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ABSTRACT In this paper, a deployable wideband differential-fed dual-polarized high-isolation patch
antenna array is proposed. To achieve dual polarization, every element has two pairs of differential ports.
Because of the differential design, the couplings from the adjacent ports (the other pair of ports) are
canceled and high isolation between the two polarization is achieved. In addition, capacitive feeds are
applied to enhance the bandwidth. By integrating with two planar Marchand baluns, the two pairs of the
differential ports are excited for dual polarization. Then, the wideband dual-polarization patch antenna
element is expanded to a 4×4 antenna array for better gain. In order to achieve deployment, we present
a novel foldable mechanism suitable for low-frequency patch antenna array, which is different from the
conventional design on the flexible printed board. The deployment concept is presented. One prototype is
fabricated and measured. Its operating band is from 1.15 GHz to 1.35 GHz. The peak gains of the two
polarizations are 14.4 dBi and 14.1 dBi respectively.

INDEX TERMS Deployable antenna, dual-linear polarization, high isolation, wideband patch antenna
array, Marchand balun.

I. INTRODUCTION

IN RECENT years, interest in deployable antennas
has been growing exponentially. The deployable dual-

polarization patch antenna array is a potential candidate
due to its small size, light weight, high gain, and ability
to duplicate the band [1].

Due to the flexibility and low mass density of flexi-
ble printed circuit boards (FPCB), they are widely used
to deploy patch antennas. Different patterns such as the
patch, the ground layer and the stacked patch, are printed
on different layers of FPCB. In [2], Huang proposes an
impressive paper-thin membrane aperture-coupled L-Band
Antennas. Based on the antenna presented in [2], an active
membrane phased array is developed [3]. Membrane com-
patible Transmit/Receive (T/R) modules are applied for each
antenna element. However, this paper does not introduce the
deployment method for maintaining the distance between
different layers. Hashemi et al. presents an insightful flexi-
ble X-band phased array system with low areal mass density
in [4]. A collapsible feeding transition is used. However, such
deployment design is suitable for high frequency applications
where the physical height is considered relatively low. It

could be challenging to apply this deploy mechanism for
the low-frequency applications.
Various dual-polarized high-isolation patch antennas have

been proposed and studied [5], [6], [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16]. According to the feeding
mechanism, the dual-polarized patch antenna are classi-
fied into three categories: (1) dual-slot-fed patch antenna,
(2) hybrid-fed patch antenna, and (3) differential-fed patch
antenna.
The dual-slot-fed dual-polarized patch antenna uses two

orthogonal slots to excite two linear polarizations. The dual-
slot-fed patch antenna is proposed in 2004 by Ghorbani and
Waterhouse [5]. In addition to the resonances of the patch and
the coupling aperture, a stack patch is also applied to gen-
erate the third resonance. As such, the antenna can achieve
a bandwidth of over 50%. A reflector is added under the
slots to increase the front-to-back ratio (FTBR). Then based
on [5], many variant designs are developed. In [6], [7], two
deployable series-fed dual-polarized flexible antenna arrays
are presented. In [8], a 7-layer patch antenna achieves over
95% bandwidth by means of the modified slots. In summary,
the dual-slot-fed antennas requires at least 4 layers including
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a patch, a ground plane, a slot layer and a reflector (for high
FTBR).
The hybrid-fed patch antenna has two different feeding

mechanisms. This hybrid feed can be the combination of
the slot feed, the direct feed, the differential feed or the
L-probe feed. Wong and Chiou develop several hybrid-fed
antennas [9], [10], [11]. These designs all have an aperture-
coupled feed while the other is a pair of differential probe
feeds or a L-probe feed. Then in [12], [13], [14], slot
feed and differential feed are applied to excite two polar-
izations. In [14], a novel millimeter-wave dual-polarized
2-dimensional (2D) multibeam antenna array with the slot
and the differential feed is presented. By using the substrate
integrated waveguide (SIW) technology to realize the array,
the structure becomes complex and bulk. Although compared
with the dual-slot-fed patch antenna, the hybrid feed patch
antenna require less layers, it is still not considered as a
good choice for a the deployable antenna array due to the
complicated layout and large size.
For the differential-fed patch antenna, as its name suggests,

the dual polarization of the antenna is excited by two pairs of
differential feeds. In [15], a 180◦ broadband balun enables
the antenna to have 50% bandwidth, but at the expense
of the antenna size. Due to well-designed ring hybrid cou-
pler, a differential-fed patch antenna achieves an impressive
90 dB isolation between its two ports [16]. However, coaxial
cables and independent loop hybrid coupler reduces the com-
pactness of the antenna. Although the layer number of the
differential-fed patch antenna is further reduced, the sizes of
the previous designs are considered to be too large for the
deployable antenna array.
Considering the complexity and large size of previous dif-

ferential dual-polarized patch antennas, a simple and compact
wideband design is proposed. Unlike the large baluns applied
on previous designs [15], [16], two compact Marchand
baluns are placed under the patch to excite two pairs of
differential ports while maintaining the antenna size smaller
than λ/2×λ/2. The preliminary concept is introduced in our
conference paper [17]. The antenna is successfully expanded
to a 4×4 array via a cooperate feeding network. The array
antenna is designed as a receiver. The frequency band of
interest is from 1.15 GHz to 1.35 GHz with a return loss
of 6 dB. A novel mechanism is also developed for the
deployment of the proposed low-band antenna arrays. In
Section II, the design and principle of the antenna ele-
ment are introduced. Then the antenna array development
is presented in Section III. In Section IV, the details of the
deployment mechanism are documented. The measurement
and simulation results are also shown and compared in this
section.

II. DUAL POLARIZATION PATCH ANTENNA ELEMENT
In this section, the antenna element is introduced first,
then followed by the wideband planar Marchand balun. The
antenna element integrated with the balun is also studied.
All the simulations are conducted using ANSYS HFSS.

FIGURE 1. Structure of the dual-polarized antenna element. (a) 3D view. (b) Top view.

A. ANTENNA ELEMENT
The differential-fed patch element is shown in Fig. 1. Its
patch is designed on the low-cost FR4 substrate (grey part
as shown in Fig. 1) with a dielectric constant of 4.4 and
a loss tangent of 0.02. In order to reduce the antenna
weight, the thickness of the substrate is selected to be
0.508mm. The dielectric between the ground and the patch
is air, whose thickness is 20 mm. In the simulation model,
the four sides of the airbox are set as the master-slave
boundary. The top and the bottom surfaces are set as the
radiation and Perfect Electric Conductor (PEC) boundaries
respectively.
The four ports are divided into two differential pairs (Port

A-1 pairs with Port A-2 and Port B-1 pairs with Port B-2).
The two ports of each pair are out of phase and equally
excited. In this way, each differential pair is used to excite
one linear polarization. The isolation between the two polar-
ization also benefits from the differential-fed design. In
conventional design methods, in order to achieve high isola-
tion, the coupling between different polarization should be
as low as possible by optimizing the feed position. In the
proposed feed mechanism, the locations of the feeds are not
critical parameter to obtain high isolation. The high isolation
is naturally obtained via the differential feed mechanism. For
example, as shown in Fig. 2(b) and 2(c), although the cou-
pling from Port B-1 and Port B-2 to Port A-1 is strong, they
are equal and out of phase and thereby, can cancel each
other. As such, a high degree of isolation is achieved.This
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FIGURE 2. (a) Simulated reflection coefficients of the dual-polarized antenna
element. (b) Simulated coupling amplitudes from Port A-1 to Port B-1 and Port B-2.
(c) Simulated phase difference of the coupling from Port A-1 to Port B-1 and Port B-2.

also applied to the coupling between Port B-1 and Port B-2
to Port A-2.
One should notice that there are gaps between the feeds and

the patch (Fig. 1(b)). These gaps are considered as proximity
feeds. As the capacitance of the gap and the inductance of
the probe formed a LC resonator, an additional resonance is
generated. This resonance enhances the frequency bandwidth
of the patch antenna. By comparing the active reflection
coefficients between the patch designs (Fig. 2(a) and Fig. 3),
it can be found that the design with the etched gap has dual
resonances, which significantly increases the bandwidth of the
patch antenna. The radiation patterns for both polarizations
of the proposed patch antenna are shown in Fig. 4. These
radiation patterns are similar with peak gains of 6.2 dBi.

B. MARCHAND BALUN
In order to obtain a wide band differential signal, a pla-
nar Marchand balun is required, which exhibits simple and
compact structure with stable performance over a wide band-
width [18], [19], [20], [21]. The proposed planar Marchand

FIGURE 3. Simulated reflection coefficients of the dual-polarized antenna element
without gaps.

FIGURE 4. Simulated radiation patterns in H plane. (a) Port A-1 and Port A-2 are
excited at 1.5 GHz. (b) Port B-1 and Port B-2 are excited at 1.5 GHz.

FIGURE 5. Structure of the Marchand balun. (a) Top view. (b) Cross section view.

balun is shown in Fig. 5. Unlike those previous planar wide-
band Marchand balun designed in [19], [20], the proposed
balun is constructed with full ground without any slot.
As such, the balun can be placed on any surface without
affecting its performance.
The balun is applied to transfer the single-ended signal

at Port 1 to a pair of differential signals at Port 2 and
Port 3, which are equal in magnitude but out of phase.
In the proposed design, the impedance of Port 1 is
75 � while the impedance of Port 2 and Port 3 is set
as 50 �. The substrate used for the Marchand balun
is Rogers 4003, with a dielectric constant of 3.55 and
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FIGURE 6. (a) Simulated S parameters of the Marchand Balun. (b) Simulated
imbalance between Port 2 and Port 3. (c) Simulated phase difference between the
output at Port 2 and Port 3.

a loss tangent of 0.0027. Its parameters are as fol-
lows: ms75=0.55 mm, ms50=1.15 mm, bw1=3 mm,
bw2=1.4 mm, gap0=0.2 mm, bl1=bl2=36 mm,
pd1=1 mm, and h1=0.508 mm.

The simulated scattering parameters (S parameters) are
shown in Fig. 6. The −10 dB bandwidth of the balun
is 36.5%. The simulated in-band imbalance varies from
−0.22 dB to 0.29 dB and the phase difference between Port 2
and Port 3 is from −172.8◦ to −177.8◦.

C. ANTENNA ELEMENT INTEGRATED WITH MARCHAND
BALUN
The antenna element (in Section II-A) fed by two Marchand
baluns (in Section II-B) is shown in Fig. 7(a). It consists of
two PCBs. The substrate of the top PCB is FR4, where the
patches are printed on it. The bottom one uses Rogers 4003
as the substrate and printed with planar baluns. The distance
between the two boards is 19.492 mm (H0−h1). The patch
antenna and the balun shares one ground plane. Through
rotating one of the baluns, as demonstrated in Fig. 7(b),
the two Marchand baluns are judiciously placed under the

FIGURE 7. (a) Antenna element integrated with the Marchand balun. (b) Layout of
the two Marchand baluns on the bottom layer.

FIGURE 8. (a) Simulated reflection coefficients of the integrated antenna element
(S11 corresponds to Port A while S22 corresponds to Port B). (b) Simulated mutual
coupling between Port A and Port B.

patch antenna. The balanced ports of these Marchand baluns
are separately connected to the two differential feeds of the
patch antenna. With such an arrangement, dual polarization
is excited. In the full wave simulation, the boundary settings
for the integrated antenna is the same as those of the antenna
element described in Section II-A.
The simulation results of the integrated antenna element

are shown in Fig. 8. The −10 dB bands for Port A and
Port B are from 1.13 GHz to 1.39 GHz (20.6%) and from
1.01 GHz to 1.35 GHz (28.8%) receptively. The bands of
both the two ports can cover the desired band (1.15 GHz
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FIGURE 9. (a) Pattern of the top PCB (top patch board). (b) Feeding network pattern
of the bottom PCB (bottom board).The split triangular show the folding direction of the
patch.

to 1.35 GHz). In addition, the isolation between Port A and
Port B is higher than 29 dB.

III. ANTENNA ARRAY
Considering the gain of the patch antenna is not as high
as others kinds of antennas [22], the integrated element
is expanded to a 4×4 antenna array as shown Fig. 9.
Similarly, it also consists of two two-layer-PCBs. The top
PCB (Fig. 9(a)) is printed with the antenna pattern while
the bottom PCB is for the feeding network (as shown in
Fig.9(b)) and the shared ground respectively. Considering
the foldability of the antenna array, both PCBs are divided
into four parts. Each part consists of an 2×2 sub-array. The
top four parts are isolated from each other while the four
bottom boards are interconnected with flexible printed cir-
cuit broads (FPCBs). The details of the mechanical design
are discussed and demonstrated in Section IV.
As shown in Fig. 9(a), according to the location, the ele-

ments in the array are labeled as “Internal”, “Edge” and
“Corner” elements, which are marked as green, blue and red
respectively. Generally, even all the elements are identical,
the active matching properties of these three types of element

TABLE 1. Boundary settings for “edge” and “corner” simulation models.

FIGURE 10. Top view of optimizing model. (a) Edge element. (b) Corner element.

are not similar due to the edge effect, where the performance
of the “Edge” and“Corner” elements may be poorer than that
of the “Internal” element. Typically, this does not affect the
performance of a large-scale antenna array. However, for a
relatively small array (e.g., a 4 × 4 array), this effect cannot
be neglected. In this case, besides optimizing the “Internal”
element using the master-slave boundary with one single
element model, different simulation models are needed for
optimizing the active matching properties of the “Edge” and
“Corner” elements.
The top view of the simulation model for the “Edge” and

“Corner” elements is shown in Fig. 10. Due to proximity
effect, the boundary settings for different polarization opti-
mizations have to be different. The boundary settings for
different polarization and different element types are listed
in Table 1.

The comparison between the reflection coefficients of
the elements before and after optimization is shown in
Fig. 11. The unoptimized results are referred to the reflection
coefficients obtained by simulating the integrated elements
developed in Section II-C with the boundary settings listed
in Table 1. It can be found that the reflection coefficients
of the “Edge” and “Corner” elements are significantly
improved after optimization at the interested band (1.15 GHz
to 1.35 GHz).
The feeding network is shown in Fig. 9(b). Two 16-way

power dividers are used to feed the baluns. The inputs of the
two power dividers are labeled as “Port 1-Array” and “Port 2-
Array”. Each power divider corresponds to one polarization.
Due to the size of the antenna array, the feeding network
is already very crowded. Even worse, spare space needs to
be left for the deployment mechanical devices. Therefore,
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FIGURE 11. S11 and S22 with/without optimization (S11 corresponds to Port A-1
while S22 corresponds to Port A-2). (a) Edge element. (b) Corner element.

the feeding network needs to be simplified. First, the second
and fourth rows of the Marchand balun are flipped verti-
cally. Then 180◦ phase delay transmission line at the center
frequency (circled in blue shown in Fig. 9(b)) are needed to
compensate the phase difference caused by the flip
As mentioned in the first paragraph of this section, in order

to achieve the foldability of the antenna array, FPCBs are
used to bridge between the adjacent ridge feeding network
boards. Since the substrate of the FPCB is relatively thin, the
transmission line should be constructed as a co-planar waveg-
uide (CPW) rather than a microstrip line (ML). Therefore, a
ML-CPW-ML transition is designed as shown in Fig. 12(a)
and 12(b). The values of the characteristic impedance of the
ML and the CPW are the same. Vias are used to connect
the ML and the center strip of the CPW. The ground of the
ML and the CPW are connected. The simulation results of
a ML-CPW-ML transition can be found in Fig. 12(c). From
1 GHz to 1.6 GHz, the reflection loss is better than 20 dB
and the insertion loss is less than 0.1 dB.

IV. ANTENNA DEPLOYMENT AND PERFORMANCE
In order to verify the design strategy, a prototype of the
proposed wideband dual-polarized antenna array is fabricated
and tested.
The components of the deployable antenna array is shown

in Fig. 13. The patterns of the top patch in one array
are identical but with different orientation. The side PCBs
perform as the support for the top PCB and define the dis-
tance between the top and bottoms boards. The probe is
flexible and made of FPCB. In addition, it is worth men-
tioning that customized hinges were developed to connect
the side PCB and top/bottom PCB. The three-dimensional

FIGURE 12. (a) Top view of the ML-CPW-ML transition without the PCB (Metal only).
(b) Cross section view of the ML-CPW-ML transition. (c) Simulated S parameters of the
transition.

FIGURE 13. Components of the antenna array.

(3D) Solidworks model is also shown for more details. Due
to the height requirement in the stored state, the hinge used
for the collapsible antenna must be small. The diameter of
the hinge is expected to be no more than 2mm. As far as
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FIGURE 14. Schematic diagram of the folding process of the top patch.
(a) Deployed. (b) Folded. (① to ⑤ refer to side PCB, normal hinge, probe, bottom PCB
and self-closing hinge.)

the authors know, there is no commercial hinge that can
meet this requirement. So, we designed and manufactured
the hinge by ourselves. The tube (brown) is made of the
semi rigid coaxial cable with the internal core removed. It is
cut into three parts. The internal pin (silver) is made of the
spring steel wires. There are two kinds of hinges: normal
hinge and self-closing hinge. The normal hinges are applied
to connect the side PCBs and the top PCBs, allowing the
rotation between them. The two arms of the normal hinge
are parallel to each other. The self-closing hinge is a modi-
fied version of normal hinge and is applied to force the top
PCB deploy in addition to its rotation function. As such, the
self-closing hinge has arms bent with an angle of 135◦. The
self-closing hinges are applied to connect the side PCBs and
the bottom PCBs. When external force is added, the folding
process of the top patch with the aid of the hinges is shown
in Fig. 14. The deployment process is the reverse.
The prototype of the fully-deployed antenna array is

shown in Fig 15(e). Its deployment has two procedures:
bottom board deployment and top patch board deployment.
Since the board-to-board connection is FPCB, the bottom
board can be easily opened in the first-step deployment
as shown in Fig. 15(a) to 15(d). During Step 4 as shown
in Fig. 15(d), the external force on the patch board is
withdrawn and the top patch pop upwards with the rota-
tion of the customized self-closing hinges. The distance
between the top and bottom boards is maintained by the
rigid side PCB. The dimensions of the stored antenna array
are 15mm×240mm×260mm while the dimensions of the
deployed array are 20.5mm×480mm×520mm.
The deployment process degrades the reliability of the

electrical connectivity for two components. The first is
the flexible CPW transition and the second is the flexi-
ble probe. The flexible CPW transition’s reliability for the
electrical connectivity between the FPCB and rigid PCB is
improved by soldering and then applying polyimide tape on
the soldering joints. The improved flexible CPW transition is
bent 10 times and electrical connectivity is not affected. The

FIGURE 15. Deployment process of the antenna array. (a) Step 1. (b) Step 2.
(c) Step 3. (d) Step 4. (e) Fully deployed array.

flexible probe has similar degradation for the electrical con-
nectivity due to deployment process. After deployment, a few
of the flexible probes become disconnected from the bottom
boards. It is suspected that the soldering joints between the
flexible probes and feeding network on the bottom board are
weak. A possible solution is to increase the soldering area
of the flexible probe and the connecting feeding network of
the bottom board.
All the following measurement results are obtained after

deployment. The simulated and measured S parameters are
shown in Fig. 16. In the operating band (1.15 GHz to
1.35 GHz), the return losses of the two ports are both bet-
ter than 6 dB while the coupling isolation between the Port
1-Array and Port 2-Array is over 30 dB.
The simulated and measured radiation patterns at 1.1 GHz

and 1.35 GHz is shown in Fig. 17. The radiation patterns
in E-plane and H-plane are obtained when the two ports are
excited respectively. Their normalized cross-polarization is
below −20 dB.
As shown in Fig. 18(a), the simulated peak realized gains

of the two polarizations are 15.4 dBi and 15.3 dBi respec-
tively while the measured peak gains are 14.4 dBi and
14.1 dBi. The difference between the simulated and mea-
sured gains is due to the loss of the feeding network (over
1 dB), the connectors loss (0.2 dB), the loss of probes
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FIGURE 16. Simulated and measured S parameters (S11 corresponds to
Port 1-Array while S22 corresponds to Port 2-Array).

(0.05 dB) and the loss of flexible transition (0.03 dB). (To
speed up the simulation, the FPCB of the probes and the
flexible transition were not included.) The simulated and
measured insertion loss between Port 1-Array and Port X
of the feeding network (as marked in Fig. 9) is shown in
Fig. 19. When measuring the insertion loss, all the ports are
terminated with 50 � resistors except the measured ports. It
can be found that the measured loss of the feeding network
is over 1 dB higher than the simulated one. In addition, the
fabrication and the measurement errors could also lead to
difference in gain between simulation and measurement.
The simulated and measured aperture efficiencies are

shown in Fig. 18(b). In this article, the aperture efficiency
of an array antenna, AE, is defined as:

AE = Gr/
(

4 ∗ pi ∗ A/λ2
0

)
(1)

where Gr is the realized gain, A is the area of the antenna
aperture and λ0 is the free-space wavelength. The measured
efficiencies of the two ports is better than 47% and 50%
respectively.
More tests have also been conducted to check the antenna

performance with different deployment status. The first
parameter is the angle between the side PCB and the ground,
which is marked as α1 (refer to Fig. 14(a)). The ideal value
should be 90◦. The measured gain fluctuations of Port 1
versus the deviation of α1 at 1.25 GHz is shown in Fig. 20.
It can be found that the gain fluctuation is always within
± 0.2 dB. Another parameter is the angle between the bot-
tom PCB boards, which is marked as α2 (refer to Fig. 15(d)).
The ideal value should be 180◦. The measured gain fluctu-
ations of Port 1 versus the deviation of α2 at 1.25 GHz is
shown in Fig. 20. When the deviation is 10◦, the gain drop
is only 0.2 dB. While the 10◦ deviation is of low accuracy,
which can be easily avoided in the real world. Overall, our
design is not sensitive to the deployment status.
The comparison between the proposed antenna with

the state-of-the-art deployable patch antennas is made in
Table 2. It can be found that most of the deployable

FIGURE 17. The radiation patterns of the antenna array. (a) E-plane at 1.15 GHz
when Port 1-Array excited. (b) H-plane at 1.15 GHz when Port 1-Array excited.
(c) E-plane at 1.35 GHz when Port 1-Array excited. (d) H-plane at 1.35 GHz when Port
1-Array excited. (e) E-plane at 1.15 GHz when Port 2-Array excited. (f) H-plane at
1.15 GHz when Port 2-Array excited. (g) E-plane at 1.35 GHz when Port 2-Array excited.
(h) H-plane at 1.35 GHz when Port 2-Array excited.

patch antenna arrays are designed at higher frequency
[4], [24], [25], [26], [27] due to the physical size of the
patch antenna element. These working at L band or even
lower have two limitations [3], [23]. The first one is the
bandwidth. Foldable patch antenna arrays normally use thin
substrates and cannot achieve wide bandwidth. The other is
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FIGURE 18. (a) Simulated and measured gains. (b) Simulated and measured
aperture efficiencies.

FIGURE 19. Simulated and measured insertion loss of the feeding network.

the array size. The previous deployment methods support
antenna arrays with number of elements not larger than 8.
Our proposed deployable array has 16 elements while main-
tains 16% fractional bandwidth. A volume reduction of 80%
is achieved. In addition, our design achieves dual linear polar-
ization and has the potential to realize circular polarization
and polarization track if some other frontend devices are
added. If the feeding network is further optimized like using
multi-stage design and S11 of the array antenna can be
improved to be better than −10 dB.

V. CONCLUSION
In this paper, a deployable wideband differential-fed dual-
polarized high-isolation 4 × 4 patch antenna array is
proposed. Every element has two pairs of differential probe
feeds to excite two linear polarizations. The capacitive feed

FIGURE 20. (a) Measured gain fluctuations of Port 1-Array versus (a) α1. (b) α2.

TABLE 2. Comparisons between the proposed antenna with the state-of-the-art
deployable patch antennas.

is applied to improve the operational frequency bandwidth.
With the aid of the differential feed, the high isolation
between the two polarizations has been achieved. Two
Marchand baluns are properly arranged under the patch to
excite the two pairs of differential feeds without increasing
the antenna size. The customized hinge and the FPCB bridge
make the antenna array deployable. One deployable array
prototype is fabricated and tested. The operating band is
from 1.15 GHz to 1.35 GHz. The isolation between the two
polarization is over 30 dB. The peak gain of the two polar-
ization are 14.4 dBi and 14.1 dBi respectively. Its deployment
concept is presented. The size of the folded array is only
20% of the deployed one. Improvement can be made in the
next version for higher mechanical reliability.
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