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Abstract—Novel fourth-order balanced coupled-resonator
bandpass filters are proposed using suitably designed half-wave-
length ( 2) multisection resonators for common-mode sup-
pression. By properly designing the input/output (I/O) resonators
associated with the filter composed of four bi-section resonators,
a balanced filter with good common-mode suppression is re-
alized, but its rejection bandwidth is rather limited. To widen
the rejection bandwidth, the I/O bi-section resonators are re-
placed by the tri-section ones so that a balanced filter with good
common-mode suppression and wide rejection bandwidth may
be realized by suitably arranging the composed bi-/tri- section
resonators. Specifically, a stopband-extended balanced filter with
good common-mode suppression ( 50 dB) within the differen-
tial-mode passband is implemented and its stopbands are also
extended up to 5

0
with a rejection level of 30 dB, where

0
is the

center frequency in differential-mode operation.

Index Terms—Balanced filter, common-mode suppression, cou-
pled-resonator bandpass filter, half-wavelength ( 2) resonator,
stopband extension.

I. INTRODUCTION

BALANCED circuits are essential in building a modern
communication system. Recently, under the trend of

system-on-chip, it requires the integration of RF and analog
circuits onto the digital baseband processor, thus the problem
of interference and crosstalk from substrate coupling between
components is getting more and more serious. A fully balanced
transceiver architecture [1] with differential operation such
as the one illustrated in Fig. 1 shows higher immunity to the
environmental noise when compared with the unbalanced
topology with single-ended signaling. Among various basic
components, low-noise amplifiers, power amplifiers, mixers,
and voltage-controlled oscillators have rapidly been developed
as balanced circuits over the past few years. To establish a
balanced system, the development of balanced filters is also
necessary.

A well-designed differential-to-differential balanced band-
pass filter should exhibit the desired differential-mode fre-
quency response and should also be capable of reducing the
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Fig. 1. Simplified architecture of the balanced transceiver.

common-mode signal, which is essential in increasing the
signal-to-noise-ratio in the receiver and improving the effi-
ciency of the dipole antenna in the transmitter. Furthermore,
a well-designed balanced filter should also possess excellent
out-of-band rejection and high selectivity. In particular, the
wide-stopband bandpass filters are usually needed in con-
junction with the nonlinear components (e.g., mixers or power
amplifiers) so as to eliminate the undesired interference or noise
in the stopband. However, pervious studies on the balanced
filters with good common-mode suppression, high selectivity,
and wide rejection bandwidth are rather limited [2]–[5].

Many single-ended filters with specified filtering characteris-
tics have been developed in the past. Among them, parallel-cou-
pled-line bandpass filters have the advantages of wide realiz-
able bandwidth and simple synthesis procedures [6], [7]. Other
popular ones are the coupled-resonator filters [8]–[10], particu-
larly the narrowband bandpass filters that play a significant role
in many applications. The coupled-resonator filters are imple-
mented using the design technique based on the coupling coef-
ficients and external quality factors, which may be applied to
any type of resonator with different physical structures.

Recently, a fourth-order balanced coupled-line bandpass
filter using parallel-coupled-line structures was proposed in
[4], which presents high selectivity and good common-mode
suppression within the passband. However, this filter has sev-
eral drawbacks such as requiring a via-hole process and having
a common-mode passband around . To overcome the
shortcomings in [4], another balanced filter was proposed in [5].
With the adoption of coupled stepped-impedance resonators,
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it is possible to extend the differential- and common-mode
stopbands up to and also to avoid the undesired via-hole
process. However, only the differential-mode quality factor
is properly designed so that an acceptable common-mode
rejection level of 34.46 dB is achieved around .

In this study, two novel fourth-order balanced bandpass fil-
ters using multisection resonators are demonstrated to im-
prove the common-mode suppression in [5]. In the first design,
by properly designing the impedance ratio, length ratio, and
tap position of the input/output (I/O) bi-section resonators, one
may present the desired external quality factor in differential-
mode operation and also give the complete reflection condition
( , ) in common-mode operation. Thus, a
very low common-mode signal level may be achieved without
any degradation of the insertion loss in differential-mode op-
eration; however, its rejection bandwidth is still limited. Note
that by using the bi-section resonators solely in the filter design,
one may only achieve a balanced filter with either an extended
stopband [5] or a good common-mode suppression, as demon-
strated in this study, but not both. To realize a balanced filter
with good common-mode suppression and stopband extension,
both bi- and tri-section resonators are needed in the filter de-
sign. In the second design, to further extend the differential- and
common-mode stopbands, the tri-section resonators are adopted
for the I/O resonators. Specifically, by properly adjusting the
I/O tri-section resonators, one may suitably misalign the corre-
sponding differential- and common-mode higher order spurious
resonance frequencies [11] so that a balanced filter with good
common-mode suppression, as well as wider differential- and
common-mode stopbands, may be realized.

II. BALANCED FILTER USING BI-SECTION RESONATORS

A. Filter Structure

The proposed fourth-order balanced filter shown in Fig. 2 is
composed of four symmetric bi-section resonators. With the
adoption of the symmetric structure, the proposed filter presents
a perfect electric conductor wall under differential-mode exci-
tation and a perfect magnetic conductor wall under common-
mode excitation along the line of symmetry of the structure.
Thus, it is possible to reduce the level of common-mode noise in
addition to possessing the desired bandpass frequency response
in differential-mode operation.

In this study, the bi-section resonator is adjusted for
common-mode suppression, while in [5], it is used for stopband
extension. Each bi-section resonator in Fig. 2, as illus-
trated by Fig. 3, is symmetric and has different characteristic
impedances , and lengths , , where the subscript

denotes the resonators and , respectively. The associated
parameters such as the impedance ratio and the length ratio

are defined by

(1)

(2)

Under differential-mode operation, a virtual short (perfect elec-
tric wall) would appear along the line of symmetry, therefore,

Fig. 2. Physical layout of the proposed fourth-order balanced filter using
bi-section resonators (W = 1:9 mm, W = 11:5 mm, W = 0:4 mm,
W = 0:8 mm, W = 6:9 mm, L = 15:5 mm, L = 42 mm,
L = 11:9 mm, L = 11:1 mm, L = 2:2 mm, G = 0:5 mm,
G = 1:4 mm, G = 1:4 mm, D = 0:8 mm).

Fig. 3. Basic structure of �=2 bi-section resonator in Fig. 2.

Fig. 4. Tapped I/O resonator (resonator a). (a) Common-mode equivalent
half-circuit. (b) Differential-mode equivalent half-circuit. Here, � = k� ,
� = k� , and k = f =f .

each resonator, resonating at , may be treated as a shorted
quarter-wavelength resonator [see Fig. 4(b)]. Alterna-
tively, under common-mode operation, a virtual-open (perfect
magnetic wall) would be present along the line of symmetry,
thus each resonator, now resonating at , may
be regarded as a resonator with both ends opened [see
Fig. 4(a)].

The proposed fourth-order balanced coupled-resonator band-
pass filter in Fig. 2 is implemented in the microstrip structure
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on the FR4 substrate (substrate thickness mm, dielectric
constant , loss tangent , and metal thickness

mm). In the filter design, the required coupling coefficients
and external quality factors are extracted from the cor-

responding differential- and common-mode excitation circuits,
which have the termination impedances and , re-
spectively, as in [5]. In this study, the extract process is accom-
plished by the full-wave simulator ADS Momentum. As to the
measurement, the balanced structure, as a four-port device, is
first measured by the Agilent E5071B network analyzer to give
the standard four-port -parameters . The two-port differ-
ential- and common-mode -parameters, i.e., and , may
then be deduced from the four-port -parameters , as given
in [4] and [12].

B. Design Procedure

The fourth-order balanced bandpass filter is designed to pos-
sess a quasi-elliptic response in the differential-mode opera-
tion with the center frequency at and the frac-
tional bandwidth of 10%. The corresponding element values
of the low-pass prototype are , ,

, and . To determine the physical di-
mensions of the balanced filter, the differential-mode coupling
coefficients and I/O external quality factors need to
be calculated [13] as follows:

(3)

To improve the common-mode suppression in addition to pos-
sessing the desired differential-mode bandpass response, the I/O
resonators (resonator a) are both designed to possess the de-
sired external quality factors in differential-mode
operation and also to present a complete reflection ( ,

) in common-mode operation. For this purpose, the
impedance ratio, length ratio, and tap position of the I/O res-
onators should properly be arranged.

Fig. 4(a) and (b) shows the corresponding common- and
differential-mode equivalent half-circuits for the tapped I/O
resonators (resonator a), in which and are
the corresponding differential- and common-mode electrical
lengths, and is the parameter associated with the tap position.
By letting the common-mode input impedance be equal to
zero in Fig. 4(a), one may obtain the condition of
complete reflection in common-mode operation ,
which may be expressed as

(4)

Fig. 5. Parameters to give complete reflection condition in common-mode op-
eration.

Fig. 6. Simulated Q versus the length ratio � under different values of
impedance ratio R .

Additionally, for the differential-mode equivalent half-circuit
of the I/O resonators [see Fig. 4(b)] to possess the differen-
tial-mode fundamental frequency at GHz , the reso-
nance condition given by

(5)

should also be satisfied. Thus, by combining (4) and (5),
one may obtain the desired relation between the tap position
parameter and the length ratio under different values of
impedance ratio , as depicted in Fig. 5, which is useful in
designing the I/O bi-section resonator (resonator a) for good
common-mode suppression.

Alternatively, the differential-mode external quality factor
may be characterized by the ratio of and [13],

where is the center frequency in the phase response of
with reference to the differential-mode equivalent half-circuit
shown in Fig. 4(b), and should be determined from
the frequencies at which the parameter has a phase shift of

90 with respect to the absolute phase at . Hence, the cor-
responding differential-mode external quality factor is
related to the differential-mode input impedance and may
be adjusted according to the given specification by properly
choosing the values of impedance and length ratios ( and

), as shown in Fig. 6. With the goal of giving ,
the length ratio , impedance ratio , and tap
position parameter are chosen as the initial values
in determining the physical dimensions of the I/O resonators
( , , , and ) and the tap position .

For easy comparison with [5], the physical dimensions of the
inter-coupled resonators ( , , , and ) are deter-
mined with the parameters and . Finally,
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Fig. 7. Simulated differential-mode coupling coefficients versus the gaps be-
tween adjacent resonators.

the gaps ( , , , and ) between adjacent resonators
are obtained according to the corresponding differential-mode
coupling coefficients in (3) . The differen-
tial-mode coupling coefficients may be evaluated from the
two split resonance frequencies associated with the coupled-res-
onator structure [13]. The design curves relating to the
gaps between adjacent resonators are illustrated in Fig. 7. In the
initial design phase, it is rather difficult to fully consider the dis-
continuity and coupling effects associated with the bi-section
resonators. Thus, a fine-tune process based on full-wave simu-
lation is needed to give the final physical dimensions, which are
deviated approximately 10% from the initial values.

C. Differential-Mode Response

Fig. 8(a) and (b) shows the measured and simulated differen-
tial-mode frequency responses of the proposed balanced filter
in Fig. 2. The measured differential-mode center frequency is
at 1.025 GHz, the measured 3-dB bandwidth is 10.5%, and the
minimum insertion loss is 4 dB. This higher loss is mainly due
to the use of a low-cost FR4 substrate, which has a high loss tan-
gent of 0.02. The fabricated balanced filter is compact and has
a size of (31 mm 53.26 mm), where is
the guided wavelength of the microstrip structure at the differen-
tial-mode center frequency . Fig. 8(b) shows the
wideband differential-mode frequency responses ranging from
0.5 to 8.5 GHz. Note that this proposed balanced filter has only
pushed the differential-mode stopband up to 3.1 GHz
with a rejection level of 30 dB. The implement filter has created
two transmission zeros at 0.9 and 1.17 GHz, as expected. More-
over, an additional transmission zero is observed at 0.68 GHz,
which is produced by the in-phase cancellation between two dif-
ferential ports ( , ) and is not con-
trollable.

Fig. 9(a) shows the distribution of differential-mode spurious
resonance frequencies of each resonator up to 8.5 GHz. Note
that the first and second spurious resonances of the I/O resonator
(resonator a), which have been moved toward the center fre-
quency GHz , are now located at 2.315 and 3.16 GHz.
Therefore, the differential-mode response may have a repeated
passband around 3 GHz .

D. Common-Mode Response

Fig. 8(a) and (c) shows the measured and simulated common-
mode frequency responses of the proposed balanced filter in
Fig. 2. The measured common-mode response is suppressed

Fig. 8. Measured and simulated responses of the proposed balanced filter
shown in Fig. 2. (a) Narrowband responses. (b) Wideband differential-mode
responses. (c) Wideband common-mode responses.

Fig. 9. Fundamental and harmonic frequencies of each resonator for the pro-
posed balanced filter in Fig. 2. (a) Differential mode. (b) Common mode.

below 54 dB within the passband. The proposed balanced
filter shows a good common-mode signal suppression around
(1 GHz); however, it only pushes the common-mode stopband
up to 2.9 GHz with a rejection level of 30 dB. From
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the distribution of common-mode spurious resonance frequen-
cies of each resonator, as shown in Fig. 9(b), one can find that
the common-mode fundamental resonance frequencies of the
resonators are located at 3 and 3.43 GHz, respectively. There-
fore, the common-mode response has a passband around 3 GHz

.
As suggested by [4], the common-mode rejection ratio

(CMRR) defined by

dB (6)

is adopted as a figure-of-merit for qualitative characterizing the
level of common-mode suppression around the passband of bal-
anced filters. Specifically, the proposed balanced filter in Fig. 2
has a maximum CMRR of 58 dB at with all
values of CMRR above 54 dB from 0.97 to 1.08 GHz.

The measured results shown in Fig. 8 demonstrate that the
design of I/O resonators to give proper external quality factors
( and ) is feasible to improve the common-
mode suppression without degrading the differential-mode re-
sponse. However, by the adoption of the bi-section resonators
with impedance ratio , the higher order spu-
rious resonance frequencies are moved toward the fundamental
resonance frequency [14], [15]. Thus, the common-mode stop-
band of proposed balanced filter has only been pushed up to
2.9 GHz , which is not satisfactory for modern wireless
communication system.

III. STOPBAND-EXTENDED BALANCED FILTER

USING BI-/TRI-SECTION RESONATORS

A. Filter Structure

To further extend the stopbands of the proposed balanced
filter in Fig. 2, the corresponding differential- and common-
mode higher order resonance frequencies of the I/O resonators
should properly be arranged [11]. Here, by incorporating the

tri-section resonators into the I/O resonators, one may suit-
ably separate the corresponding differential- and common-mode
higher order resonance frequencies so that the stopbands may be
further extended.

Shown in Fig. 10 is the proposed stopband-extended fourth-
order balanced filter, which is composed of two bi-section
resonators (resonator b) and two tri-section resonators (res-
onator a). Different from the one proposed in Fig. 2, the I/O res-
onators are replaced by the tri-section resonators. The
tri-section resonator (resonator a) is symmetric and has different
characteristic impedances , , and and lengths ,

, and , as illustrated in Fig. 11. Here, the lengths and
are initially set identical in order to simplify

the preliminary design. The associated parameters such as the
impedance ratios and are defined by

(7)

and the length ratio is again defined by (2). Note that the
adoption of tri-section resonators is critical for stopbands ex-
tension; however, it also increases the complexity in the filter

Fig. 10. Physical layout of the proposed stopband-extended fourth-order
balanced filter using bi-/tri-section resonators (W = 1:9 mm,
W = 0:3 mm, W = 9:3 mm, W = 13 mm, W = 0:8 mm,
W = 6:6 mm, L = 4:9 mm, L = 8:7 mm, L = 10:8 mm,
L = 11:9 mm, L = 11:3 mm, L = 1:3 mm, G = 0:4 mm,
G = 1:4 mm, G = 1:6 mm, D = 0:5 mm).

Fig. 11. Basic structure of the tri-section resonator (resonator a).

design. To simplify the idea, a proper approximation is intro-
duced in the design phase.

B. Design Procedure

For simplicity, the lengths and of the tri-section res-
onators are assumed to be identical in the initial
design phase, meanwhile, the width is set to be 0.3 mm

, which is the minimum width for fabrication.
Therefore, only four variables ( , , , and ) need
to be determined. Fig. 12 shows the tapped structure for the
I/O resonators (resonator a). By letting the common-mode input
impedance equal to zero ( , ) in Fig. 12(a), one
may obtain the complete reflection condition in common-mode
operation

(8)

From (8), the impedance ratio versus under dif-
ferent values of can be plotted as shown in Fig. 13, which is
useful in designing the I/O resonators for good common-mode
suppression. Note that if the tap position parameter
is chosen, then is required to obtain .
When or is chosen, becomes a non-
linear function of ; however, it would nearly approach to a
constant when is rather small (such as less than 40 ). As
a result, one may make the approximation that
when is selected, or when
is selected. Under such an approximation, one may provide a
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Fig. 12. Tapped I/O resonator (resonator a). (a) Common-mode equivalent
half-circuit. (b) Differential-mode equivalent half-circuit.

Fig. 13. Parameters to give complete reflection condition in common-mode
operation.

large reflection in common-mode operation so that a
very large may be achieved to suppress the common-mode
signal.

Note that the above assumption and approximation would
largely simplify the initial design procedure, especially in de-
signing the narrowband filter, as discussed in this study, which
requires . Once the variable and the impedance
ratio are assigned, is almost fixed, and be-
comes a function of , , and , which can be adjusted ac-
cording to the given specification. The simulated design curves
for against the length ratio under different values of
and are plotted in Fig. 14(a) and Fig. 14(b)

. From Fig. 14(a) and (b), one may find that
for the case is too small to meet the specification

, thus, the case is more suitable for real-
izing the desired . Based on the design curves in Fig. 14(b), the
physical dimensions of I/O resonators ( , , , ,
and ) and the tap position may initially be determined.
Here, the tap position parameter , length ratio ,
and impedance ratios and are chosen
as the initial values.

The physical dimensions ( , , , and ) of the
inter-coupled resonators (resonator ) are then determined based
on the chosen parameters and as in the
design of Fig. 2. Finally, the gaps ( , , , and )

Fig. 14. Simulated Q versus the length ratio � under different values of
impedance ratios R and R . (a)  = 1=2. (b)  = 1=3.

Fig. 15. Simulated differential-mode coupling coefficients versus the gaps be-
tween adjacent resonators.

between adjacent resonators are obtained according to the de-
sired in (3). The design curves for relating to the
gaps between adjacent resonators are illustrated in Fig. 15. Fi-
nally, a fine-tune process based on full-wave simulation is again
required to relieve the assumption and approximation made in
the simplified initial design and also to compensate for the dis-
continuity and coupling effects of the multisection resonators.
Actually, this fine-tune process makes the final physical lengths

not identical and causes a variation of almost 10%
from the initial values.

C. Differential-Mode Response

Fig. 16(a) and (b) shows the measured and simulated differ-
ential-mode frequency responses of the proposed balanced filter
in Fig. 10. The measured differential-mode center frequency is
at 1.025 GHz, the measured 3-dB bandwidth is 11.5%, and the
minimum insertion loss is 3.88 dB (again due to the high loss
tangent of the FR4 substrate). The fabricated balanced filter has
a size of (38.4 mm 56 mm). Fig. 16(b)
shows the wideband differential-mode frequency responses
ranging from 0.5 to 8.5 GHz. From the distribution of differ-
ential-mode spurious resonance frequencies of each resonator,
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Fig. 16. Measured and simulated responses of the stopband-extended balanced
filter shown in Fig. 10. (a) Narrowband responses. (b) Wideband differential-
mode responses. (c) Wideband common-mode responses.

shown in Fig. 17(a), the differential-mode higher order spu-
rious resonances have been separated from each other before
5.5 GHz. Therefore, the proposed stopband-extended balanced
filter has a stopband up to which is almost twice wider than
the one in Fig. 2. In addition to the preselected transmission
zeros at 0.88 and 1.18 GHz, here an additional transmission
zero is again produced at 0.68 GHz, a consequence of in-phase
cancellation between two differential ports.

D. Common-Mode Response

Fig. 16(a) and (c) shows the measured and simulated
common-mode frequency responses of the proposed balanced
filter in Fig. 10. The measured common-mode response is
suppressed below 52.7 dB within the passband. Specifically,
this proposed balanced filter shows good common-mode signal
suppression around (1 GHz) and its common-mode stopband
is pushed up to 5 GHz with a rejection level of 30 dB.
From the distribution of common-mode spurious resonance
frequencies of each resonator, shown in Fig. 17(b), one can

Fig. 17. Fundamental and harmonic frequencies of each resonator for the stop-
band-extended balanced filter in Fig. 10. (a) Differential mode. (b) Common
mode.

TABLE I
PERFORMANCE COMPARISON WITH PREVIOUS STUDIES

find that the fundamental resonance frequencies are located at
3.5 GHz (resonator b) and 5.2 GHz (resonator a). However, the
resonance at 5.2 GHz would be the main factor in deciding the
common-mode stopband response due to the stronger coupling
between resonators a [5].

The balanced filter in Fig. 10 has a maximum CMRR
of 49.3 dB at 1.025 GHz with all values of CMRR above
46.4 dB from 0.966 to 1.084 GHz. Note that the adoption
of the I/O tri-section resonators not only provides a good
common-mode suppression, but also possesses a higher flex-
ibility in misaligning the differential- and common-mode
spurious resonance frequencies so that the corresponding stop-
bands may also be extended.

Two balanced filters realized in this study are summarized
and compared with the pervious study in Table I. Note that the
proposed stopband-extended balanced filter depicted in Fig. 10
shows good CMRR of 46.4 dB within the passband and has a
wider stopband up to with a rejection level of 30 dB. Until
now, the proposed stopband-extended balanced filter (Fig. 10)
may be the one to give a better performance of good CMRR,
high selectivity, and wide rejection bandwidth.

IV. CONCLUSION

In this paper, two novel balanced filters using suitably
designed I/O multisection resonators for common-mode
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suppression have been presented. Meanwhile, the design pro-
cedures and the corresponding differential- and common-mode
frequency responses have also been carefully examined. By
properly designing the I/O bi-section resonators associated with
the filter composed of four bi-section resonators, it is possible
to implement a balanced filter with good common-mode sup-
pression; however, its rejection bandwidth is rather narrow (up
to ). To realize a balanced filter with good common-mode
suppression and wider rejection bandwidth, a novel filter
structure composed of two I/O tri-section resonators and
two inter-coupled bi-section resonators has been proposed. By
properly designing the bi-/tri-section resonators, a stopband-ex-
tended balanced filter with good CMRR dB within
the passband has been implemented, and its stopband has been
extended up to with a rejection level of 30 dB.
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