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UWB Balanced BPF Using a Low-Cost LCP
Bonded Multilayer PCB Technology
Khaled Aliqab , Student Member, IEEE, and Jiasheng Hong , Fellow, IEEE

Abstract— This paper presents a new miniaturized ultra-
wideband (UWB) multilayer balanced bandpass filter (BPF) using
the liquid-crystal polymer technology. The design is based on the
use of two baluns and uses the transversal signal-interference con-
cept for the realization of differential-mode (DM) passband and
common-mode (CM) stopband. The broadside coupled stripline
structure is adopted in this paper to realize UWB performances
and pure TEM mode. The fabricated prototype is self-packaged,
light in weight, and cost effective with a small footprint. The
demonstrated balanced BPF achieves the excellent DM and CM
responses within the entire bandwidth, centered at 6.85 GHz.
The simulation and measurement results show good agreement.

Index Terms— Balanced filter, broadside coupling, coplanar
waveguide (CPW), liquid-crystal polymer (LCP), multilayer,
ultra-wideband (UWB).

I. INTRODUCTION

RECENTLY, balanced circuits have attracted the interest
of microwave community for modern wireless commu-

nication systems. This is due to the intrinsic features such
circuits introduce compared with unbalanced single-ended
counterparts, for instance, superior immunity against elec-
tromagnetic interference, crosstalk, and hostile environmental
noise [1]. Among these circuits, balanced filters play an impor-
tant role. Ideally, for a well-designed differential-mode (DM)
balanced bandpass filter (BPF), common-mode (CM) signals
should be efficiently suppressed over the widest possible
band. Simultaneously, DM signals should be allowed passing
through exhibiting low and high insertion and return losses,
respectively, in the passband. In addition, broad stopband and
high filter selectivity are also desirable for the design of
balanced filters. Cost, design simplicity, and filter size must
all be accounted for the filter design.

Various designs have been reported for CM signals suppres-
sion such as cascading CM filters [2], [3]. However, the size in
these designs is relatively large. Therefore, in order to suppress
CM signals, filters with inherently rejected CM signals are
generally implemented. This includes narrowband [4]–[6] and
wideband [7]–[16] balanced BPFs. Previously, several ultra-
wideband (UWB) differential filters were proposed. Yet, they
introduce some size constraint, and the DM bandwidth is
hard to adjust [17], [18]. Recently, filter structures based
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on the transversal signal-interaction concepts have received
great interest due to the potential advantages they introduce.
Owing to the input signal being split into propagation through
different feed-forward signal paths, good harmonic suppres-
sion and high-selectivity filtering responses can be achieved.
Despite that the aforementioned designs either lack simplicity
of design resulting in complicated circuits have relatively
large circuit areas or exhibit ordinary performances related
to DM and CM responses.

Some circuits’ functions are very hard to realize using
single-layer topologies such as coupled line-based filters,
in which an appropriate coupling factor is required. In addi-
tion, non-TEM transmission line structures could considerably
affect the response due to having different phase velocities
of the even and odd modes for the tightly coupled lines.
In [19], the CM rejection level was significantly degraded
compared with the ideal case as a result of realizing the design
in a quasi-TEM mode microstrip structure. Various ways to
overcome or control the difference in phase velocities between
the even and odd modes for them to be matched can be found
in the literature. However, eliminating the difference seems to
be more practical and convenient. Furthermore, a small size,
lightweight, cheap in cost, self-packaged design is desirable in
a highly integrated system to minimize unwanted crosstalking,
as well as to accommodate the system’s restraints in terms of
size and weight.

Therefore, to address the aforementioned issues, multilayer
configuration was adopted, offering the best solution. Liquid-
crystal polymer (LCP) has been actively researched for several
years due to its outstanding features of miniaturization, low
costs, and the strong coupling provided by its broadside
mechanism, in which wideband performances can be easily
achieved [20]. Moreover, it is not only used as a substrate
material but also used as a packaging material [21]. The pro-
posed design introduces self-packaging, in which the package
fabrication process is integrated in the hosted design fabri-
cation process. Typically, packages are predesigned, generic,
bulky, and expensive. Introducing self-packaging overcomes
all of these issues by using LCP as a substrate for the hosted
design and as an interface. In addition, a conductive silver
paste is applied, covering all the sidewalls which, as a result,
electromagnetic (EM) shields the design against any unwanted
coupling or crosstalk within the system. The main objective
of this paper is to present a new, inexpensive, self-packaged
differential BPF design by cascading two baluns with a UWB
bandwidth, compact size, and superior performance, with full
(EM) shielding. Moreover, this proposed balanced BPF over-
comes the drawbacks encountered in the reported single-layer
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Fig. 1. (a) Design schematic. (b) Simulated frequency response of the design.
(c) Relationship between Zoe and Zoo for Zb = 90 �.

design [19] so as to achieve better CM rejection levels and
EM-shielding that are more feasible for system integration and
application.

II. BALANCED BPF FILTER DESIGN AND ANALYSIS

Fig. 1(a) illustrates the deployed design schematic, con-
sisting of Za the port impedance (typically 50 �), four
quarter-wavelength (θ = 90°) coupled-line sections with
even- and odd-mode impedances Zoe and Zoo, respectively,

and finally Zb, which is the output impedance of the coupled-
line sections. Referring to the ports’ assignment shown
in Fig. 1(a), the scattering parameters of the Marchand balun
are ideally defined as

S11 = 0 (1)

S12 = −S13 = S21 = −S31 = − j/
√

2 (2a)

S22 = S33 = S23 = S32 = 1/2. (2b)

As previously mentioned, filter structures based on the
transversal signal-interaction concepts introduce some poten-
tial advantages owing to the input signal being split into propa-
gation through different feed-forward signal paths. This results
in good harmonic suppression and high-selectivity filtering
responses. As it can be seen in Fig. 1(a), two different paths of
transmission are illustrated to realize the signal transmission
from input ports 1 and 4 to output ports 2 and 3. Based on the
transversal signal-interaction concepts, a passband and a stop-
band can be realized using the following conditions [19], [30]:

θ12( f0) = θ42( f0) ± 2nπ, n = 0, 1, 2, . . . (3)

θ12( f0) = θ42( f0) ± nπ, n = 1, 3, 5, . . . . (4)

Fig. 1(a) illustrates the proposed circuit design under two
different excitation modes, namely, DM (red) and CM (blue).
Under the DM excitation, signals are excited to transmit from
ports 1 and 4 to ports 2 and 3. Owing to the intrinsic inherent
feature of equal 180° phase difference power division of the
Marchand balun, a passband can be realized by referring to
(3) and (4) as well as Fig. 1(a), in which (3) and (4) will be,
respectively, equal to

θ12( f0) = 0° (5)

θ42( f0) = 180° + 180° = 360° (6)

where the first 180° is related to the polarity of the input
signal, whereas the second 180° is introduced by the inherent
feature of the balun used. Thus, a passband performance can
be realized. On the other hand, under the CM excitation,
(3) and (4) will, in this case, be equal to

θ12( f0) = 0° (7)

θ42( f0) = 180°. (8)

Therefore, a stopband performance can be achieved easily.
The principle related to how the proposed design works can be
viewed by referring to the colored positive and negative signs
shown in Fig. 1(a). When the differential signals are excited,
an in-phase signal is constructed at each of the output ports’
nodes, whereas under CM excitation, an out-of-phase signal
is introduced, and thus signal cancellation can be realized.

The transmission characteristics of the two-port scattering
parameters of DM and CM of the balanced filter can be derived
from the four-port scattering parameters as follows [19], [31]:

S11,DD = (S11 − S41 − S14 + S44)/2 (9)

S21,DD = (S21 − S31 − S24 + S34)/2 (10)

S11,CC = (S11 + S41 + S14 + S44)/2 (11)

S21,CC = (S21 + S31 + S24 + S34)/2. (12)
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The relationship characterizing Zoe and Zoo for various
Za and Zb sets is [19], [29]

Zoe = 1

1
Zoo

−
√

2
Za Zb

Zoo = 1

1
Zoe

+
√

2
Za Zb

. (13)

For the Zb effect on the matching bandwidth response
to be observed (Za = 50 and Zoo were fixed at 35 �),
five different values of Zb = 70, 80, 90, 100, and 110 �
were tested for comparison, corresponding to Zoe =
214, 161, 133, 116, and 105 �, respectively, as illustrated
in Fig. 1(b). As shown in Fig. 1(b), Zb = 100 � provides
a single transmission-pole passband response, as indicated
by S11, while Zb = 90 � results in three transmission
poles similar to the Chebyshev response in the passband
with a sensible, e.g., <20 dB, matching bandwidth. Further
increasing Zb degrades the matching bandwidth. Therefore,
the value of Zb = 90 � was specifically chosen for this design.

The corresponding design graph is shown in Fig. 1(c). This
clearly defines the relationship between Zoe and Zoo as a
rational, advantageous behavior when compared with [19],
having a linear characteristics as a result of using a microstrip
quasi-TEM structure. The nature of the relationship between
Zoe and Zoo is mainly influenced by the structure used,
namely, the broadside-coupled striplines, supporting TEM
propagation and providing a rational relationship between
Zoe and Zoo, whereas the coupled microstrip quasi-TEM lines
support a linear relationship. This rational behavior favors a
linear structure, because it shows a marked difference between
Zoe and Zoo impedance values, resulting in strong coupling
that is essential for a UWB design.

Fig. 2 presents the circuit model frequency response (using
microwave office AWR) with Za = 50 �, Zb = 90 �,
Zoe = 133 �, and Zoo = 35 �. The balanced BPF depicted
demonstrates a UWB performance of 138.5% fractional band-
width (FBW) operating at f0 = 6.85 GHz. In Fig. 2(a),
the DM excitation frequency response corresponding to the
circuit in Fig. 1(a) is shown. The DM return loss |S11,DD|
is greater than −25 dB. On the other hand, under the CM
excitation, the CM rejection |S21,CC| is better than −85 dB as
shown in Fig. 2(b).

For a given set of Za and Zb, the coupled-line parame-
ters (Zoe and Zoo) can vary, resulting in various FBWs.
Nevertheless, any of the (Zoe and Zoo) combinations located
on the line shown in Fig. 1(c) will result in Zb = 90 �.

In order to have the UWB performance, the coupling factor
related to the coupled lines has to be large, which means a
high impedance ratio between Zoe and Zoo, requiring tight
coupling gaps. In addition, it is critical to have the same
phase velocity of the odd and even modes for the tightly
coupled line. However, this is not easily achieved with edge-
coupled, quasi-TEM transmission line structures, which most
of the previous studies have tended to use. As a result,
a broadside TEM coupling structure in the stripline topology
is implemented here instead.

As can be seen in Fig. 1(c), multiple (Zoe Zoo) combi-
nations are shown on the 90-� output line. However, some
of these combinations are inapplicable, extremely difficult to

Fig. 2. Circuit model frequency response. (a) DM. (b) CM.

obtain or simply inappropriate as far as performance and
physical implementation are concerned. The two main factors
controlling the (Zoe and Zoo) values in a stripline configuration
are the width and vertical gap spacing of the two coupled lines.
By fixing the vertical gap spacing between the two lines to a
100 μm and tuning the width of the lines, it was found that
200 μm in width provides the desired (Zoe and Zoo) combina-
tion values corresponding to (Zoe = 133 � and Zoo = 35 �)
where the relative permittivity used in here is equal to 3.0.
Also, this linewidth provides good fabrication tolerance to
overcome any issues in the manufacturing process. Thus,
the idea of using LCP-bonded printed circuit board (PCB)
multilayer technology is proposed in here to accomplish the
required vertical tight coupling and the very thin 100-μm
distance.

The design is stripline-based, in which the whole layout
is enclosed within a self-designed package. Fig. 3 shows the
3-D view, along with the proposed design’s layer stack. As can
be seen in Fig. 3(a), Layer 1 presents the interface of the
enclosed design to the outer system and the upper ground
plane for the enclosed stripline layout. It contains the input and
output feeding lines designed to match 50-� impedance in a
coplanar waveguide (CPW) structure, in which the signal line
and the ground plane are located at the same level, separated
by a small gap. These feeding lines are connected to the
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Fig. 3. (a) 3-D model of the proposed multilayer design. (b) Cross section
of the layer stack used.

hosted board with the help of via holes. In addition, these via
holes are also used for grounding, as shown in Layer 3 with
reference to the proposed design topology shown in Fig. 1(a).
Layers 2 and 3 contain the layout of the proposed bal-
anced filter where the broadside coupling is clearly illustrated
between the four quarter-wavelength coupled-line sections.
These are etched on the same substrate with a thickness
of 100 μm to provide the required high coupling factor.
Layer 4 is completely metalized, which is the ground plane of
the grounded CPW structure and the lower ground plane for
the enclosed stripline layout.

The investigations were carried out using two different
substrates, as shown in Fig. 3(b). The PCB layers located
at Layers 1 and 4 use the Rogers RO3003 substrate with
a dielectric constant of 3.0, a loss tangent of 0.0025, and a
thickness of 0.5 mm. In Layers 2 and 3, an LCP film (core
and bonding films) having the same dielectric constant and
loss tangent as PCB but with a thickness of 100 and 50 μm,
respectively, was utilized. PCB and LCP were bonded together
without any other adhesives using an LCP bonding film with
almost the same characteristics as the LCP core film but with
a thickness of 50 μm. A multilayer lamination process was
developed to implement the designed prototype. As previously
mentioned, the metal tracks were etched on the LCP core film,
which has a melting temperature of 315 °C, which is different
to the LCP bonding film’s melting temperature of 280 °C.

Fig. 4 illustrates each of the individual design’ layers, along
with the dimensions used during the prototype fabrication.

Fig. 4. Multilayer balanced filter design. (a) Layer 1. (b) Layer 2. (c) Layer 3.
(d) Layer 4.

Final dimensions are as follows: L1 = 2.5, W1 = 1.8,
W2 = 0.8, g1 = 0.2, L2 = 13.1, W3 = 0.2, L3 = 6.3,
g2 = 0.5, width = 19.1, and length = 11.4 (all in millimeters).
Via holes for input and output feeding lines are 0.5 mm in
diameter, while the grounding via holes are all 1.0 mm in
diameter.

III. IMPLEMENTATION AND EXPERIMENT

Based on the above discussion, a UWB multilayer balanced
BPF operating at 6.85 GHz with a −3-dB FBW >100%
was designed, simulated, and fabricated. The balanced BPF
was fabricated in-house, and an N5225A PNA Microwave
Network Analyzer was used to obtain the final measured
results. Fig. 5 shows the simulated (using Sonnet) and the
circuit model frequency responses of the balanced BPF plotted
together on the same graph for visible comparison.

The simulated frequency response demonstrates a UWB
performance of 125.5% FBW operating at f0 = 6.85 GHz.
The simulated DM return loss |S11,DD| and insertion loss
|S21,DD| are better than −14 and −0.3 dB, respectively, as dis-
played in Fig. 5(a). On the other hand, Fig. 5(b) illustrates
the CM response, in which it shows a rejection level |S21,CC|
below −45 dB within the entire band of interest. The relative
discrepancies between the ideal circuit and simulated circuit
responses shown in Fig. 5 are attributed to the distributed
circuit realization of the circuit model and to applying the
lossy EM simulation. This introduces losses and affects the
symmetry of the design which, as a result, negatively impacts
both the DM and CM responses.

Fig. 6 presents the measured results of the balanced BPF.
It operates at 6.85-GHz central frequency with a −3-dB FBW
equal to 118%. The measured DM return loss |S11,DD| is better
than −12 dB, whereas the DM insertion loss |S21,DD| is greater
than −1.1 dB, as illustrated in Fig. 6(a). On the other hand,
the measured CM rejection level |S21,CC| is better than −35 dB
throughout the whole band of interest.

As can clearly be seen from the graphs shown in Fig. 6, the
measured responses generally agree with the simulated ones,
with the few variations attributed to fabrication tolerances.
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Fig. 5. Circuit model and lossy EM simulation frequency responses. (a) DM.
(b) CM.

This limitation affects the accuracy to which the fabricated
prototype can achieve in which the perfect symmetry is almost
impossible to realize in practice.

Fig. 7 presents the simulated and measured group delays
of the implemented design. The in-band group delays for
the filter are all flat in the middle passband and become
higher closer to the lower and upper bandwidth edges. The
photographs of the fabricated balanced BPF prototype are
displayed in Fig. 8 showing both sides of the design.

A table with detailed performance comparison with related
balanced BPF designs from the literature is shown in Table I.
It includes the central frequency of operation f0, DM-FBW,
the effective size expressed in terms of the square wave-
length (λ2

g), the in-band differential return loss |S11,DD| and
insertion loss |S21,DD|, and, finally, the in-band CM rejection
level |S21,CC|.

In Table I, the filter depicted in Fig. 6 illustrates an out-
standing CM rejection level of (|S21,CC| < −35 dB) extending
from dc and covering the whole band of interest. Indeed,
some of the reported filters exhibit a competitive CMR such
as the filters of [4], [12], and [13]. However, these filters
are limited to narrower bandwidths and have a low-operating
frequency since it is more challenging to achieve a good

Fig. 6. Lossy EM simulation and measurement frequency responses. (a) DM.
(b) CM.

Fig. 7. Simulated and measured group delays of the implemented design.

performance at higher frequencies and over wider bandwidths.
In addition, a degraded DM performance is observed like
in [4] or the circuit size is relatively larger such as [13].
Concerning DM-FBW, as shown in Table I, most of the
reported work is narrowband design-based or wideband at the
best case. Exceptionally, the filter reported in [19] provides



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

6 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES

Fig. 8. Photographs of the fabricated balanced BPF. (a) Upper side.
(b) Lower side.

TABLE I

PERFORMANCE COMPARISON WITH OTHER WORKS

a UWB passband response; however, the size is as large
as 0.9 (λ2

g), and CMR is remarkably degraded.
Finally, let us highlight the differences to other reported

works and the advantages associated with the proposed design.
Most of the reported filters have a low-operation center fre-
quency and smaller bandwidth. This clearly demonstrates the
novelty, capability, and significance of the proposed UWB bal-
anced BPF bearing in mind that achieving a good performance
at higher frequencies and over wider bandwidths is a lot more
challenging. The proposed filter is of a competitive compact
size with a small footprint which adds on the advantages
related to this work. In addition, both of the DM and CM
illustrate an outstanding performance compared to all the
reported works. Finally, it is worth mentioning that to the
best of our knowledge, no such balanced filter reported in
the literature is EM shielded with self-packaging. Therefore,
the work introduced in this paper distinctively combines all the
aforementioned advantages, and thus it outstands.

IV. CONCLUSION

This paper presents a novel miniaturized balanced BPF
using the LCP bonded PCB multilayer technology. It demon-
strates the UWB performance with controllable FBW using

the pure TEM mode stripline broadside coupling structure.
It shows that the design is self-packaged, with full EM
shielding, and is lightweight with a small footprint, reducing
overall cost. It is a broadside-coupled, stripline-based design
supporting the TEM propagation offering the best solution for
UWB designs and for all aforementioned issues related to the
CM rejection. The simulated and measured results demonstrate
the proposed design’s outstanding capability and significance,
and these are in a good agreement, further validating the
proposed design and indicating the potential application in
communication systems.
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