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Abstract — A compact and simple balun-bandpass filter
was investigated by using a pair of half-wavelength
open-loop ring resonators (OLRRS) and two microstrip
lines. The balun-bandpass filter could be designed
easily with a different center frequency by changing the
path length of OLLRRs. The design methodology was
adopted based on EM simulation to obtain these
optimally designed parameters of the OLRRs, and
microstrip lines and the filters were fabricated on FR4
substrate. The filters with the frequencies of 2.6 GHz
and 5.2 GHz were designed to prove the characteristic
of frequency adjustable and they were fabricated with
the properties of wide bandwidth and low insertion loss.
The balun-bandpass filters presented an excellent in-
band balanced performance with common-mode rejection
ratio over than 40 dB and 34 dB in the passbands of
2.6 GHz and 5.2 GHz, respectively. Good correlation
was seen between simulation and measurement, and the
result showed that first run pass had been achieved in
the majority of our design.

Index Terms — Balanced impedance, balun-bandpass
filter, frequency adjustable, open-loop ring resonators
(OLRRs).
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I. INTRODUCTION

As compared with conventional single-ended
circuits balanced circuit has higher immunity to the
environmental noise. Therefore, many devices have
been designed in balanced topologies, such as low-
noise amplifiers, mixers, oscillators, power amplifiers,
filters, and antennas. Baluns, which are used as an
interface device, are necessary for the conversion
between balanced devices and unbalanced ones. A
modern communication system needs a compact and
low-cost RF module; thus, a device with multifunction
is desired. The balun diplexer or filter are such devices
that they are not only with a filtering function, but they
are also a balun converting between balanced singles
and unbalanced ones. Recently, several methods have
been developed to design the balun filters [1-6]. For
multi-service and multi-band communication systems,
the diplexer is an essential component that is built by
two bandpass filters (BPFs) with different passband
frequencies [7-9].

In the present study, a generalized methodology for
designing a novel and simple single passband balun
BPF was investigated. The low-loss balun BPF was
designed by using a folded open-loop ring resonators
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(OLRRs) with equal physical dimensions to couple two
microstrip lines, as Fig. 1 shows. The OLRRs were
placed between two microstrip lines and had a
perimeter of about a half wavelength of the designed
resonant frequency. The OLRRs had its maximum
electric field density near the open ends of the line and
had its maximum magnetic field density around the
center valley of the microstrip line. The resonant
frequency was adjustable via the length of the OLRRS
to provide a high-performance passband response. We
would show that a compact microstrip balun filter was
designed with high isolation and CM suppression.
Based on the proposed idea, two filters with the central
frequencies of 2.6 GHz and 5.2 GHz for WLAN and
WiIMAX applications were implemented by changing
the different lengths of OLRRs. Finally, we fabricated
two high-performance balun BPFs on FR4 substrates,
and the predicted results were well confirmed by the
measured results. We would show that the proposed
balun BPFs had low insertion loss, a wide bandwidth,
transmission zeros, and simple structure, and no extra

circuit was needed to suppress the harmonic, respectively.

I1. DESIGN METHODOLOGY

The balun BPF with central frequency of 2.6 GHz
for LTE band system was first designed to prove the
proposed idea accomplished by using OLRRs and the
discriminating coupling technique [10-13]. When the
discriminating coupling technology is used, the second
harmonics of coupled-line BPFs are rejected without
requiring any extra circuit and degrading in-band
performance and the effect of common-mode
suppression will be achieved [9]. The coupled structures
resulted from different orientations of a pair of open-
loop ring resonators (OLRRs) and from the microstrip
lines, which were separated by a spacing Soirr, as
Fig. 1 shows. Each of the OLRRs essentially acted as a
folded half-wavelength resonator. Any coupling in
those structures was the proximity coupling; basically,
the coupling was formed through fringe fields. The
nature and the extent of the fringe fields determined the
nature and the strength of the coupling effect. At the
resonance of fundamental mode, each of the OLRRs
had the maximum electric field density at the side with
an open gap (gorrr) and the maximum magnetic field
density at the opposite side. Therefore, the electric
coupling could be obtained if the open sides of two
coupled resonators were proximately placed.
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Fig. 1. Proposed balun-bandpass filter (BPF) based on
OLRRs.
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To obtain the maximum magnetic coupling, the
center valley of the OLRRs should be positioned in the
proper location along the microstrip lines at which the
maximum magnetic field intensity existed. For the
transverse electromagnetic (TEM) field structure, both
the electric and magnetic field vectors lied in the
transverse plane, which was perpendicular to the
uniform propagation axis. Under the assumptions of the
TEM mode of propagation and a lossless line, the fields
7 and i7 were uniquely related to voltage and current,
respectively. Based on transmission line theory, the
magnitudes of voltage and current on the microstrip
lines could be expressed in terms of the incident wave
and the reflection coefficient for an open-circuited line

as:
V(2) =’V0+ 1+e“9‘2/")‘, (1)
1(2) el gioamy, v
ZO
where | = -z is measured away from the load at z = 0,

and @ is the phase of the reflection coefficient. When
0-2 Bd has a magnitude of zero or any multiple of 2z
radian, voltage in (1) is at its maximum magnitude and
current in (2) is at its minimum magnitude, respectively.
Figure 2 depicts the normalized voltage/current
distributions of the open-ended transmission lines. At a
distance of a quarter wavelength from the receiving end,
the voltage becomes zero while the current is at its
maximum. If the line has a value of half wavelength,
the current distribution near the center of the
transmission line is at its maximum, and high magnetic
coupling results from a high conduction current. Once
the point of Inax is found, the point of Hmax can be easily
determined. When odd-mode excitation is applied to
balanced port, there is a voltage null at the center of the
microstrip line, the voltage/current distributions are
shown in Fig. 3.
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Fig. 2. Voltage and current distribution in microstrip
line terminated at open end.



Symumsetrical lime
'
B e —
=} 1 1+
- |Voltage|
1

' 4
/- o
I\ L .
" o

2 A

=
=

|Current|
&

i |-|.1,|_.|

)

&

[¥]

=
&

Fig. 3. Voltage and current distributions of the odd-
mode.

To demonstrate the proposed structure was
available, balun BPF was designed using OLRRs to
couple the microstrip transmission lines. After the
designed balun BPFs were simulated using the HFSS
simulator with loss factors (conductor loss and dielectric
loss) included in the simulated response to find the
optimal parameters. In order to characterize the balance
characteristic of the balun BPFs, the mode conversion
between the unbalanced three-port network and the
unbalanced-to-balanced two-port network was applied
to obtain the single-ended to differential-mode and
common-mode -parameters [7,14]:

S‘ds.‘h {dB}

Sss11 (dB)
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Fig. 4. Simulation results of various gap Soirr for
designed balun BPF at 2.6 GHz. (a) Differential-mode
response, Sgs21. (b) Differential-mode response, Sssii.

Ses11= S11, (3) — g:gi ::
Sas21= (S21 — Sa1)/(2)Y2, 4) T S=0.6 mm
Ses21= (Sa1 + Sz1)/(2)Y2, 5)

where Ssa: is the return loss at the unbalanced port 1,
Sas21 is the two-port S-parameters from the unbalanced
port 1 to differential-mode balanced port 2, and Scs21 is
the two-port S-parameters from the unbalanced port 1
to common-mode balanced port 2, respectively.

I11. DESIGN OF BALUN-BANDPASS FILTERS

The balun BPFs were designed on a pair of half-
wavelength OLRRs with the center frequencies of
2.6 GHz and 5.2 GHz by changing the length of OLRRs.
The simulated results shown in Fig. 4, Fig. 5 and Fig. 6
for balun BPF with center frequency of 2.6 GHz was
used to prove that the proposed idea could be used to
design the balun BPFs with common-mode suppression.
Electric coupling was obtained if the open sides of the
coupled resonators were placed near each other, and
magnetic coupling was obtained if the sides with the
maximum magnetic field of the coupled resonators
were placed near each other. The coupling spacing s
between the main microstrip line and OLRRs was
0.2 mm and the spacing SoLrr between two resonators
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was 0.61 mm. Figure 4 and Fig. 5 illustrate the effect of
different Soirr and s on the frequency response of the
balun filter by full-wave simulated.

Fig. 5. Simulation results of various gap s for designed
balun BPF at 2.6 GHz. (a) Differential-mode response,
Sas21. (b) Differential-mode response, Sssii.
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Fig. 6 Simulation results of different orientations for
OLRRs for 2.6 GHz designed. (a) Common-mode
response, Sas21. (0) Phase/amplitude difference.
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The results in Fig. 4 show that as the coupling
spacing s decreased the two resonant peaks moved
outwards and the trough in the middle deepens, which
implies an increase in the coupling. The coupling of the
coupled line stricture in Fig. 5 could be found from the
coupling gap s. A smaller gap resulted in a stronger 1/0
coupling or a smaller external quality factor of the
resonator. To further demonstrate the importance of
optimal locations for balun characteristic, Fig. 6 shows
a comparison of passband responses of different
orientations for OLRRs. The simulation result of the
designed balun BPF shows good match in input
impedance, good amplitude, and phase balance between
two output ports, and a wide passband, respectively.

The balun BPF using OLRRs was fabricated on an
FR4 substrate with a relative permittivity of 4.4 and a
thickness between the two electrodes was 1.0 mm. The
dimension for the proposed 2.6 GHz balun BPF was
35 mm x 13.23 mm, as shown in Fig. 7 (a), and the
photograph of the fabricated balun BPF is shown in
Fig. 7 (b). The dimension for the proposed 5.2 GHz
balun BPF was 17 mm x 13.43 mm, as shown in Fig. 8 (a),
and the photograph of the fabricated balun BPF is
shown in Fig. 8 (b). Measurements were carried out
using an Agilent N5071C network analyzer.
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Fig. 7. (a) Layout pattern and (b) photograph of the
designed balun BPF with central frequency of 2.6 GHz.
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Fig. 8. (a) Layout pattern and (b) photograph of the
designed balun BPF with central frequency of 5.2 GHz.



Figures 9 (a) and 9 (b) show the full-wave simulated
and measured results of the S-parameters and phase/
amplitude differences for the circuit at low band. For
differential-mode operation, the passband in Fig. 9 was
centered at 2.6 GHz with 1 dB bandwidth of 240 MHz,
or 9.23% and the minimum insertion loss including
SMA connectors was measured to be 2.46 dB. Figure
9 (b) shows that the amplitude difference between Sy
and Sz was below 0.2 dB and the phase difference
between S,; and Ssz; was within 180 + 2° for low band.
Both the simulated and measured Scso1 values were
smaller than 40 dB within operating band of the
designed 2.6 GHz balun BPF, which demonstrates the
effect of good common-mode suppression at the
differential output port. Figures 10 (a) and 10 (b) show
those for the circuit at high band, respectively. The
passband in Fig. 10 was centered at 5.44 GHz with 1 dB
bandwidth of 280 MHz, or 5.15% with minimum insertion
loss including SMA connectors at 3.13 dB. The simulated
and measured Scsz1 values were smaller than 34 dB with
in operating bands of the designed 5.2 GHz balun BPF.
Figure 10 (b) show that the amplitude difference
between Sz and Ss; was below 0.3 dB and the phase
difference between Sy; and Ss; was within 180 + 3° for
high band. The little differences between the simulated
and measured results are mainly caused by the
fabrication error (circuit etching), the SMA connector,
and numerical error.
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Fig. 9. Measured: (a) S-parameters and (b) phase/
amplitude difference of the designed balun BPF with
central frequency of 2.6 GHz.
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Fig. 10. Measured: (a) S-parameters and (b) phase/
amplitude difference of the designed balun BPF with
central frequency of 5.2 GHz.

V1. CONCLUSION

We proposed a simple and effective method to
design the microstrip balun BPFs with the properties of
common-mode suppression and central frequency
adjustable. The dimension for the proposed 2.6 GHz
balun BPF was 35 mm x 13.23 mm and for the proposed
5.2 GHz balun BPF was 17 mm x 13.43 mm, respectively.
Both the simulated and measured Scs21 values were
smaller than 40 dB within operating band of designed
2.6 GHz balun BPF and smaller than smaller than 34
dB within operating band of designed 5.2 GHz balun
BPF, which demonstrates good common-mode suppression
at the differential output port. The fabricated 2.6
(5.44) GHz BPF had the properties of with 1 dB (1 dB)
bandwidth of 230 MHz or 8.85% (280 MHz or 5.15%),
minimum insertion loss including SMA connectors of
2.6 dB (3.13 dB), and the Sus»1 value values were smaller
than 40 dB (34 dB) within operating band. The amplitude
difference between Sy and Sz; was below 0.2 dB (0.3 dB)
and the phase difference between S,; and Ss: was
within 180 + 2° (180 + 3°) at operating band. In this
study, the designed and fabricated balun BPFs not only
possessed good bandpass characteristics but they also
provided great balun performance.
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