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Self-Packaged Balanced Bandpass Filters With
Impedance Transformation Characteristic
Feng Huang , Khaled Aliqab , Student Member, IEEE, Jianpeng Wang , Jiasheng Hong , Fellow, IEEE,
and Wen Wu, Senior Member, IEEE
Abstract— In this article, the co-design of novel self-packaged
balanced bandpass filters (BPFs) integrated with the functionality of impedance transformation is presented for the first
time. The proposed design is based on a modified branch-line
structure, which is composed of two different branch lines and
two identical coupled-line sections. Analysis results show that
the considered filters can not only achieve Chebyshev equalripple responses with impedance transformation properties for
the differential mode (DM) but also can efficiently improve the
bandwidth of the common-mode (CM) rejection with resorting
to this modified branch-line structure. Furthermore, according
to the specified equal-ripple fractional bandwidth (FBW), inband return loss (RL) level, and impedance transformation ratio
m, the DM frequency response can be directly determined.
Two design prototypes, the second-order balanced BPF with a
50–75- (m = 1.5) impedance transformation and the thirdorder one with a 50–200- (m = 4) impedance transformation,
are implemented in self-packaged forms by using the multilayer
liquid crystal polymer (LCP)-bonded printed circuit board (PCB)
technology. Theoretical, simulated, and measured results are
recorded in good agreement, well verifying the design concept.
Index Terms— Balanced filter, impedance transformation,
liquid crystal polymer (LCP), self-packaged.

I. I NTRODUCTION

N

OWADAYS, balanced-type circuits are receiving more
and more attention attributing to their potential advantages on high immunity against environment noise, crosstalk,
and electromagnetic (EM) interference when compared with
the single-ended circuits. Among them, the balanced or differential bandpass filters (BPFs) play an important role in
exhibiting the desired differential-mode (DM) responses and
rejecting the unwanted common-mode (CM) signals at the
same time.
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During the last couple of decades, various balanced BPFs
have been extensively studied and published in the open
literature. Some typical design methods with different circuit
typologies are summarized as follows [1]–[22]. A straightforward approach is to combine a DM BPF and a CM
bandstop filter (BSF) together. With this design mechanism,
balanced BPFs in branch-line structures are implemented, as
discussed in [1]–[4]. As an alternative method, balanced BPFs
can also be designed on different resonators, including halfwavelength resonators [5], [6], ring resonators [7], short-ended
dual-mode resonators [8], coupled stepped impedance resonators [9], and quarter-wavelength T -shaped resonators [10].
Moreover, based on the concept of transversal signal interference, another method to design balanced BPFs is available
with microstrip lines [11], double-sided parallel striplines
(DSPSLs) [12], [13], and Marchand-type balun structures [14].
In addition, taking advantage of inherent CM suppression
mechanism, balanced filters can also be excogitated on the
basis of substrate-integrated waveguide (SIW) configurations
[15], [16], slot-line-to-microstrip-line transitions [17], [18],
square or triangular patch elements [19], [20], and dielectric
resonators [21], [22].
Scanning the above-mentioned balanced BPFs, most of the
efforts are made to achieve improvements in terms of the
high-selective DM response [3], [4], wide stopband rejection [6], [9], multi-band applications [7], [8], and enhanced
CM suppression level [12], [15], [18], [21]. However, all
these designed works are restricted in the fixed terminated
impedance of 50 . Therefore, as shown in Fig. 1(a),
extra matching networks acting as impedance transformers
should be added when the balanced filter is applied to
feed a differential antenna with the input impedance of Z L .
Obviously, the overall size is increased and higher losses
would have further resulted. Thus, a new co-design component, the impedance transforming (IT) balanced filter shown
in Fig.1(b), is desirable to tackle the problem of large size constraints. Furthermore, cost-effective self-packaged microwave
devices [23], [24] are preferred to facilitate system integration
with minimized EM interference. Hence, developing selfpackaged IT balanced BPFs is very meaningful for both size
miniaturization and EM shielding. Although the IT concept
has been applied in [25], [26], and our previous work [27],
they are just able to perform the impedance transformation
from the single-ended port to the balanced port. To the best of
our knowledge, no balanced BPF integrated with the function
of impedance transformation in a single package has been
reported yet.

0018-9480 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
2

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Fig. 1. Two balanced feeding schematics for a practical differential antenna
application. (a) Cascaded one with balanced filter and matching networks.
(b) Proposed one with one circuitry of IT balanced filter.

As such, the aim of this article is to present the co-design of
novel IT balanced BPFs in self-packaged circuitries. This is the
first time to integrate the function of impedance transformation
into the balanced filter design. With resorting to the modified branch-line structure, the designed balanced filters can
manifest Chebyshev equal-ripple responses under DM excitation with impedance transformation behaviors. In addition,
the desired DM response can be directly determined with the
prescribed design specifications as ripple bandwidth, fractional
bandwidth (FBW), impedance transformation ratio m, and
in-band return loss (RL). Moreover, the CM signals can
be suppressed with an enhanced bandwidth region without
loading any elements at the symmetrical plane. Based on the
multilayer liquid crystal polymer (LCP)-bonded printed circuit
board (PCB) lamination technology, two design examples
of the second- and third-order self-packaged prototypes are
implemented with different transformation ratios.Theoretical,
simulated, and measured results are provided and a good
agreement among them is obtained.
II. T HEORETICAL A NALYSIS
Fig. 2(a) shows the circuit configuration of the modified
branch-line prototype, which is composed of two identical gray
boxes, two half-wavelength transmission lines with different
characteristic impedances Z 11 and Z 33 , and two pairs of
input and output ports with the terminated impedances of
Z 0 and Z L . In the gray boxes, the conventional quarterwavelength connecting lines are replaced by the coupled-line
structures, as shown in Fig. 2(b). As can be seen, this modification can lead to two different coupled-line prototypes with
bandpass response or all-stop response under DM and CM
excitations, respectively. It means great feasibility or degree
of freedom in the achievement of enhanced bandwidth for the
CM suppression. For analysis purposes, the coupled lines are
described by the characteristic impedance Z c and the coupling
coefficient k as follows:

Z 0e − Z 0o
(1)
Z c = Z 0e Z 0o k =
Z 0e + Z 0o
where Z 0e and Z 0o are the even- and odd-mode impedances.

Fig. 2. (a) Modified branch-line prototype for designing the second-order
IT balanced BPFs. (b) Conventional and modified sub-structures in the gray
box under DM and CM excitations, respectively.

Fig. 3. Half a bisection circuits of the second-order balanced BPF under
(a) DM and (b) CM excitations.

A. Second-Order IT Balanced BPF
Based on the modified branch-line structure discussed earlier, a second-order IT balanced BPF is designed herein.
Fig. 3 shows the DM and CM half circuits. For the DM
circuit in Fig. 3(a), it performs a second-order BPF with
the impedance transformation property. On the other hand,
as shown in Fig. 3(b), three circuit parts, including two
open-ended stubs and one all-stop coupled-line section, are
employed to suppress the CM signal. Therefore, the CM
rejection can be enhanced without loading any other elements
at the symmetrical plane.
Based on the discussion of the short-circuited coupled
line [28], the DM half circuit in Fig. 3(a) can be equivalent to
the circuit in Fig. 4 with the 1:−1 transformer absorbed, and
the resultant parameters in the circuit are determined as

1+k
(2a)
Z 1 = Z 11 //Z c
1−k
√
1 − k2
Z2 = Zc
(2b)
k
1+k
Z 3 = Z 33 //Z c
.
(2c)
1−k
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Fig. 4. Equivalent circuit model derived from the DM half circuit in Fig. 3(a).

Note that Z 1 and Z 3 are both expressed in terms of two
parallel impedances. By multiplying the ABCD matrices of the
involved each cascaded sections in Fig. 4, the overall ABCD
parameters can be calculated as follows:
A = a1 cos θ
b2 cos2 θ + b0
B = j
sin θ
c2 cos2 θ + c0
C = j
sin θ
D = d1 cos θ

(3a)
(3b)
(3c)
(3d)
Fig. 5. (a) Calculated impedances Z 11 and Z 33 for the second-order IT
balanced BPF with different values of m and k under the prescribed in-band
RL of 25 dB. (b) Realizable 25-dB RL FBW under varied Z 33 with different
values of m and k.

where
Z2
Z2
d1 = 1 +
Z3
Z1
b0 = Z 2 b2 = −Z 2


1
Z1 + Z2 1
1
c0 =
c2 = −
+
.
Z2
Z1
Z2
Z3
a1 = 1 +

(4a)
(4b)
(4c)

Based on the network theory [29], a two-port circuit with
asymmetrical port impedances Z 0 and Z L can be characterized
by its scattering parameters as
AZ L + B − C Z 0 Z L − D Z 0
AZ L + B + C Z 0 Z L + D Z 0
√
2 Z0 Z L
S21 =
AZ L + B + C Z 0 Z L + D Z 0
1
|S21 |2 =
1 + |FB1 |2
S11 =

(5a)
(5b)
(6)

where FB1 = S11 /S21 is the characteristic function. By defining the transformation ratio m = Z L /Z 0 , the characteristic
function FB1 for the DM response can be further derived as


cos2 θ
1
+ g0
(7)
FB1 = j g2
+ g1 cos θ
sin θ
sin θ
where
ma1 − d1
√
2 m
bi − m Z 02 ci
√
, i = 0, 2.
gi =
2Z 0 m

g1 =

(8a)
(8b)

On the other hand, in order to exhibit Chebyshev responses
with equal-ripple in-band behavior, the squared magnitude
of S21 should be expressed as
1
1
|S21 |2 =
=
1 + |FT |2
1 + ε2 cos2 (nφ + qξ )

(9)

and
1
cos φ = α cos θ α =
cos θc

α2 − 1
cos ξ = cos φ
2
α − cos2 φ

(10a)
(10b)

where ε is the ripple constant related to a given RL in dB
by (11a) and θc is the lower cutoff frequency, which can be
defined in terms of the given ripple FBW by
1
(11a)
10 R L/10 − 1
π
π
− FBW.
(11b)
θc =
2
4
In order to make sure that (5c) and (9) manifest exactly
the same two-pole Chebyshev equal-ripple response, n and q
need to be at first selected as 1 and 1, and then, the theoretical
characteristic function FT 1 can be simplified according to [30]
as follows:
ε= √

FT 1 = ε cos(φ + ξ )

1
cos2 θ
+ (−ε)
. (12)
= ε(α 2 + α α 2 − 1)
sin θ
sin θ
Afterward, by equalizing |FB1 | and |FT 1 |, the following set
of equations should be complied with:
g0 = −ε

(13a)

g1 = 0
g2 = ε(α + α
2



(13b)
α2

− 1).

(13c)

Therefore, the characteristic impedances Z 1 and Z 3 for the
shunt short-ended stubs and Z 2 for the middle connecting
line in Fig. 4 can be explicitly determined once the ripple
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Schematic of the proposed third-order IT balanced BPF.

Fig. 9. Calculated solutions of impedances Z 11 , Z 33, and Z 4 for the thirdorder IT balanced BPF versus 20-dB RL FBW with different impedance
transformation ratios m and coupling coefficients k.

Fig. 7. Half a bisection circuits of the third-order IT balanced BPF under
(a) DM and (b) CM excitations.

Fig. 8.

Equivalent circuit model of the third-order DM circuit in Fig. 7(a).

bandwidth, FBW, impedance transformation ratio m, and RL
are specified. Moreover, as indicated in (13a), the characteristic
impedance Z 2 of the middle connecting line only relies on the
ripple constant ε, which is related to the given in-band RL
level, once the transformation ratio m is confirmed.
Based on the earlier discussion and with the relationship
of (2), Fig. 5(a) shows the solutions of the impedances
Z 11 and Z 33 versus the transformation ratio m and coupling coefficient kunder the prescribed in-band ripple level of
RL = 25 dB. As we can see, the impedance Z 11 has the trend
to decrease greatly for a certain value of the impedance Z 33
when the transformation ratio m gets increased. On the other
hand, the realizable impedance of Z 11 and Z 33 is considered
from 30 to 120  in the design. Thus, in order to extend the
transformation ratio m, the coupling coefficient kis required
to get increased in a high value. The maximum realizable
impedance transformation ratio can just reach to approximately m = 1.75 with k = 0.8. Meanwhile, we can observe
that the bandwidth decreases with m increased, as shown
in Fig. 5(b). Therefore, we can conclude that there is a tradeoff
between bandwidth and m in the design, which means that

Fig. 10. (a) 3-D view of the second-order IT balanced BPF. (b) Side view
of layer distribution (B: bonding film and C: core film).

this second-order IT balanced BPF could have difficulty in
practical realization for higher m with wide bandwidth.
B. Third-Order IT Balanced BPF
The modified branch-line structure is straightforward to
design a second-order IT balanced filter with Chebyshev equalripple response in the earlier discussion. To further extend
the DM operation bandwidth and enhance the capability of
the impedance transformation, a third-order IT balanced BPF
is introduced and investigated herein. Based on the abovementioned design, two quarter-wavelength transmission lines
with a characteristic impedance of Z 4 are added at the output
balanced port to form the proposed third-order IT balanced
filter, and its structure layout is shown in Fig. 6. Attributing
to the added lines, another transmission pole can be created
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Fig. 12.
Theoretical, simulated, and tested results of the second-order
balanced BPF. (a) DM response. (b) CM response.

Fig. 11. Layout of four metal layers with physical dimensions included (unit:
mm). (a) Top layer: ground plane with CPW input/output ports. (b) Second
layer. (c) Third layer. (d) Bottom layer: ground plane.

to improve both the flatness and the selectivity of the DM
passband. In addition, the added transmission lines can also
provide an extra degree of freedom to achieve a higher
impedance transformation ratio m for the realizable circuit
parameters.
Fig. 7 shows the circuits of the proposed third-order IT balanced BPF under DM and CM excitations. Similarly, the CM
signals can be rejected in a wide bandwidth region with the
involved three bandstop structures, as shown in Fig. 7(b).
Fig. 8 shows the equivalent circuit model of the DM half
circuit to analyze the third-order frequency response. The
parameters Z 1 –Z 3 have the same expression of (2). Again,
the ABCD matrix of the entire network can be obtained easily
by multiplying the individual matrices of each section in
sequence as follows:
A = a2 cos2 θ + a0
b cos3 θ + b1 cos θ
B = j 3
sin θ
c3 cos3 θ + c1 cos θ
C = j
sin θ
D = d2 cos2 θ + d0

(14a)
(14b)
(14c)
(14d)

where
Z2
Z2 
Z2
+
a =−
(15a)
Z3
Z4 0 
Z4 
Z4
b3 = −b1 = −Z 4 − Z 2 1 +
(15b)
Z3


Z1 + Z2 1
1
1
1
Z1 + Z2
c1 =
+
+
+
c3 = −
Z1
Z2
Z3
Z4
Z2
Z1 Z4
(15c)


Z1 + Z2
Z4
Z4
Z4


d2 =
+
(15d)
1+
d0 = − .
Z1
Z2
Z3
Z2

a2 = 1 +

Thus, the characteristic function FB2 of this asymmetrical twoport network can be derived as


cos3 θ
cos θ
+ t1
FB2 = j t3
(16)
+ t2 cos2 θ + t0
sin θ
sin θ
where
⎧
mai − di
⎪
⎪
,
i = 0, 2
√
⎨
2 m
ti =
b  − m Z 02 ci
⎪
⎪
⎩ i
, i = 1, 3.
√
2Z 0 m

(17)

Furthermore, to analyze the specified third-order Chebyshev
equal-ripple response, the theoretical characteristic function
in (9) for this two-port transmission-line network can be
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Fig. 13. (a) 3-D view of the third-order IT balanced BPF with multilayer
LCP-bonded PCB technology. (b) Side view of layer distribution (B: bonding
film and C: core film).

obtained with n = 2 and q = 1 as follows:
FT 2 = ε cos(2φ + ξ )

cos3 θ
= ε(2α 3 + 2α 2 α 2 − 1)
sin θ

cos
θ
.
(18)
+ε(−2α − α 2 − 1)
sin θ
After equalizing |FB2 | and |FT 2 |, the following set of
equations should be satisfied:
t0 = t2 = 0
t1 = −ε(2α +



α 2 − 1)

3
2
t3 = ε(2α + 2α α 2 − 1).

(19a)
(19b)
(19c)

Thus, for the given ripple FBW, impedance transformation ratio m, and in-band RL, the design parameters of the
impedances Z 1 and Z 3 for the shunt short-ended stubs, Z 2
for the middle connecting line, as well as Z 4 for the extended
line can be determined by solving (19). Then, by selecting
proper k, the parameters of Z 11 and Z 33 can be easily obtained
from (2). Fig. 9 shows a set of solutions of Z 11 , Z 33, and Z 4
against 20-dB RL FBW with different values of m and k. From
these graphs, the impedance Z 33 plays a critical role in varying
the FBW. It is also clear that higher impedance transformation
ratio m up to 5 can be achieved for the practical realizable
circuit parameters.
III. I MPLEMENTATIONS AND R ESULTS
In this section, two design prototypes are implemented
for validation purposes. The first design is a second-order
balanced filter with 50–75- impedance transformation, and
the other one is a third-order balanced filter with enhanced
50–200- impedance transformation. Both the balanced filters
are designed and fabricated in a self-packaged form by using
the multilayer LCP-bonded PCB lamination technology. The
employed PCB and LCP substrates for both designed circuits
have the same dielectric constant of 3.0 and the loss tangent
of 0.0025.

Fig. 14. Layout of four metal layers with physical dimensions included
(unit: mm). (a) Top layer: ground plane with CPW input/output ports.
(b) Second layer. (c) Third layer. (d) Bottom layer: ground plane.

A. Implementation of the Second-Order IT Balanced BPF
Based on the above-described design method, the prototype I circuit of a second-order IT balanced BPF operating at
1.8 GHz with 50–75- (m = 1.5) impedance transformation,
an in-band RL level of 25 dB, as well as a ripple FBW
of 24.8% is introduced.
For these given design specifications, the impedances
in Fig. 4 can be determined by solving (13) as Z 1 = 27.1 ,
Z 2 = 57.9 , and Z 3 = 53.1 . Then, the parameters in a
practical design are derived as Z 11 = 36.3 , Z 33 = 105 ,
and Z c = 49.7  with k = 0.65 based on (2). Fig. 10 shows
the implemented second-order IT balanced filter with the
above-determined parameters. From the layer distribution in
Fig. 10(b), the LCP substrates, including two core films and
three bonding films, are bonded with two PCB substrates
directly. Moreover, the balanced filter circuit consists of four
metal layers. Layers 1 and 4 are on the PCB substrate acting
as two ground planes, which can provide an inherent EM
shielding property. Layers 2 and 3 are designed within these
two ground planes in a stripline configuration on the LCP
core films. Besides, a conductive silver paste is applied to
cover all the sidewalls of the circuit. As a result, a full EM
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TABLE I
P ERFORMANCE C OMPARISONS W ITH O THER R EPORTED W ORKS

external environment. Fig. 11 shows the physical dimensions
of each metal layer. Note that all the via-holes are with the
diameter of 0.9 mm. The fabricated circuit is shown in the inset
of Fig. 12(b), and the overall dimension is 0.18 λg × 0.37λg ,
where λg = 111 mm is the guided wavelength at 1.8 GHz.
The TRL calibration procedure is used in the measurement to calibrate out the effects of the SMA connectors.
Fig. 12 shows the results from theoretical calculation, EM simulation, and experimental measurement. As we can observe,
for the DM response, the proposed design exhibits a secondorder Chebyshev response with an operating frequency at
1.8 GHz and a 3-dB FBW of 68%. The measured in-band DM
RL is better than 27 dB across the passband range, while the
insertion loss is smaller than 0.8 dB. For the CM performance,
the suppression is beyond 35 dB in the DM passband and
24 dB over the whole plotted band without any extra elements
loaded at the symmetrical plane of the branch-line structure.
B. Implementation of the Third-Order IT Balanced BPF

Fig. 15. Theoretical, simulated, and tested results of the third-order balanced
BPF. (a) DM response. (b) CM response.

shielding boundary condition can be realized. Furthermore,
four designed coplanar waveguide (CPW) ports printed on
Layer 1 make this self-packaged balanced BPF connect to the

For experimental validation of the third-order IT balanced BPF, the prototype II circuit is designed and fabricated at the central frequency of 1.8 GHz with an enhanced
50–200- (m = 4) impedance transformation. The design
specifications of the in-band RL = 20 dB and the ripple
FBW = 56.6% are prescribed for the DM response. Then,
the impedance values described in Fig. 8 can be calculated
as Z 1 = 47.8 , Z 2 = 47.8 , Z 3 = 32.7 , and Z 4 =
95.6  by solving (19). With the selected coupling coefficient
k = 0.72, the values of the impedance Z 11 = 78.2 , Z 33 =
44.5 , and Z c = 49.6  can be easily found from (2). Fig. 13
shows the 3-D view and side view of layer distribution for the
designed self-packaged third-order IT balanced BPF. In the

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.
8

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

configuration, the 100-μm-thick LCP core film is bonded
directly to two PCB substrates by 50-μm-thick LCP bonding
films. Similarly, the circuit also consists of four metal layers.
Layers 1 and 4 are two ground planes on the PCB substrate,
while Layers 2 and 3 are striplines designed enclosed within
these two ground planes on the LCP core film. Like the circuit
of prototype I, the self-packaging of this circuit is realized
by surrounding the conductive silver paste around the circuit
walls as well. Besides, four CPW transmission lines are also
designed as the input and output ports on Layer 1 for this
self-packaged IT balanced filter.
Fig. 14 shows the final physical dimensions of each metal
layer. The overall size of this fabricated circuit shown in
the inset of Fig. 15(b) is about 0.19λg × 0.37λg , where λg
is the guided wavelength at 1.8 GHz. In the measurement,
the TRL calibration procedure has been employed to calibrate
out the effects of the SMA connectors. Three sets of the results
from theoretical calculation, simulation, and measurement are
shown with good agreement in Fig. 15. For the DM signal,
the circuit performs a third-order Chebyshev response. The
measured DM central frequency is at 1.8 GHz, and the 3-dB
FBW is about 85%. Meanwhile, the DM RL of the fabricated
circuit is better than 17 dB, while the insertion loss is smaller
than 1.2 dB. Similar to the two-pole IT balanced BPF design,
due to the short-circuited parallel stubs and the short-circuited
coupled lines in DM circuits, two fixed transmission zeros are
generated clearly at 0 GHz and 2 f 0 (3.6 GHz). For the CM
signal, the rejection level is higher than 31 dB within the whole
DM passband region and over 25 dB from dc to 3.6 GHz.
Table I shows a performance comparison with other balanced BPFs in the state of the art. It shows that the proposed
designs have diverse aspects of advantages, including good
DM response with impedance transformation, high CM rejection level with enhanced bandwidth, full EM shielding with
self-packaging, and lightweight with compact footprint.
IV. C ONCLUSION
In this article, a new class of branch-line-based IT balanced
BPF with self-packaging feature has been presented. This
is the first time to discuss the impedance transformation
property in the balanced filter designs. Based on the modified
branch-line structure, the proposed designs are able to achieve
the desired Chebyshev equal-ripple DM responses according
to the prescribed impedance transformation ratio m, ripple
bandwidth, FBW, and in-band RL. Moreover, the CM signals
can be suppressed in an enhanced bandwidth from dc to
high stopband frequency without loading any elements in the
symmetrical plane. For experimental validation, two practical
IT balanced BPFs are implemented by utilizing the multilayer LCP-bonded PCB lamination technology. Consequently,
promising results from the measurement have been provided,
which well agree with the theoretical and EM simulation ones.
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