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Abstract—This paper presents new balanced single- and dual-band
bandpass filters (BPFs), both of which are constructed using two ring
resonators. For each BPF, open-circuited stubs are added to one of the
two resonators so that the transmitted common-mode (CM) signals
can be attenuated, and source-load coupling is established so that
two transmission zeros are generated near the edges of each desired
differential-mode (DM) passband to sharpen the passband selectivity.
The measurement agrees well with the simulation. For the single-band
BPF, the measured minimum DM insertion loss is 1.4 dB in the DM
passband, in which the CM suppression is larger than 41.6 dB. For the
dual-band BPF, the minimum DM insertion losses are 1 and 1.35 dB in
the first and second passbands, respectively, in which the CM rejections
are larger than 29 and 22 dB.
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1. INTRODUCTION

In the green-energy era, energy saving is one of the main themes of
study for researchers and engineers in many disciplines. To better
achieve this goal, electronic devices tend to be designed to operate at
lower voltages. However, electronic devices operating at lower voltages
are more vulnerable to interference from noises than at higher voltages,
and hence specifications in noise immunity for most electronic devices
nowadays are more stringent than ever before. Balance circuits (also
known as differential circuits), in comparison with their single-ended
counterparts, provide the advantage of smaller noise coupling with
nearby devices [1]. This is one of the reasons why balanced topology
is widely adopted in integrated-circuit (IC) design.

In a wireless-communication system, BPFs play a very important
role. If the surrounding blocks are of balanced type, the BPFs
in the frontend of an RF system must be also implemented in
balanced configuration. In the past few years, balanced BPFs
have received increasing attention [2–12]. These balanced BPFs
have been constructed using coupled-line structures [2, 3], branch-line
structures [4, 5], and, for the most part, multi-section resonators [6–12].
Each of these multi-section resonators does not form a closed loop and
hence can be referred to as an open-loop resonator. In the literature,
there have been a great many single-ended BPFs that are composed
of open-loop resonators [13–17]. Similarly, closed-loop resonators,
alternatively called ring resonators, have been widely employed to build
single-ended BPFs as well [18–25]. Although open-loop resonators have
also been frequently used to construct balanced BPFs, from single-
band [6, 7] to dual-band ones [8–12], so far closed-loop resonators have
not yet, however. Hence, the purpose of this paper is to show that
closed-loop resonators can also be employed to design new balanced
BPFs in a clever manner.

In this paper, we propose two balanced BPFs, one single-banded
and the other dual-banded. The single-band BPF consists of two
uniform-impedance square-ring resonators, and the dual-band one
comprises two stepped-impedance rectangular-ring resonators. Both
BPFs are arranged in symmetric fashion so that the resonant voltage
distributions on the resonators can be classified into odd and even
modes, odd and even relative to the structure’s plane of symmetry
(POS), respectively. The odd modes can support differential-mode
(DM) transmission, whereas the even modes, common-mode (CM)
transmission. For both BPFs, the CM transmission is effectively
suppressed by separating the even-mode resonant frequencies, which
is achieved by loading one of the ring resonators with open-circuited
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stubs. The measured and simulated results agree reasonably well with
each other and show very good DM and CM responses.

2. DESIGN OF BALANCED SINGLE-BAND BPF

2.1. BPF Configuration and Design

Figure 1(a) shows the geometry of the proposed balanced single-band
BPF consisting of two square-ring resonators. For convenience, refer
to the resonator on the left side as Resonator 1, and the one on the
right side as Resonator 2. Each of the square-ring resonators is parallel
coupled from the upper and lower sides of the resonator, respectively, to
a horizontal microstrip above and below. These horizontal microstrip
lines each are then tapped by a 50-Ω feeding microstrip line at the
center. The circuit is arranged symmetric with respect to the POS,
whose intersection with the circuit-layout plane is denoted by the
dashed line. For DM operation, the POS can be replaced by an electric

(a)

(b)

Figure 1. Configurations of the proposed balanced (a) single- and (b)
dual-band BPFs.



336 Lee et al.

Figure 2. Equivalent half circuit of the single-band BPF.

wall, whereas for CM operation, by a magnetic wall. Hence, the portion
of the circuit layout that connects to the POS can be regarded as
grounded for DM operation and as open-circuited for CM operation.
The original complete circuit can then be investigated by analyzing its
corresponding two simpler half circuits shown in Fig. 2.

To understand why a DM signal can be transmitted in the
desired frequency band and why a CM signal can be suppressed
in the frequency range of interest, we first study the first few
modal distributions of the voltage on the upper half ring resonator.
For convenience, modal voltage distributions are plotted on the
straightened version of the upper half of Resonator 1. The first three
resonant modes for DM and CM operation are shown in Figs. 3(a)
and 3(b), respectively. Since the two ends of the half ring resonator
are grounded (open-circuited) for DM (CM) operation, the voltage is
always zero (positive or negative maximum) at the two ends of the half
ring resonator, i.e., at positions B and D. For convenience, refer to the
half ring resonator in Fig. 3(a) as a short-circuited λ/2 resonator and
the one in Fig. 3(b) as an open-circuited λ/2 resonator. Because the
horizontal microstrip line above the λ/2 resonator is center-tapped, the
voltage on the horizontal microstrip line is symmetrically distributed
with respect to the tapping point. Also, since the voltages for the
odd-numbered (even-numbered) modes of the short-circuited (open-
circuited) λ/2 resonator are symmetrically distributed with respect
to position A, Modes 1 and 3 of the short-circuited λ/2 resonator
and Mode 2 of the open-circuited λ/2 resonator can easily be excited
by the feeding line. On the other hand, since the voltages for the
even-numbered (odd-numbered) modes of the short-circuited (open-
circuited) λ/2 resonator are anti-symmetrically distributed, none of
Mode 2 of the short-circuited λ/2 resonator and Modes 1 and 3 of the
open-circuited λ/2 resonator can be excited provided the tapping point



Progress In Electromagnetics Research, Vol. 116, 2011 337

       
(a) (b)

Figure 3. Voltage distributions on the straightened version of the λ/2
resonator shown in Fig. 2 for (a) DM and (b) CM operation.

of the horizontal microstrip line is aligned with position A, the center
of the λ/2 resonator. For conciseness, let Mode n of the short-circuited
(open-circuited) λ/2 resonator be called the nth differential (common)
resonant mode.

For our balanced single-band BPF, the first differential resonant
mode is designed around the center frequency of the desired DM
passband, and the third differential resonant mode is considered as the
first higher spurious DM mode. If Resonator 2 is merely a location-
shifted version of Resonator 1, the second common resonant mode
in Resonator 1 will in turn excite the same mode in Resonator 2,
thus leading to an undesirable CM passband around the second CM
resonant frequency. To prevent a CM signal from passing through
Resonator 1 and then Resonator 2 via their second common resonant
modes, two T-shaped open-circuited stubs are connected to Resonator
2 along the POS. With the open-circuited stubs of appropriate size
added, the total length of the open-circuited λ/2 resonator associated
with Resonator 2 is effectively increased [10, 13]. The resonant
frequencies of the common resonant modes (or called the CM resonant
frequencies for short) of Resonator 2 are hence lowered and deviates
from those of Resonator 1. This results in poor CM transmissions.
Furthermore, an even better CM rejection is expected around the first
CM resonant frequencies of Resonators 1 and 2. This is not only
because the first CM resonant frequencies of the two ring resonators
are different, but also because the first common resonant mode of
Resonator 2 still cannot be excited even though the associated open-
circuited λ/2 resonator is lengthened by the open-circuited stubs.
For DM operation, since the open-circuited stubs are connected to
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the zero-potential points of Resonator 2, the associated DM resonant
frequencies of Resonator 2 are not changed. Hence, the DM response
of the proposed BPF can remain nearly unaltered in the presence of
the open-circuited stubs.

For demonstration, the idea presented so far is employed to design
a balanced BPF for 3.5-GHz WiMAX applications that require a
frequency band of 3.39–3.6 GHz. The BPF is to be fabricated on a
0.635-mm-thick RT/Duroid 6010 substrate with εr = 10.2 and tan δ =
0.0023. The width of all microstrip sections in the BPF is chosen to be
0.25mm except for the 50-Ω feeding microstrip lines, whose width is
determined to be 0.54mm. The fractional bandwidth ∆ is selected to
be 10%, which on the safe side is larger than the actually needed 6%.
In addition, the second order Butterworth function is used as the target
BPF response for which the element values for the low-pass prototype
network are g0 = g3 = 1 and g1 = g2 =

√
2. Hence, the required

coupling coefficient between Resonators 1 and 2 for DM operation at
3.5GHz is M = ∆/

√
g1g2 = 0.0707, which is found to correspond to a

gap of 0.68 mm between the two resonators after parametric studies are
carried out [26]. Note that the selectivity of the Butterworth response
can be enhanced by implanting a transmission zero near each of the
passband edges. This can be accomplished by forming a cross-coupled
structure for which its two signal paths are indicated in Fig. 2. In this
figure, path 1 is the source-load coupling path established by reducing
the gaps between the juxtaposed horizontal microstrip lines that are
tapped by the feeding lines, and path 2 is the route passing through
Resonators 1 and 2. With the aid of the commercial full-wave simulator
Ansoft HFSS, which is convenient to electromagnetically characterize a
three-dimensional object, the structural parameters can be determined
as those indicated in Fig. 1(a) with all units in millimeter.

2.2. Results and Discussion

With the structural parameters available, we are now ready to verify
that the well-adjusted cross-coupling configuration can produce a
transmission zero near each of the two DM passband edges. The two
transmission zeros are due to cancellation of the signals transmitted
along paths 1 and 2. Note that if a full-wave simulator is employed,
signals transmitted along these two paths cannot be isolated (i.e.,
cannot be separately computed). We hence resort to Agilent’s
Advanced Design System (Agilent ADS) for that purpose. In using
this software, the half circuit in Fig. 2 is substituted by equivalent
circuit models that can account for parallel coupling, bending, and
junction. In simulating the frequency response of path 1, the vertical
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parallel-coupled line section is replaced by two uncoupled line sections
in the circuit schematic. Likewise, in the frequency-response simulation
for path 2, the gap-coupling model for the two juxtaposed horizontal
center-tapped microstrip lines is eliminated from the circuit schematic.
Fig. 4 shows the DM transmission response for three cases: path 1 only,
path 2 only, and the overall half circuit. Also shown in Fig. 4 is the
phase difference between paths 2 and 1. Clearly, the transmission zeros
may occur at the frequencies such that the signals transmitted along
these two paths have nearly the same magnitude and a phase difference
of roughly odd multiples of 180◦. Note that there is also a transmission
zero for path 1 alone around 3.5 GHz. At this frequency, which is the
first resonant frequency of the short-circuited λ/2 resonator, the input
signal is not transmitted to the output along path 1 but instead is
trapped by the short-circuited λ/2 resonator.

For completeness, we next employ Ansoft HFSS to verify that the
open-circuited stubs can effectively lower the CM resonant frequencies
of the ring resonator while little affecting the DM counterparts. For
convenience, the ring resonator is chosen to be loaded by horizontal
straight open-circuited stubs instead of the T-shaped stubs shown
in Fig. 1(a). In addition, the structural dimensions of the ring
resonator and the width of the horizontal open-circuited stubs are
chosen the same as those in Fig. 1(a). Presented in Fig. 5 are the
first two DM and CM resonant frequencies against the length (L) of
the open-circuited stubs (see the inset, in which only the half circuit is
shown). Clearly, with L increased from 0 to 3.8 mm, the CM resonant
frequencies are significantly lowered while the DM counterparts are
almost independent of L. The decrease in the second CM resonant
frequency is more pronounced than in the first. This is because the
same physical length L corresponds to a larger electric length for the

 

Figure 4. DM transmission
response of the BPF simulated
using commercial Agilent ADS.

 

Figure 5. Influence of the open-
stub length on mode frequencies
of the ring resonator.
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second CM resonant mode than for the first.
Figure 6 shows the photograph of the fabricated balanced single-

band BPF, which when excluding the 50-Ω feeding microstrip lines
measures only 18.2 × 9.7mm2. The feeding microstrip lines are
bent by 45◦ to provide enough space for installing SMA connectors.
Simulated and measured S-parameters are shown in Fig. 7(a) for
DM operation and in Fig. 7(b) for CM operation. The measurement
agrees reasonably well with the simulation. For the DM response,
the measured (simulated) passband of 3.35–3.65 (3.34–3.65) GHz with
a center frequency of 3.495 (3.49) GHz has a minimum insertion loss
of 1.4 (1.1) dB and a return loss of as high as 18.4 (22.7) dB. The
measured and full-wave-simulated transmission zeros are very close
to each other and are found to be around 2.25 and 4.94GHz, which
are slightly different from the circuit-model-simulated transmission
zeros of 2.39 and 5.04 GHz (see Fig. 4). These discrepancies could
be attributed to the fact that the electric wall on the POS and mutual
couplings between circuit subcomponents cannot be accounted for in
circuit-model simulation. The transmission zeros owing to the cross-
coupling configuration are effective in suppressing out-of-band signals.
In the frequency range of 1–8 GHz, the out-of-band rejection is larger
than 30 dB except for the passband edges and the frequency range of
around 7.1 GHz, which is roughly the second DM resonant frequency.
As claimed previously, the second differential resonant modes for both
resonators are not supposed to be excited in the initial design stage.
However, because the end-coupled horizontal center-tapped microstrip
lines are brought slightly closer to establish the source-load coupling,
the condition of not exciting the even-numbered differential resonant
modes is violated (i.e., the tapping point of the horizontal microstrip
line is not aligned with position A of the λ/2 resonator) Hence, the
even-numbered differential resonant modes are instead weakly excited.
This explains why the out-of-band rejection around 7.1 GHz is slightly
downgraded.

 

 

Figure 6. Photograph of the balanced single-band BPF.
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 (a) (b)

Figure 7. Simulated and measured S-parameter for the fabricated
balanced single-band BPF.

For the CM response in 1–8 GHz, although the measured
(simulated) minimum insertion loss is only 20.7 (20.1) dB around
7.15GHz, which is around the second CM resonant frequency of
Resonator 1, it is larger than 41.6 (41.3) dB in the DM passband.
Note that the full-wave-simulated CM transmission zeros around 4 and
7.9GHz are also due to the cross-coupling configuration. If evaluated
by using circuit-model simulation, the CM transmission zeros will be
around 4.24 and 8.63GHz. These discrepancies could be due to lack
of the magnetic wall and lack of inter-subcomponent mutual couplings
in circuit-model simulation.

An alternative set of indicators of how well a balanced BPF
performs are the amplitude and phase imbalances. A signal enters
a single port, say port 1, can be decomposed into a DM and a CM
component. The amplitude and phase imbalances can then be defined
by ||S21| − |S2′1|| and ∠S21 − ∠S2′1, respectively. An ideal balanced
BPF in the DM passpand will transmit only the DM component and
completely reject the CM component, thus leading to an amplitude
imbalance of 0 dB and a phase imbalance of 180◦. Not shown in a
figure for brevity, the measured amplitude and phase imbalances for
the fabricated balanced single-band BPF in the DM passband are found
to be 0.07–0.29 dB and 177.15◦–182.25◦, respectively, which are close
to the ideal values.

3. DESIGN OF BALANCED DUAL-BAND BPF

3.1. BPF Configuration and Design

Figure 1(b) shows the proposed ring-type balanced dual-band BPF.
In contrast to the proposed single-band BPF where the rings are of
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uniform impedance, the dual-band BPF adopts stepped-impedance
ring resonators (SIRRs; the one on the left side is referred to as
SIRR 1, and that on the right, SIRR 2). Other than that, all the
concepts behind the design of the single-band BPF are employed here
to design the dual-band one. For example, the BPF circuit layout
is arranged symmetric with respect to the POS (see Fig. 1(b)) so
that none of the DM-to-CM and CM-to-DM conversions can occur.
Next, the SIRRs and the center-tapped horizontal microstrip lines
in the initial design stage are deployed in such a way that none of
the even-numbered differential and odd-numbered common resonant
modes can be excited by the feeding microstrip lines. In addition, two
open-circuited stubs are connected to SIRR 2 along the POS, so that
the CM resonant frequencies of SIRR 2 are shifted away from those
of SIRR 1. As a result, an even-numbered common resonant mode
excited on one SIRR by its feeding lines will not in turn excite the
corresponding common resonant mode on the other SIRR, thus leading
to CM rejection. Last, the juxtaposed horizontal microstrip lines are
brought closer to establish the source-load coupling. The resulting
additional signal transmission path can help create transmission zeros
near the edges of the two desired DM passbands.

For demonstration, the balanced dual-band BPF is designed
for use in the popular 2.4-GHz (2.4–2.484 GHz) and 5.2-GHz (5.15–
5.35GHz) WLAN bands and is fabricated on the same RT/Duroid 6010
substrate as the one adopted for the single-band BPF. In Fig. 1(b), let
the microstrip of from positions D to A and then to B be referred to as
a λ/2 stepped-impedance resonator, or λ/2 SIR for short. In this λ/2
SIR, let the characteristic impedance of the center microstrip section
(i.e., the section covering position A) be denoted by Z1, and that of
the two end sections (i.e., the sections associated with positions D and
B), Z2. In addition, the section with Z1 in the λ/2 SIR has an electric
length of 2θ1, and each of the sections with Z2, θ2. To make the design
easier, we proceed with the assumption that θ1 = θ2 = θ0 since under
this constraint the impedance ratio RZ , which is equal to Z2/Z1, can
be determined analytically from the given resonant frequencies of the
λ/2 SIR [27]. With f1 and f3 denoting the desired odd-numbered
DM resonant frequencies, which of course are set to be the center
frequencies of the desired lower and upper DM passbands, respectively,
the impedance ratio can be calculated by

θ0 (f1)= cot−1
√

Rz = π/(1 + f3/f1) (1)
Note that this equation is slightly different from that given in [27]
because the two ends of the λ/2 SIR in our DM operation are short-
circuited rather than open-circuited as in [27]. By setting f1 and f3 to
be 2.45 and 5.25 GHz, respectively, we can find that RZ = 0.413 and
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θ0(f1) = 57.27◦. To proceed with convenience, we fix Z2 at 24.4 Ω so
that the corresponding line width of 2 mm is an integer value. All other
relevant structural parameters can in turn be computed accordingly.
In fact, these structural parameters still need to undergo fine tuning
in deploying the entire BPF because the effects of dispersion and the
mitered bending discontinuities are not taken into account in Eq. (1).
The BPF’s structural parameters, optimized also with the aid of Ansoft
HFSS, are given in Fig. 1(b).

3.2. Results and Discussion

Figure 8 shows the photograph of the fabricated balanced dual-band
BPF, which when exclusive of the 50-Ω feeding lines occupies an area
of 46.2 × 13.8mm2. As shown in Fig. 9, the simulated and measured
S-parameters agree well to each other. For the DM response, the
measured (simulated) first and second passbands of 2.39–2.49 (2.4–
2.5) and 5.15–5.35 (5.15–5.36) GHz, respectively, are centered at 2.44
(2.45) and 5.25 (5.25) GHz and have minimum insertion losses of 1 (1.3)
and 1.3 (1.5) dB. The out-of-band rejection is larger than 20 dB except
for the frequency range of around 4 GHz, within which the second

Figure 8. Photograph of the balanced dual-band BPF.

 

 

Figure 9. Simulated and measured S-parameters for the fabricated
balanced dual-band BPF.
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differential resonant mode appears not completely suppressed because
of the source-load coupling. For the CM response in the displayed
frequency range of 1–7 GHz, the measured (simulated) insertion loss is
greater than 20.5 (22) dB. In particular, the measured CM suppressions
in the first and second DM passbands are larger than 29 and 22 dB,
respectively.

4. CONCLUSION

In this paper, ring resonators have been proposed to be used as the
building blocks of two balanced BPFs, one single-banded and the
other dual-banded. Source-load couplings were established in both
BPF prototypes so that two DM transmission zeros are generated
around the two edges of each passband to sharpen the DM passband
selectivity. For design of both BPFs, a technique of loading a pair of
open-circuited stubs along the POS of one of the coupled SIRRs for
separating the CM resonant frequencies has been employed, and very
good CM suppression was obtained.
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