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ABSTRACT: In this paper, a miniaturized balanced bandpass filter characterized by biaxial symmetry is designed and implemented using
four C-section parallel-coupled microstrip lines. As two orthogonal symmetric axes are inherently embedded across the filter layout,
a natural geometric constraint is imposed and therefore furnishes two independent input/output port states. Owing to its symmetric
topology, the developed filter replicates the same differential- and common-mode responses at each of its two independent input/output
port pairs. To further enhance the common-mode suppression without compromising the differential-mode performance, a quarter-
wavelength open-circuited stub is introduced onto the junction of one of the C-section parallel-coupled microstrip lines. By utilizing
this stub, the common-mode suppression bandwidth is effectively broadened. Moreover, highly compact circuit sizes are achieved for
the developed balanced filters, which is regarded as essential for their integration into modern miniaturized microwave communication
systems. Finally, the feasibility of the proposed concept is verified through the design and fabrication of two prototypes, and good
agreement is observed between the simulated and measured results.

1. INTRODUCTION

Nowadays, balanced filters are widely studied for their crit-
ical role in suppressing common-mode noise and preserv-

ing differential-mode responses. Their performance has been
intensively improved to meet the ever-stricter electromagnetic-
compatibility regulations imposed by modern high-speed sys-
tems. Furthermore, significant research effort has been devoted
to extending balanced-filter theory, as superior common-mode
rejection is continuously demanded for next-generation wire-
less and wireline applications [1–6].
Over the past few years, many architectures and method-

ologies have been proposed for balanced bandpass filters
(BPFs). Accordingly, almost every common transmission line
structure, such as microstrip lines [7–9], waveguides [10–13],
striplines [14], etc. [15–17], has been employed to design
these filters. Moreover, schemes that combine different
transmission lines have been introduced, and the common-
mode suppression of the resulting balanced BPFs has been
improved by approaches such as integrating microstrip lines
with slotlines [18–20].
Balanced filters realized using microstrip lines are widely

favored [7–9], as their geometry is perceived to be simple,
their fabrication cost is kept low, and they are easily integrated
with active devices. Meanwhile, stripline-based balanced fil-
ters are now massively deployed, driven by the rapid advances
in low temperature co-fired ceramic multilayer processes [14].
Based on microstrip and stripline, balanced BPFs are gener-
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ally designed using half-wavelength or quarter-wavelength res-
onators. However, these two types of transmission lines are
usually suitable for lower frequency bands. Moreover, stripline
structure cannot be easily connected to active devices like mi-
crostrip. At higher frequencies, balanced filters that are con-
structed with waveguide structures, including several recently
reported substrate integrated waveguide structures, are pre-
ferred because high unloaded Q factors are maintained well
into themillimeter wave range [10–13]. Nevertheless, balanced
filters based on waveguide structures are often relatively large
in size, which may limit their application in compact and inte-
grated systems.
In the differential-fed BPFs described above, the input and

output ports are assigned to a fixed pair of terminals, and
this single choice automatically fixes the geometric symmetric
plane [1–6]. If those terminals are later drivenwith reversed po-
larity, the resulting differential- and common-mode responses
no longer coincide with the original ones, because the symmet-
ric plane has been effectively reversed.
In this paper, a miniaturized balanced BPF formed by four

C-section parallel coupled microstrip lines is presented. Two
orthogonal symmetric axes are embedded in the layout, so the
symmetric plane can be oriented either horizontally or verti-
cally while the same differential-mode passband and common-
mode rejection are preserved in both orientations, which has
rarely been mentioned in earlier balanced filters. Accordingly,
two independent input and output port assignments are created
by these two orthogonal axes, and an additional degree of free-
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dom is provided to the designer without any alteration of the
electrical response.

2. OPERATING PRINCIPLES OF THE PROPOSED BAL-
ANCED BPFS

2.1. Analysis of the Original Structure
The transmission line model of the proposed balanced BPF
is depicted in Fig. 1. As presented in the figure, the devel-
oped balanced BPF is constituted by four C-section of parallel-
coupled microstrip lines with electrical length of θ and two
pairs of differential-fed ports. Benefitting from its exactly mir-
rored layout, the proposed filter is mirror-symmetric with re-
spect to both the x-axis and y-axis, hereafter referred to as plane
I and plane II. Owing to the biaxial symmetry (BS) of the struc-
ture, the differential- and common-mode equivalent circuits ob-
tained with plane I and plane II as symmetric planes are identi-
cal. Therefore, only the analysis with plane I as the symmetric
plane is presented here.

Port 1

(Port 1)

Port 2

(Port 1')

Port 1'

(Port 2)
Port 2

(Port 2')

Ze, Zo

θ 

y

x

FIGURE 1. Transmission linemodel of the proposed balanced BPFwith
BS.

When plane I is taken as the plane of symmetry, the proposed
balanced BPF is subjected to odd-even mode analysis. The re-
sulting differential- and common- mode equivalent circuits, as
shown in Fig. 2, are both symmetric with respect to the dashed
line.

Zo Zo Ze Ze

FIGURE 2. Differential-mode and common-mode equivalent circuits of
the proposed balanced BPF with BS.

Subsequently, an additional odd-even-mode analysis is per-
formed on the aforementioned differential-mode bisection. As
a result, odd-mode and even-mode equivalent circuits for the
differential-mode bisection are respectively illustrated in Fig. 3.
For the odd-mode equivalent circuit of the differential-mode bi-

Zo Zo

Zo Ze

FIGURE 3. Odd-mode and even mode equivalent circuits for the
differential-mode bisection.

section, its input admittance is given by:

YinDMo =
2

jZo tan θ
(1)

When YinDMo is set to zero, the resonance frequency of the
equivalent circuit is fixed at π/2, and a transmission pole is cre-
ated exactly at the center frequency f0 in the differential-mode
response.
The input admittance of the even-mode equivalent circuit,

which corresponds to the differential-mode equivalent circuit,
is expressed as:

YinDMe =
1

jZo tan θ
− 1

jZe cot θ
(2)

Based on the established link between Sdd11 and the odd-
and even-mode input admittances (YinDMe and YinDMo) for
the differential-mode responses [21], the expression below is
derived:

Sdd11 =
Y 2
0 − YinDMeYinDMo

(Y0 + YinDMe) (Y0 + YinDMo)
(3)

By imposing the condition Sdd11 = 0, another two transmis-
sion poles (θp1, θp2) for the differential mode are identified and
can be expressed as follows:

θp1 = arctan

(√
2ZeZ2

0

2ZoZ2
0 − Z2

oZe

)
(4)

θp2 = π − θp1 (5)

whereZ0 is the characteristic impedance of the input and output
ports.
In the common-mode equivalent circuit depicted in Fig. 2,

the C-section parallel-coupled structure demonstrates an all-
pass response characteristic [22]. The two open-circuit stubs
located on either side of this structure function as quarter-
wavelength open-circuited stubs for the input and output ports,
thereby generating a transmission zero for the common-mode
responses at the center frequency for the differential mode.
Simulated differential- and common-mode responses of the

developed balanced filter for various combinations of Zo and
Ze are depicted in Fig. 4 and Fig. 5. As shown in these fig-
ures, the simulated results align well with the previous theo-
retical predictions. A transmission zero in the common-mode
response is precisely located at the center frequency of the
differential-mode response, and the common-mode response
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FIGURE 4. Differential-mode responses of the original structure.
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FIGURE 5. Common-mode responses of the original structure.

remains essentially unchanged for all considered combinations
of Zo and Ze. In addition, as can be seen from Fig. 4, with the
increase of the coupling coefficientC = (Ze−Zo)/(Ze+Zo),
the working bandwidth of the differential-mode passband also
increases.

2.2. Analysis of the Modified Structure
To further enhance the common-mode suppression for the origi-
nal structure, the previously described balanced filter is refined.
The structure of the modified structure is illustrated in Fig. 6.
Specifically, an open-circuit stub, characterized by a length of
θ and a characteristic impedance of 2Z1, is incorporated onto
the junction of one of the utilized C-section parallel-coupled
microstrip lines.

Port 1 Port 2

Port 1' Port 2

Ze, Zo

θ 
2Z1, θ 

W2 L2 

FIGURE 6. Transmission line model of the modified structure.

Given that the additional open-circuit stubs do not alter the
differential-mode equivalent circuit of the modified balanced
filter when considering the dashed line in Fig. 6 as the plane
of symmetry, the differential-mode equivalent circuit remains
identical to that of the original structure. Consequently, further
elaboration on the differential-mode analysis is deemed unnec-
essary.
The common-mode equivalent circuit in Fig. 7 is similar to

the common-mode equivalent circuit in Fig. 2 in that the C-
section parallel-coupled structure exhibits an all-pass response.
The open-circuit stub on the left side effectively generates a
transmission zero precisely at the center frequency for the dif-
ferential mode. This is because the input impedance of the

FIGURE 7. Common-mode equivalent circuit for themodified balanced
filter.

open-circuit stub equals zero, resulting in a solution of π/2 [23].
Accordingly, the transmission zeros generated by the structure
enclosed by the dashed box in Fig. 7 can also be derived us-
ing the same method. The input impedance of the structure en-
closed by the dashed box in Fig. 7 can be obtained as:

Zins = jZ1
Z1 tan2 θ − Ze

(Ze + Z1) tan θ
(6)

According to [24], by imposing the condition Zin = 0, the
locations of the transmission zeros introduced by this structure
can be readily determined. Solving Zin = 0 yields the two
transmission zeros as:

θZ1 = arctan
√

Ze

Z1
(7)

θZ2 = π − θZ1 (8)

To verify the theoretical analysis and the derived formulas,
common-mode responses for the modified balanced filter ver-
sus Z1 are presented in Fig. 8. As can be seen from Fig. 8,
while keeping the odd- and even-mode impedances constant,
the positions of the two additional transmission zeros can be
adjusted merely by varying the value of Z1. In this way, spe-
cific common-mode frequencies within the differential-mode
operating band can be suppressed simply by tuning the value of
Z1.
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FIGURE 8. Common-mode responses for the modified balanced filter
versus Z1. (Ze = 70Ω, Zo = 45Ω).

3. RESULTS AND DISCUSSIONS
Based on the foregoing analysis, odd- and even-mode charac-
teristic impedances of 45Ω and 70Ω are selected to guaran-
tee the desired performance for the developed balanced filter.
Additionally, the center frequency of the differential mode is
determined to be 3GHz, and the substrate employed is Rogers
4003c (a loss tangent of 0.0027, a dielectric constant of 3.55,
and a thickness of 0.508mm). The layout and photograph of the
proposed balanced BPF with BS are given in Fig. 9 and Fig. 10,
respectively.

W0

W1

S

L1

Port 1

Port 2

Port 1'

Port 2'

FIGURE 9. Layout of the proposed balanced BPF with BS (W0 =
1.15mm,W1 = 1.8mm, L1 = 14.8mm, S = 0.2mm).

The simulation and measurement for the proposed balanced
BPF are accomplished using a full-wave simulator Ansys HFSS
2020 R2 and a Keysight 5230C four-port vector network ana-
lyzer, respectively. To verify the port-scheme independence,
one differential-fed pair is arbitrarily constituted by selecting
any two adjacent ports, while the remaining two ports are as-
signed as another differential-fed pair. Accordingly, the corre-
sponding measurement-to-simulation comparison is then pre-
sented in Fig. 11. In Fig. 11, Sdd21 represents the differential-
mode transmission from port 1 to port 2; Sdd11 represents

Port 2

Port 1 Port 2'

Port 1'

FIGURE 10. Photograph of the proposed balanced BPF with BS.
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FIGURE 11. Simulated and measured results of the developed balanced
BPF. (Simulated results: dashed lines, measured results: solid lines).

the differential-mode reflection at port 1; and Scc21 represents
the common-mode transmission from port 1 to port 2. It can
be observed from the figure that the center frequency of the
differential-mode response of the filter is 3GHz, with a 1-dB
passband bandwidth of 2.4GHz, corresponding to a relative
bandwidth of 80%. Within the 1-dB differential-mode band-
width, common-mode signals are suppressed to varying de-
grees, with the maximum level of suppression exceeding 45 dB.
In order to further enhance the common-mode rejection

bandwidth for the proposed balanced filter, a quarter-
wavelength open-circuited stub has been loaded onto the
junction of one of the utilized C-section parallel-coupled
microstrip lines, whose photograph is shown in Fig. 12, and
the simulated and measured results are plotted in Fig. 13.
According to Fig. 13, with the open-circuited stub added, the
open-circuited stub introduces two additional transmission
zeros in the common-mode transmission coefficient, located
on either side of the original three transmission zeros, while
the differential-mode response remains essentially unchanged.
Benefiting from these two extra transmission zeros introduced
by the open circuited stub, the 5 dB common mode rejection
band is widened from 2.08 to 3.93GHz to 1.71 to 4.35GHz,
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TABLE 1. Comparison with previously reported balanced BPFs.

Ref. f 0 GHz/FBW
Insertion loss,

dB
Process

CM∗ suppression level
and bandwidth

Sizeλg × λg
Flexible
I/O ports

7 1.95/24% 2.93 MSL 40 dB (DC ∼ 4GHz) 0.75× 0.65 NO
8 5.7/12% 0.85 MSL 34 dB (4 ∼ 9GHz) NA NO
9 0.725/12% 3.2 MSL 45 dB (0.375 ∼ 1GHz) NA NO
10 2.5/20% 0.37 WG 60 dB (DC ∼ 9GHz) 0.44× 0.22 NO
11 3.5/15.8% 1.93 WG 37 dB (14 ∼ 20GHz) NA NO
12 3.5/13% 0.35 WG 60 dB (DC ∼ 6GHz) 3.75× 1.8× NO
13 3/15.8% 3.07 SIW 41 dB (1.5 ∼ 4.5GHz) NA NO
14 2.45 2.4 SL 38 dB (1 ∼ 4GHz) 0.12× 0.1 NO
15 3/5.8% 1.55 DSPSL 25 dB (DC ∼ 9GHz) 1× 0.88 NO
16 1.17/3.4% 0.45 CL 60 dB (1 ∼ 2GHz) NA NO
17 2/87% 0.85 CPS 39 dB (DC ∼ 5GHz) 1.9× 0.3 NO
18 4/35% 1.36 MSL-SL 44 dB (2 ∼ 6GHz) NA NO
19 5.75/93% 0.5 MSL-SL 33 dB (2 ∼ 10GHz) NA NO
20 2/70% 1.2 MSL-SL 35 dB (DC ∼ 5GHz) 0.93× 0.48 NO

This
works

Original
structure 3/80% 0.3 MSL 5 dB (2.08 ∼ 3.93GHz) 0.37× 0.37 YES

Modified
structure

5 dB (1.71 ∼ 4.35GHz) 0.4× 0.37 NO

* CM stands for common-mode.

Port 2

Port 1 Port 2'

Port 1'

  
FIGURE 12. Photograph of the modified structure of the balanced filter
in Fig. 10 (L2 = 15.1mm,W2 = 0.1mm).

an enhancement of roughly 43%, while the overall circuit area
is hardly increased. More importantly, the locations of these
two transmission zeros can be accurately shifted by merely ad-
justing the characteristic impedance of the added stub, thereby
enabling selective suppression of common-mode signals at any
specified frequency inside the differential pass-band.
Table 1 presents a comparison of the proposed balanced

BPFs with previously reported balanced BPFs, based on
microstrip line (MSL), waveguide (WG) including substrate-
integrated waveguide (SIW), stripline (SL), double-sided
parallel-strip line (DSPSL), coaxial line (CL), coplanar strip
line (CPS), and hybrid microstrip-slotline (MSL-SL) struc-
tures. According to this table, it can be seen that previously
reported balanced filters based on various transmission lines
have exhibited good differential-mode responses and satisfac-
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FIGURE 13. Simulated and measured results of the modified structure
of the balanced filter in Fig. 10. (Simulated results: dashed lines, mea-
sured results: solid lines).

tory common-mode suppression. However, all these structures
possess only one symmetric plane, so the input and output
ports are fixed and cannot be made flexible, as enabled by the
original structure proposed in this work.

4. CONCLUSION
In this study, a miniaturized wideband balanced bandpass filter
has been initially proposed, which is characterized by biaxial
symmetry. Owing to two orthogonal symmetric axes built into
the layout, the filter naturally offers two distinct, interchange-
able input/output port configurations. Moreover, in either con-
figuration, the circuit preserves a wide differential-mode pass-

41 www.jpier.org



Shao et al.

band while strongly suppressing common-mode noise. To
further elevate common-mode rejection, a quarter-wavelength
open-circuited stub is loaded at the junction of one C-shaped
parallel coupled microstrip section which introduces two addi-
tional transmission zeros in the common-mode response. Mea-
sured results closely follow simulated predictions, validating
both the design procedure and the practical feasibility of the
proposed balanced filter.
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