional impedance trans-
former.

III. DESIGN OF THE PROPOSED BANDPASS FILTER WITH
MULTIPLE INDEPENDENT DESIGNABLE TRANSMISSION ZEROS

Fig. 2 shows the conventional non-0° feed fourth-order cross-
coupled BPF [1], which can usually produce two transmission
zeros to increase passband selectivity. Theoretically, as shown
in Fig. 2, one additional transmission zero can be created when
designing a short circuit in both signal transmission paths (Paths
1 and 2) simultaneously. Therefore, placing the short circuit
at the feeding point of the input or output resonator (Point A
or Point B in Fig. 2) may be a favorable choice because the
short circuit can be shared by both paths (Paths 1 and 2). As
stated in [7] and [8], by adjusting the feeding position of the
input or output resonator, one additional short circuit may be
easily designed at the feeding point of the input or output res-
onator; however, it increases the size of the transformer. There-
fore, this study proposes a new fourth-order cross-coupled filter
to obtain additional independent controllable transmission zeros
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Fig. 2. Conventional microstrip non-0° feed fourth-order cross-coupled BPF
structure.
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Fig. 3. Layout of the proposed microstrip BPF using branch-line resonators
near input and output ports.

without requiring additional transformers. The design replaces
the input and output resonators of the conventional non-0° feed
cross-coupled filter (Fig. 2) with the proposed branch-line shape
resonators presented in Section II. Fig. 3 shows the layout of
the filter with five additional independent transmission zeros
compared with a conventional non-0° feed cross-coupled filter
(Fig. 2). In addition, the cross-coupled filter structure [1] was
used to design the proposed filter, which can produce one pair
of transmission zeros near the passband to improve selectivity.
This BPF (Fig. 3) was designed for a 3 dB fractional band-
width (FBW) of approximately 6% and a center frequency of
approximately 2 GHz. Based on the specification, the external
quality factor and coupling coefficients were Q). = 15.91,
M12 = 1M34 = 0052, M23 = 004(), and M14 = 001,
where (). is the external quality factor, and M; is the coupling
coefficient between R; and IR;. For the input resonator R;
(stub number N = 4), the electrical lengths of open Stubs
11, 15, and T35 were approximately 90° at 2.8 GHz, 4.2 GHz,
and 3 GHz, respectively; that is, §; = 64.3°, §; = 42.9°, and
63 = 60° at approximately 2 GHz, respectively. Therefore,
three transmission zeros can be created near 2.8 GHz, 4.2 GHz,
and 3 GHz. In addition, this study set 21 = Zy = Z3 = 70 Q,
and the remnant unknown variables, Z; and &4, can be cal-
culated using (1) = 0 (Y3, = 0) and (2), where (1) = 0 is
the resonant condition of the proposed resonator and (2) is the
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Fig. 4. Measured and simulated results of Fig. 3.

TABLE I
COMPARISON BETWEEN PREVIOUS WORKS AND THIS WORK

References | Operation Insertion loss Number of Stopband response
and this frequency (dB) predicted zeros
work (fo) in stopband
[3] 1.51 GHz 2.7 2 -30 dB up to 8.2f
[4] 2.4 GHz 0.78 3 -20 dB up to 4fp
[5] 1.5 GHz 2.52 3 -23.7 dB up to 10.6f,
This work 2 GHz 2.6 5 -27 dB up to 2.88fy

specific external quality factor of the filter. Subsequently, this
study obtained Z, = 50 €2 and #, = 106.5° at approximately
2 GHz. For the output resonator R4 (stub number N = 3), the
electrical lengths of open Stubs T and T3 were approximately
90° at 1.6 and 3.6 GHz, respectively; that is, §; = 112.5° and
6> = 50° at approximately 2 GHz, respectively. Therefore,
two transmission zeros can be created near 1.6 and 3.6 GHz.
In addition, this study set Z> = Z3 = 30 {2, and the remnant
unknown variables, Z; and #3, can be calculated using (1) =0
(Y, = 0) and (2). Subsequently, this study obtained Z; = 33 2
and f3 = 67.9° at approximately 2 GHz. The remnant uni-
form-impedance resonators, R, and Rs, were designed to
resonate at 2 GHz, as shown in Fig. 3.

The substrate of the implemented filter has a relative dielec-
tric constant of 3.65, a thickness of 0.508 mm, and a loss tan-
gent of 0.0095. The detailed dimensions are shown in Fig. 3,
and Fig. 4 shows the simulated and measured results of the pro-
posed filter. The measured center frequency, 3 dB FBW, and
minimal insertion loss are approximately 2 GHz, 5.9%, and
2.85 dB, respectively. By using cross-coupled BPF structure
[1], one pair of transmission zeros was produced near the pass-
band to improve selectivity. The five independent designable
transmission zeros were measured at approximately 1.65 GHz
(T71),2.71 GHz (TZ>), 3.05 GHz (TZ3), 3.6 GHz (1Z4), and
4.21 GHz (TZs5), respectively. The five additional independent

transmission zeros contributed by the proposed branch-line res-
onators (R1 and R4) can result in five frequency depths to im-
prove the rejection levels of the desired stopbands. Here, the
zero generated by the stub 77 at approximately 5 GHz is also
observed. Table I shows a comparison between this work and
some harmonic-suppressed filters without a transformer at the
input/output port.

IV. CONCLUSION

This letter proposes a novel microstrip fourth-order cross-
coupled filter that involves using the proposed branch-line res-
onator with five independent designable transmission zeros in
the stopband. The proposed branch-line resonator can design
the external quality factor and transmission zeros separately.
Theoretically, the number of transmission zeros in the proposed
filter is unlimited. Therefore, by properly designing the pro-
posed branch-line resonator, more transmission zeros can be ob-
tained in the stopband of a fourth-order cross-coupled filter than
in those of the implemented filter.
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