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Abstract—Novel balanced coupled-line bandpass filters, using
suitable balanced coupled-line sections and quarter-wavelength
resonators, are proposed. For design purposes, the differential-
and common-mode equivalent half-circuits are established. Based
on these circuits, a better balanced filter structure is implemented
so that the desired differential-mode response may be realized
and the level of common-mode noise may be minimized simulta-
neously. Besides, a suitable capacitive or inductive cross-coupled
effect is introduced so as to create two transmission zeros for
improving the filter selectivity; however, it also enhances the signal
imbalance and degrades the common-mode rejection. In this
study, various second- and fourth-order balanced filters are imple-
mented to discuss the associated differential-mode responses and
the signal-imbalance phenomena resulted from the cross-coupled
effect. Specifically, the fourth-order filter with a common-mode
rejection ratio of 40 dB within the passband is demonstrated and
examined.

Index Terms—Balanced filter, common-mode noise suppression,
coupled-line bandpass filter, quarter-wavelength resonator.

I. INTRODUCTION

BALANCED circuits are important in building a modern
communication system. Analog signals processed by a

communication system are degraded by two different types of
noises, namely, the environmental noise and device electronic
noise. The former refers to the random disturbances that a
circuit experiences through the dc power supply, ground lines,
or substrate coupling. The latter includes the thermal noise,
shot noise, and flicker noise, which come from the internal
active device [1]. A noise limits the minimum signal level that a
circuit can process with acceptable quality. The most important
advantage of the balanced circuits with differential operation is
the higher immunity to the environmental noise when compared
with the unbalanced circuits with single-ended signaling.

Over the past few years, several balanced circuit topologies
have been developed to connect with the monopole antenna for
which a balun is needed to convert a balanced signal into an
unbalanced one. Typical balun configurations reported include
those based on distributed [2], [3], lumped [4], or lumped-dis-
tributed elements [5]–[7]. Some balun topologies offering band-
pass-type transmission characteristics were also discussed in [8]
and [9]. After that, several single-to-differential bandpass filters
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were proposed to replace the conventional balun together with
a bandpass filter. In [10], a second-order combline filter in se-
ries with the conventional Marchand balun was realized in the
low-temperature co-fired ceramic (LTCC) substrate. Based on
the same concept, a modified version was presented in [11]. In
[12], by introducing a capacitive loading, an additional trans-
mission zero was created to optimize the filter response. Re-
cently, an LTCC circuit architecture that combines the function-
alities of balun and bandpass filter was proposed in [13]. Owing
to the adoption of lumped elements, the realization of the bal-
anced-to-unbalanced filter in [13] is not easy in a higher mi-
crowave region.

Traditional off-chip radiating elements suffer from additional
interconnect losses and cannot be duplicated like the on-chip an-
tennas. The small wavelength at millimeter-wave frequency and
the mature CMOS fabrication technology make it possible to
use on-chip metal layers to fabricate small integrated antennas
[14], [15]. Although still faced with a problem of improving the
antenna efficiency, there will be more and more integrated cir-
cuits implemented in the fully differential form under the trend
of system-on-chip (SOC). The on-chip integrated antenna usu-
ally takes the form of a dipole, which needs a balanced filter for
differential operation. A well-designed differential-to-differen-
tial balanced bandpass filter should exhibit the desired bandpass
frequency response in differential operation and should be able
to reduce the level of the common-mode signal so as to increase
the signal-to-noise-ratio in the receiver and to improve the effi-
ciency of the dipole antenna in the transmitter.

Pervious studies on differential-to-differential balanced filter
designs are rather limited. In [16], a 40-GHz balanced filter was
proposed based on a half-wavelength patch resonator and
four quarter-wavelength transmission lines. That filter
structure presents a good common-mode rejection ability, but
it has the drawback of bulky size. Recently, a 2-GHz balanced
filter [17] was realized based on conventional parallel-coupled-
line structures [18]–[22]. Compared with [16], the coupled-line
balanced filter in [17] exhibits the advantages of a compact
size and simple synthesis procedure; however, it shows a poor
common-mode rejection ability, which is crucial in the balanced
filter design.

In this study, novel balanced coupled-line structures are pro-
posed to implement the balanced filters so as to give an excellent
common-mode rejection in addition to providing the desired
differential-mode bandpass response. The desired differential-
and common-mode responses are realized by a suitable choice
of balanced coupled-line sections. Specifically, by properly de-
signing the circuits associated with the common-mode signal, a
very low common-mode signal level around (the center fre-
quency of the differential-mode response) is achieved without
any degradation of insertion loss in differential-mode operation.
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Fig. 1. Type-I balanced coupled-line section. (a) Circuit structure. (b) Differ-
ential-mode equivalent circuit. (c) Common-mode equivalent circuit.

Fig. 2. Type-II balanced coupled-line section. (a) Circuit structure. (b) Differ-
ential-mode equivalent circuit. (c) Common-mode equivalent circuit.

For design purposes, the equivalent half-circuits are also estab-
lished so that both differential- and common-mode frequency
responses may be discussed separately. In this study, two types
of second-order balanced filters are realized using the microstrip
structure. To further improve the filter response, two types of
fourth-order balanced filters are realized based on the novel
dual-metal-plane structure consisting of both a microstrip and
a coplanar waveguide. The proposed balanced filter circuits are
implemented, measured, and carefully examined.

II. BALANCED COUPLED-LINE SECTIONS

A realization of the structure, which gives both desired differ-
ential-mode bandpass response and minimum common-mode
noise level, is essential in developing a balanced filter. Figs. 1(a)
and 2(a) show two types (types I and II) of balanced coupled-
line sections, which are capable of realizing such desired re-
sponses. Among these two structures, the most noticeable dif-
ference is in the positions of input/output ports and shorted ends.
In Fig. 1(a), the differential input ports are through the elements

and of the balanced coupled-line section, and the differ-
ential output ports are through the elements and . Alterna-
tively, in Fig. 2(a), the differential input ports are through the
elements and , and the differential output ports are through
the elements and . As to the locations of short ends, they
are on the left-hand side of Fig. 1(a), whereas they are on the
right-hand side of Fig. 2(a).

For balanced operation, the balanced coupled-line sections
may be decomposed into two equivalent circuits under odd- and
even-mode excitations. Under odd-mode excitation, although
the structures in Figs. 1(a) and 2(a) are quite different in circuit
layouts, they can both be represented by the same equivalent
circuits, as shown in Figs. 1(b) and 2(b). However, under even-
mode excitation, the structures in Figs. 1(a) and 2(a) should be
represented by the two different equivalent circuits shown in
Figs. 1(c) and 2(c), respectively.

Being composed of a quarter-wavelength coupled-line
section with its two ends shorted, the odd-mode equivalent cir-
cuit shown in Fig. 1(b) or 2(b) exhibits a bandpass frequency
response with the center frequency at . On the other hand, the
even-mode equivalent circuit shown in Fig. 1(c) or 2(c) would
present the all-stop frequency response at because it consists
of a coupled-line section with one end shorted and the other
end opened.

Theoretically, Figs. 1(c) and (2c) with ideal ground both
present the all-stop characteristics under common-mode opera-
tion. However, in the practical case, the shorted-ends of coupled
lines will be realized by the nonideal via-holes, which may
result in different behaviors in the common-mode operation. To
minimize the common-mode noise, the coupled-line sections
should properly be chosen.

III. SECOND-ORDER FILTERS

A well-designed balanced bandpass filter should possess
the capability of reducing the level of common-mode noise
in addition to providing the desired bandpass frequency
response in differential-mode operation. In [17], only the
differential-mode operation was discussed without considering
the common-mode response. Actually, both differential- and
common-mode responses should be taken into consideration
so as to give a good common-mode rejection. Based on the
balanced coupled-line structures shown in Figs. 1(a) and 2(a),
two types of second-order balanced filters may be developed to
give a good common-mode rejection ability. Fig. 3 shows the
layouts of proposed second-order balanced filters (types I and
II), and their corresponding differential- and common-mode
equivalent half-circuits are shown in Figs. 4 and 5. Specifically,
by decomposing the balanced filter structures into two different
equivalent half-circuits under odd- and even-mode excitations,
one may discuss the differential- and common-mode responses
accordingly.

The proposed balanced filters (Fig. 3) are simulated by
the commercial software Sonnet and AWR Microwave Office
(MWO). All the circuits are fabricated on the FR4 substrate
( , , and the thickness mm). The bal-
anced filter, as a four-port device, is first measured by Agilent’s
E5071B network analyzer to give the standard four-port -pa-
rameters . The two-port differential- and common-mode

-parameters and may then be extracted from the
four-port -parameters , as given by [23]

(1)

(2)

Basically, the mixed-mode -parameters ( ) may be de-
composed into

(3)

in which

(4)
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Fig. 3. Physical layouts of the proposed second-order balanced filters. (a) Type
I (S = 20:1 mm, S = 17:5 mm, L = 4 mm, W = 1:9 mm, W =

1:9 mm, W = 1:7 mm, G = 0:5 mm, G = 0:3 mm, G = 0:3 mm,
D = 1 mm). (b) Type II (S = 17:8 mm, S = 16:8 mm, S = 2:7 mm,
W = 1:9 mm, W = 1:9 mm, W = 1:7 mm, G = 0:3 mm, G =

0:5 mm, G = 0:3 mm, D = 1 mm).

Fig. 4. Differential-mode equivalent half-circuit of the proposed second-order
balanced filters in Fig. 3. (a) M 6= 0. (b) M = 0.

(5)

represent the two-port differential- and common-mode -pa-
rameters, respectively. Similar expressions may be used for the
two-port cross-mode -parameters and . For an ideal
balanced structure, the cross-mode -parameters and
would be a two-by-two matrix of zero elements.

Fig. 5. Common-mode equivalent half-circuits of the proposed second-order
balanced filters in Fig. 3. (a) Type I. (b) Type II.

A. Differential-Mode Response

For the balanced filters shown in Fig. 3, the corresponding
differential-mode equivalent half-circuit [shown in Fig. 4(a)]
is composed of two bandpass-response coupled-line sections
[shown in Figs. 1(b) or (2b)], which are connected by a series
capacitor . This capacitor is realized by the open-ended
edge coupled structure associated with the gap in Fig. 3(a) or
the gap in Fig. 3(b). In addition, a mutual inductance
is introduced to provide a cross-coupled path for creating two
transmission zeros. As shown in Fig. 3, the cross-coupled in-
ductance for each type is achieved with different phys-
ical structures. In the type-I filter, due to the virtual short in the
center line, the inductive cross-coupling is realized along
the coupled-line sections associated with the gap in Fig. 3(a).
On the other hand, the inductive cross-coupling is formed be-
tween two via-holes associated with the gap in Fig. 3(b).
Physically, the location of the transmission zeros may simply be
adjusted by controlling the mutual inductance through
varying the gapwidth [of Fig. 3(a)] or [of Fig. 3(b)].

With the cross-coupled inductance neglected ,
the differential-mode equivalent half-circuit Fig. 4(a) for the
second-order filters composed of resonators may further
be represented by the one in Fig. 4(b). The design procedures
for the filter in Fig. 4(b) are well documented in [21] and [22].
For the differential-mode operation, the second-order filter is
designed with a center frequency GHz, a 3-dB
bandwidth of 10%, and a characteristic impedance
based on the maximally flat response. The corresponding circuit
parameters are obtained as follows:

at GHz

pF

Based on these parameters, the type-I and type-II filters
are fabricated on the FR4 substrate with the layouts shown in
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Fig. 6. Measured and simulated differential-mode responses of the proposed
second-order filters in Fig. 3. (a) Type I. (b) Type II.

Fig. 3(a) and (b). These filters are simulated using the full-wave
simulator Sonnet, and are measured using the four- to two-port
conversion technique, as given by (1)–(5). The narrowband
measured and simulated differential-mode responses are shown
in Fig. 6. Good agreement between measured and simulated
results is observed with only a slight deviation in bandwidth.
For the type-I filter, the measured center frequency is at 2 GHz,
with a minimum differential-mode insertion loss of 2.9 dB and
a 3-dB bandwidth of 10.5%. For the type-II filter, the measured
center frequency is at 2 GHz with a minimum differential-mode
insertion loss of 2.3 dB and a 3-dB bandwidth of 12%.

B. Common-Mode Response

For the second-order balanced filter structures shown in
Fig. 3(a) and (b), the corresponding common-mode equivalent
half-circuits are illustrated in Fig. 5(a) and (b), respectively.
By neglecting the loaded inductances associated with the
via-holes and the cross-coupled effect due to or ,
the two equivalent half-circuits would exhibit the all-stop
frequency responses in common-mode operation since these
circuits are mainly composed of the all-stop coupled-line
sections, as shown in Figs. 1(c) and 2(c). The existence of
via-hole inductances and cross-coupled effect destroys the
all-stop characteristic and causes the unwanted signal-imbal-
ance ( and ) around (the
passband center frequency of differential-mode operation).

To demonstrate the effects of the loaded inductors and
the cross-coupled path (path 2), the common-mode insertion

Fig. 7. Simulated common-mode responses of the signals along paths 1 and 2
of the circuit models shown in Fig. 5 withL = 0:1 nH. (a) Type I. (b) Type II.

losses along two signal paths are simulated by the MWO cir-
cuit simulator and are shown in Fig. 7(a) and (b). Here, path
1 represents the main signal path primarily composed of two
all-stop coupled-line sections. Also included in path 1 is the se-
ries capacitor alone, as in Fig. 5(b), or the capacitor
plus the loaded inductors , as in Fig. 5(a). Path 2 denotes
the cross-coupled path through the cross-coupled capacitance

[see Fig. 5(a)] or the cross-coupled mutual inductance
[see Fig. 5(b)]. Fig. 7 indicates that the common-mode

response is mainly determined by the signal through path 2;
however, its response around GHz is largely influenced
by the signal through path 1.

For the type-I filter [see Fig. 3(a)], the resonator under the
common-mode operation is composed of a transmission
line section with one end shorted and another end opened; here,

is the guided wavelength corresponding to the frequency
GHz. Therefore, the center frequency of the common-mode

response of the type-I filter would be the same as that of the
differential-mode response . Besides, the signal along
path 1 presents two peaks around , which produce
two spurs in the resultant common-mode response around ,
thereby degrading the common-mode rejection ability.

For the type-II filter, the resonator under common-mode oper-
ation behaves as a open-end resonator, where is the guided
wavelength corresponding to the frequency GHz.
Therefore, the central frequency of the common-mode re-
sponse would be twice the differential-mode response

. Although the signal along path 2 also shows a peak around
, its contribution to the resultant common-mode response is

negligible, as depicted in Fig. 7(b).
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Fig. 8. Measured differential- and common-mode frequency responses of the
proposed second-order filters in Fig. 3. (a) Type I. (b) Type II.

The existence of loaded inductors is unavoidable in prac-
tice realization. However, the type-II design may push the center
frequency of the common-mode response to the higher fre-
quency band , thereby improving the common-mode
rejection ability.

The wideband differential- and common-mode measured
responses are shown in Fig. 8(a) and (b) for comparison. In
the type-I design, the minimum common-mode insertion loss
is 16.8 dB around ; while in type-II design, it is 28 dB
around , and all below 25 dB from 0.5 to 8.5 GHz. As
a result, an improvement of 11.2 dB in common-mode noise
rejection around could be achieved by using the type-II
structure.

IV. FOURTH-ORDER FILTERS

Intuitively, the rejection level of the common-mode signal can
further be suppressed by increasing the filter order. A fourth-
order balanced filter may be achieved by introducing two addi-
tional series capacitors at the input/output ends of the proposed
filter structures in Fig. 3. Figs. 9 and 10 show the layouts of
the proposed fourth-order filters. The corresponding differen-
tial- and common-mode equivalent half-circuits are also shown
in Figs. 11 and 12. Specially, the series input/output capacitors

, to realize the -inverter, are implemented by the metal–in-
sulator–metal (MIM) structure so as to achieve a higher capac-
itance value.

As shown in Figs. 9 and 10, the proposed fourth-order
balanced filters are constructed using the dual-metal-plane
structures. Here, the microstrip coupled-line sections are lo-

Fig. 9. (a) 3-D physical layout and (b) top-/bottom-plane layout of the proposed
fourth-order type-I balanced filter (S = 15:1 mm, S = 17:7 mm, S =

3 mm, W = 1:1 mm, W = 1:1 mm, W = 2:1 mm, W = 3:2 mm,
G = 0:5 mm, G = 0:3 mm, G = 1:8 mm, D = 1 mm).

Fig. 10. Top-/bottom-plane layout of the proposed fourth-order type-II bal-
anced filter (S = 15:7 mm, S = 16:6 mm, S = 3:5 mm, W = 1:1 mm,
W = 1:1 mm, W = 2:1 mm, W = 3:2 mm, G = 0:3 mm, G =

0:3 mm, G = 1:7 mm, D = 1 mm).

cated on the top metal plane, and the coplanar waveguide
(CPW) input/output transmission lines together with the
ground plane of the microstrip are on the bottom metal plane.
The MIM capacitor is achieved between the CPW input/output
transmission line on the bottom metal plane and the microstrip
coupled-line section on the top metal plane.

A. Differential-Mode Response

Fig. 11 demonstrates the odd-mode equivalent half-circuit of
the fourth-order balanced filters. The design of the filter under
odd-mode operation may follow the similar procedures, as men-
tioned in Section III. These filters are designed with
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Fig. 11. Differential-mode equivalent half-circuit of fourth-order balanced fil-
ters in Figs. 9 and 10.

Fig. 12. Common-mode equivalent half-circuits of fourth-order balanced fil-
ters in Figs. 9 and 10. (a) Type-I. (b) Type-II.

GHz, dB bandwidth , and . The corre-
sponding circuit parameters are obtained based on the fourth-
order maximally flat response as follows:

at GHz

at GHz

pF

pF

For the fourth-order filters shown in Figs. 9 and 10, the
cross-coupled effect is also introduced between input/output
resonators so as to enhance the filter selectivity. The wideband
differential-mode measured responses are shown in Fig. 13.
In the type-I design, the measured is at 1.99 GHz with a
minimum differential-mode insertion loss of 3.73 dB and a
3-dB bandwidth of 11%. For the type-II filter, the measured
is at 2.05 GHz with a minimum differential-mode insertion loss
of 3.98- and a 3-dB bandwidth of 9.7%.

Fig. 13. Measured differential- and common-mode frequency responses of the
proposed fourth-order filters. (a) Type I. (b) Type II.

B. Common-Mode Response

Shown in Fig. 12 are the corresponding even-mode equivalent
half-circuits of the fourth-order balanced filters. Based on the
same concept as mentioned in Section III, two signal paths are
introduced to discuss the common-mode responses, which are
shown in Fig. 14. Paying attention to the response for path 1
in Fig. 14, it is found that the frequency response of each type
along path 1 is similar to that of the second-order one. However,
having benefited from the higher order structure, the level of the
common-mode signal along path 1 has been further suppressed
below 50 dB so that its contribution to the resultant common-
mode response is of minor significance.

The common-mode responses of fourth-order filters (Figs. 9
and 10) are mainly dominated by the signal along the cross-cou-
pled path (path 2). The even-mode equivalent half-circuits in
Fig. 12 are useful in discussing this signal along path 2. Note
that the type-II filter is primarily composed of resonators
with one end shorted and another end opened [see Fig. 12(b)],
making its resonant frequency equal to ( 2 GHz). Thus,
both differential- and common-mode responses would have the
same passband around . This explains why the type-II
filter has a poor common-mode rejection around . Alterna-
tively, the type-I filter is based on the open-end transmission
line resonator, which would push the passband center frequency

up to ( 4 GHz), as shown in Fig. 14(a). Therefore, the
type-I design (Fig. 9) would achieve better common-mode re-
jection around .
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Fig. 14. Frequency responses of the two signal paths with L = 0:1 nH for
fourth-order design. (a) Type I. (b) Type II.

Fig. 15. Practical balanced circuit.

The wideband common-mode measured responses are also
shown in Fig. 13. The minimum common-mode insertion loss is
42 dB at 1.97 GHz in the type-I design, and minimum common-
mode insertion loss is 15 dB at 1.95 GHz in the type-II design.

V. COMMON-MODE REJECTION RATIO (CMRR)

To provide a simple figure-of-merit for characterizing the im-
plement balanced filters, the CMRR defined by

dB (6)

is adopted in this study. Basically, the value of the CMRR may
be used to quantitatively discuss the degree of resemblance be-
tween the implemented balanced filter and the ideal balanced
one.

For the well-designed balanced circuit (Fig. 15) to realize
an ideal balanced one, the corresponding differential- and

Fig. 16. Measured CMRR for: (a) second- and (b) fourth-order balanced filters.

common-mode insertion losses and may be ex-
pressed as

(7)

(8)

where

(9)

If the balanced circuit were ideal so that

and (10)

its CMRR would approach infinity, implying that the common-
mode signal would completely be suppressed. Thus, in imple-
menting a balanced filter, it is better to nearly meet the balanced
conditions (10) so that the undesired signal imbalance (
and ) may keep to a minimum.

The CMRR provides an important figure-of-merit for a mean-
ingful characterization of balanced circuits. Fig. 16 shows the
measured responses of the CMRR for the implemented second-
and fourth-order filters. Specifically, the second-order type-II
design has a maximum CMRR of 25.7 dB at 1.97 GHz with all
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TABLE I
PERFORMANCE COMPARISON WITH PREVIOUS STUDIES

CMRR values above 22.5 dB from 1.88 to 2.12 GHz. As to the
fourth-order type-I filter, it has a maximum CMRR of 52.2 dB
at 2.03 GHz and all CMRR values are above 40 dB from 1.93
to 2.12 GHz, which is almost twice the second-order design.

Four filter circuits realized in this study are summarized and
compared with the previous works in Table I. The corresponding
values for and around are also
illustrated in Table I to demonstrate the signal-imbalance phe-
nomena. The CMRR of type-I and type-II second-order designs
are roughly 10 and 17.5 dB higher than that in [17], respec-
tively. This demonstrates that balanced filters with excellent
CMRR may be achieved through proper arrangement of the cir-
cuit configuration. In addition, the same technique is extended
to realize the fourth-order filters for better CMRR. The well-de-
signed fourth-order type-I filter shows an improvement of 35 dB
in CMRR when compared with the one in [17].

VI. CONCLUSIONS

Four novel balanced filters based on balanced coupled-line
sections have been proposed and carefully examined. The adop-
tion of the symmetrical structure and balanced coupled-line sec-
tions makes it possible to realize a balanced filter, which gives
the desired differential-mode bandpass response, and also min-
imize the common-mode signal level on the other hand. The
cross-coupled effect is also introduced to improve the filter se-
lectivity; however, it enhances the signal imbalance and de-
grades the common-mode rejection. Specifically, by properly
choosing the filter configuration, one may push the common-
mode spurs to the higher frequency so that a filter with good se-
lectivity and excellent CMRR may be achieved simultaneously.
The CMRR of the well-designed fourth-order type-I balanced
filter is above 40 dB around the differential-mode passband,
which is very attractive for balanced topology applications.
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