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Abstract—In this paper, a four-port shared-aperture in-band full-
duplex (IBFD) antenna system is developed based on a novel common-
mode (CM) / differential-mode (DM) combination method. By combining
the CM and DM of two dual-polarized subarrays, each port of the
antenna system excites the entire aperture of the antenna array, leading
to the improved gain while maintaining the half-power beamwidth
(HPBW) at around 70 degrees. Besides, the intrinsic orthogonality of
the two modes leads to low coupling between ports. To verify the
proposed method, an IBFD array system, which consists of three modules
including differential-fed antenna array, hybrid couplers and power
dividers, is designed, fabricated, and measured to realize the shared-
aperture excitation from the four ports. Differential feed and decoupling
structures are employed to further increase the isolation between ports,
which is greater than 38 dB within the bandwidth of 3.3 - 3.8 GHz
(14.1%). The gains of all four ports are greater than 8 dBi with more
than 20 dB cross-polarization discrimination (XPD). The simulation and
experimental results demonstrate great potential of this work in the 5G
and beyond sub-6 GHz IBFD systems.

Index Terms—Four-port, dual-polarization, in-band full-duplex
(IBFD), common-mode (CM), differential mode (DM), sub-6 GHz.

I. INTRODUCTION

HE increasing number of wireless devices has resulted in a

growing problem of spectrum congestion. In-band full-duplex
(IBFD), which allows for simultaneous transmission (TX) and recep-
tion (RX) of signals in the same frequency, is a promising solution to
this issue. However, IBFD is challenging because of the significant
self-interference (SI) between TX and RX channels. Self-interference
cancellation (SIC) techniques provide an effective solution. The IBFD
antenna is the first line of defense against SI, as it can significantly
reduce the pressure and complexity of the subsequent SIC techniques
in the analog and digital domains [1], [2].

Recently, most existing IBFD antennas have a shared aperture
with two ports, one for TX and the other for RX, which can
be classified into two categories. As shown in Fig. 1(a), the first
type is two-port cross-polarized IBFD antennas, which feature TX
and RX ports with orthogonal polarizations [3]-[5]. Additionally,
differential feeding can be used to further improve the isolation
between polarizations [6]—[9]. The other type is two-port co-polarized
IBFD antennas that have both TX and RX ports with the same
polarization, as shown in Fig. 1(b). This configuration poses greater
challenges due to significant coupling between the two ports with
identical polarizations. Additionally, the shared aperture restricts the
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Fig. 1. Schematic diagrams of (a) two-port cross-polarized IBFD system, (b)
two-port co-polarized IBFD system, (c) four-port separated-aperture IBFD
system, and (d) four-port shared-aperture IBFD system in this work.

feasibility of employing decoupling techniques that would normally
require additional space. Plenty of effective and interesting methods
have been proved effective on this issue, such as isolation feed
network consisting of circulators and/or hybrid couplers [10]-[13],
antenna modes analysis including eigenmode [14] or characteristic
mode [15], [16].

However, these two-port IBFD antennas offer only a single polar-
ization for either TX or RX, whereas maximizing spectral efficiency
requires polarization diversity. Therefore, a more effective IBFD
system should include four channels, each with two orthogonal
polarizations for both TX and RX. This configuration is significantly
more complex than addressing SI between two ports, as the coupling
between different ports involves distinct mechanisms that must be
simultaneously addressed using different methods [17]. Although
several studies have attempted to address this issue [18]-[21], their
performance remains limited. The effectiveness of the SIC techniques
in these works heavily depends on the perfect symmetry of the feed
network and the balance of component characteristics. Furthermore,
while one study successfully realized a four-port shared-aperture
IBFD antenna [18], the radiation patterns of the four ports differed,
which is undesirable for most applications.

In this paper, it is the first time that a four-port shared-aperture
IBFD antenna array with consistent radiation patterns is achieved
by employing a novel common-mode (CM)/differential-mode (DM)
combination method. Compared to our previous work [21] with
a separate aperture design, the shared-aperture antenna system is
more challenging, as the spacing between TX and RX antennas
is regarded as “0”. However, it achieves better performance by
improving the aperture utilization efficiency from 50% to 100%.
This shared-aperture design enables full aperture excitation in any
of the four modes, markedly increasing gain while maintaining the
half-power beamwidth (HPBW). Additionally, this work leverages
two orthogonal modes to enable high isolation between antenna
ports, eliminating the need for complex decoupling structures or
networks. This enhances the system’s robustness against variations
in component performance. The proposed IBFD antenna is designed,
fabricated, and measured, and it supports simultaneous transmission
and reception in both polarizations from 3.3 to 3.8 GHz (14.1%).
The isolation between any two ports is greater than 38 dB.

II. THE PROPOSED CM AND DM COMBINATION METHOD
A. Initial four-port IBFD subarray

Fig. 2(a) depicts a schematic diagram of the initial version of
the proposed IBFD antenna system having four isolated ports. The
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Fig. 2. Schematic diagrams and output phases of the network of (a) the initial version and the (b) the final version of the four-port IBFD antenna system.
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Fig. 3. Radiation patterns of four-port IBFD subarray in the xoz-plane.

subarray system comprises two dual-polarized patch antennas and two
180° hybrid couplers to excite the VP and HP, respectively, of the
patch array. When exciting the sum (X) or differential (A) port of a
coupler, i.e., P1-P4, the output phases of the network are given in the
table, and the patch array is excited in either CM or DM, respectively.
In summary, the four ports of the proposed system provide four
different operation modes, i.e., VP-CM, VP-DM, HP-CM, and HP-
DM. The high isolation between the sum and differential ports of the
couplers results in a high isolation between the CM and DM modes.
Additionally, the VP and HP modes are inherently isolated due to
their polarization orthogonality. Therefore, the couplings between
the four ports shown in Fig. 2(a) are naturally low in this simple
arrangement, which provides a good starting point for the subsequent
decoupling efforts.

Despite the preferable high isolation of the subarray, the radiation
patterns pose a problem. As shown in Fig. 3, the radiation patterns
of the four modes significantly differ from each other, which is
undesirable for practical applications. To be specific, the CM modes
radiate a boresight radiation beam, while the DM modes produce two
split beams. Notably, the spacing between elements is about 1.2 A,
which leads to grating lobes of the array factor at approximately £90
degrees in CM. However, the element factor of the patch antenna
exhibits low gain at those angles. As a result, the final radiation
pattern of the proposed two-element array does not have grating lobes
but instead shows side lobes, as shown in Fig. 3. The difference
between VP-CM and HP-CM, as well as VP-DM and HP-DM, in
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Fig. 4. Current distributions and combined radiation pattern of the proposed
IBFD array system when operating in one combined mode.

the radiation patterns arises from the intrinsic disparity between the
radiation patterns of the xoz-plane and yoz-plane for a patch antenna,
as shown in Fig. 9(b). Additionally, for VP and HP excitation, the
arraying planes differ. Specifically, the VP elements are arrayed along
the E-plane, while the HP elements are arrayed along the H-plane.

B. Four-port IBFD antenna system with consistent patterns

To address this issue with the radiation patterns, the CM and DM
combination method is proposed, as shown in Fig. 2(b). This system
utilizes two subarrays that have been appropriately combined. The
main concept is to ensure that any of the four ports excites the two
subarrays simultaneously, one in CM mode and the other in DM
mode, producing four similar and boresight radiation patterns.

As shown in Fig. 2(b), the IBFD antenna system consists of
three modules arranged from right to left. The first module employs
two 1x2 patch arrays placed side-by-side. Compared to the patch
antennas in the subarray that utilize single feeding, the patch antennas
in the array system use differential feeding to enhance the isolation
between the two polarizations. In total, there are eight ports (A/-A4
and BI-B4) on the four patch antennas to differentially excite them
in two polarizations. The eight ports are connected to the outputs
of four 180° hybrid couplers in the second module. The output
phases are shown in the table. When any of the eight input ports
in the second module are excited, the antenna system operates in
eight distinct “singular modes”. The third module, which contains
four power combiners, combines the eight “singular modes” into four
“combined modes” that simultaneously activate both subarrays.

Specifically, when ports 1 — 4 of the array system are activated, the
generated “combined modes” are VP-CMI1+DM2, VP-CM2+DM]1,
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Fig. 5. Radiation patterns of the proposed IBFD array system in the xoz-
(black lines) and yoz- planes (red lines) when operating in the four combined
mondec
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Fig. 6. Adding amplitude and phase errors (Ae and Pe) to the outputs of the
employed components in the three modules.

HP-CM1+DM?2, and HP-CM2+DM]1. Fig. 4 illustrates current dis-
tributions and combined radiation pattern of the proposed IBFD
array system when operating in HP-CM1+DM?2 as an example. Each
“combined mode” activates one vertical subarray in CM and the other
in DM, which compensate each other. The corresponding radiation
patterns for each mode are shown in Fig. 5. It is worth noting that
the radiation patterns in the yoz-plane also have similar characteristics
due to the geometrical symmetry of the antenna array. The proposed
antenna system exhibits CM + DM patterns in both the xoz- and yoz-
planes, which is crucial for maintaining consistent radiation patterns
when exciting different ports.

Note that although opposite phase excitation of one patch in
our proposed mode combination method will lead to gain loss at
the broadside direction, resulting in the deterioration on aperture
efficiency compared to the array in uniform phase, this design aims
to provide a wide beam for coverage rather than maximizing the gain,
which can be particularly important in some applications, such as base
stations. Besides, the shared-aperture configuration achieves 100%
spatial utilization, whereas the separate-aperture configuration only
excites half of the aperture at a time. This is the key advantage of the
shared-aperture scheme compared to the separate-aperture scheme.

C. Tolerance to amplitude and phase errors of components

The proposed CM/DM combination method primarily leverages
the naturally high isolation between HP and VP, as well as between
CM and DM. As depicted in Fig. 2(b), Modules 2 and 3 are directly
interconnected, forming the feed network of the shared-aperture array.
This feed network’s sole purpose is to facilitate the simultaneous
excitation of the four orthogonal operational modes, rather than
striving for balanced SIC. Consequently, it imposes considerably
less stringent demands on component performance. To demonstrate
the method’s robustness to potential amplitude and phase errors in
the employed components, including the hybrid couplers and power
combiners, as shown in Fig. 6, we introduced additional amplitude
attenuation and phase shifts (Ae and Pe) at one of the two outputs
of these components to assess their effects on the system’s isolation
performance. It is worth noting that when considering the errors in
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(a) Module 2, and (b) Module 3.

Bl

a b

Fig. 8. (a) Perspec(tizfe view and (b) bottom view of the Eli%ferential—fed patch
antenna element. (Dimensions: La = 32 mm, Ls = 36 mm, Xc = 18 mm, Ha
= 8§ mm)
one module, it is assumed that the errors of each component are the
same, and the other modules are error-free for the sake of a clearer
comparison. The simulation results, considering these imbalances in
Modules 2 and 3, are presented in Figs. 7(a) and 7(b), respectively.

As depicted in Fig. 7, the isolations between the four IBFD
channels remain highly stable, even in the presence of substantial
amplitude and phase imbalances. Only potential imbalances in the
hybrids in Module 2 can affect S21, which is the coupling between VP
ports. It should be noted that S43 , which is the coupling between HP
ports, has similar performance due to the symmetrical structure. How-
ever, the hybrids designed in this work exhibit minimal amplitude and
phase errors, thereby minimizing this risk. This system demonstrates
much stronger robustness compared to all other cancellation-based
IBFD antenna systems, including our previous work [21].

III. IMPLEMENTATION OF THE IBFD ANTENNA SYSTEM
A. Differential-fed antenna element

Figs. 8(a) and 8(b) show the configurations of a single differential-
fed antenna element utilized in the IBFD antenna system, which is
similar to the one in [21]. The two pairs of feeding ports differentially
excite the VP and HP of the patch antenna, respectively. The entire
cables pass through the metal ground plane and the outer conductors
are connected to the ground plane of differential power divider on
Sub 2 that is an Arlon AD440 substrate with a dielectric constant
of 4.4 and a height of 0.762 mm. Fig. 8(b) depicts the configuration
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Fig. 10. Configuration of the antenna array with supplementary decoupling
structures among patches. (Dimensions: Lt = 200 mm, Lm = 65 mm, Ld =
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Fig. 11. Current distribution of a subarray at 3.5 GHz when the left patch
is excited in HP. (a) Conf. 1: without decoupling structures. (b) Conf. 2: with
metal baffles. (¢c) Conf. 3: with metal baffles and DGSs. (d) Conf. 4: with
baffles, DGSs, and cross-shaped walls.
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of the differential power divider, which is based on a conventional
T-junction power divider [22] with an additional half-wavelength in
one branch to introducing a 180° phase difference.

The simulated S parameters of the patch antenna element are
presented in Fig. 9(a). It covers an impedance bandwidth of 3.3 —
3.8 GHz for both the HP and VP modes. The isolation between the
two polarizations is more than 40 dB within the operation band. Fig.
9(b) depicts the radiation patterns of the VP mode at 3.5 GHz, which
exhibit a broadside and symmetrical shape.
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B. Antenna array with supplementary decoupling structures

As illustrated in Fig. 10, the antenna array comprises four in-
dividual patches and incorporates additional decoupling structures,
including metal baffles, defected ground structures (DGSs), and cross-
shaped walls, aimed at enhancing isolation among the patches. Note
that the distance between elements is larger than one wavelength,
which is to enhance the gain of the array while maintaining the
HPBW at around 70 degrees. Additionally, this increased spacing
is utilized to accommodate additional decoupling structures.

These supplementary structures serve to provide superior shielding
for the patch elements, effectively mitigating space waves and surface
currents that lead to unwanted couplings. To demonstrate the efficacy
of these structures, Fig. 11 showcases the current distribution within a
subarray when one patch is excited under various loading conditions.
In Fig. 11(a), the absence of these decoupling structures (Conf. I)
results in strong induced currents on the right patch when the left
element is excited. With the inclusion of metal baffles (Conf. 2), Fig.
11(b) indicates significantly reduced current density on the right patch
compared to Conf. 1. DGSs are introduced at positions with the most
significant surface currents in Conf. 3. As depicted in Fig. 11(c), the
surface currents are effectively trapped within the DGSs, resulting in
a significant reduction in coupling between the two patches. Conf.
4 incorporates cross-shaped walls, which markedly suppress cross-
polarized coupling, as shown in Fig. 11(d).

The decoupling achieved between the antenna elements translates
into improved isolation between the four ports of the IBFD antenna
system shown in Fig. 2(b). Fig. 12 provides a comparison of
transmission coefficients between the four ports with and without
the inclusion of these decoupling structures. As demonstrated in the
figure, these decoupling structures effectively eliminate all couplings,
with a particularly significant impact on Si2.

C. 180° hybrid coupler

Fig. 13 illustrates the configuration of the designed coupler in
the second module, which is similar to the one used in [21]. The
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simulated S parameters of the coupler are shown in Fig. 14, covering
a wide bandwidth of 3 — 4 GHz with reflection coefficients < -10
dB. The isolation between the sum and differential ports is > 52 dB,
and the transmission coefficients from port 1 to the output ports and
from port 2 to the output ports are 3.3 dB and 3.8 dB at 3.5 GHz,
respectively, remaining stable within the bandwidth. The maximum
insertion loss is less than 0.9 dB. As Fig. 14(b) reveals, amplitude
and phase imbalances at the two outputs when fed from ports 1 and
2 are within 0.015 dB and 0.1°, respectively.

D. Power combiner

In the third module, four power combiners are required to combine
the CM and DM of two subarrays, as shown in Fig. 2(b). The
configuration of the designed power combiners is illustrated in Fig.
15(a), where two single traditional T-shape combiners are integrated
into one thin substrate with a dielectric constant of 4.4 and a height of
0.762 mm. The simulated results in Fig. 15(b) demonstrate that both
power combiners have good impedance matching within the 3 — 4
GHz bandwidth. The insertion loss is consistently below 0.2 dB, and
amplitude and phase imbalances are minimal at 0.01 dB and 0.07°,
respectively, and the isolation between the two combiners is greater
than 65 dB, indicating minimal interference between them.

IV. EXPERIMENTAL RESULTS

As illustrated in Fig. 16, the three modules are fabricated and
assembled into a four-port IBFD antenna system. Subsequently, the
antenna system undergoes testing in an anechoic chamber.

The simulation and measurement results of the S parameters of the
antenna system are plotted in Fig. 17. In general, the measured results
agree very well with the simulated ones. The measured bandwidth of
all ports can cover the bandwidth of 3.3 - 3.8 GHz. The measured
transmission coefficients between the ports with the same polarization
(S12 and S34) are < -38 dB. Furthermore, the measured transmission
coefficients between the ports that excite the orthogonal polarizations
(S13, S24, S14, and S23) are < -40 dB. To summarize, the proposed
IBFD antenna system provides isolation > 38 dB between any two
ports within the desired 5G sub-6 GHz application bandwidth of 3.3
- 3.8 GHz (14% fractional bandwidth).

Fig. 18(a) shows the simulated and measured gains of all ports.
The measured gains are more than 8 dBi with the maximum gain
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Fig. 19. Simulated and measured radiation patterns of the IBFD antenna
system at 3.5 GHz when exciting the four different ports.

of 10 dBi. The measured gains are slightly lower than the simulated
ones due to losses introduced by the connection cables. As shown in
Fig. 18(b), the envelope correlation coefficient (ECC) between P1 and
P2 is < 0.05, which is beneficial for multiple input multiple output
(MIMO) system. The low ECC, unlike the result in [18], is due to the
excitation of two pairs of orthogonal modes. In Fig. 19, the radiation
patterns of all ports at 3.5 GHz are illustrated, where all patterns are
broadside and quite similar when exciting different ports. Notably,
the HPBWs of all ports are 70 £ 5 degrees within the operation
bandwidth, which is comparable to a single element, ensuring the
coverage capability. Besides, due to the employed differential feeding,
the cross-polarization discrimination (XPD) is larger than 20 dB for
all ports.

There are only a couple of papers that aimed at achieving four
channels as this work and a comparison is made in Table 1. As
demonstrated in the table, the performance achieved by the proposed
IBFD antenna system is better than or comparable with that of
the state-of-the-art works. Unlike other methods that depend on the
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TABLE I
COMPARISON WITH STATE-OF-THE-ART IBFD ANTENNAS WITH FOUR CHANNELS
Uniform
The . . Radiation Shared
Ref. iiftho ds Num. Polarizations Bandwidth (((;1?;3 dBic) éll;l)) z(s;;;;ltmn Patterns When  Aperture of
of Ant. Exciting All Ports
Different Ports
TX: two CPs
[18] PO,IFN 1 RX: two CPs 2 — 8 GHz (120%) >3 NG > 27 No Yes
TX: 2 TX: two CPs
[19] PO.IFN RX: 2 RX: two CPs 6.0 — 6.4 GHz (6.45%) > 78 > 10 > 38 Yes No
TX: 4 TX: two CPs TX: > 4
[20] IFN, NFC RX: 1 RX: two CPs 0.8 — 3 GHz (116%) RX: > -5 >5 > 17 No No
TX: 1 TX: +45° pols
[21] PO, IFN, DS RX: 1 RX: +45° pols 3.3 - 3.9 GHz (16.6%) > 6.2 > 18 > 39 Yes No
PO, IFN, TX: 1 TX: VP + HP
Proposed DS, CDC RX: 1 RX: VP + HP 3.3 - 3.8 GHz (14.1%) > 8 >20 > 38 Yes Yes

PO: polarization orthogonality; IFN: isolation feed network; NFC: near-field cancellation; DS: decoupling structure;
CDC: CM and DM combination; XPD: cross-polarization discrimination = co-pol radiation/cross-pol radiation; NG: not given.

precision of the cancellation network, such as the approach in our
previous work [21], this method employs only basic components like
power dividers and hybrid couplers, with less stringent performance
requirements for these components. Furthermore, this is the first
realization of a four-channel IBFD system on a shared-aperture with
consistent radiation patterns across all ports. This shared-aperture
configuration not only improves the gain—from > 6 dBi in the
previous separate-aperture design [21] to > 8 dBi in this work—but
also preserves the HPBW of the radiation pattern. Additionally, the
XPD of this work is the largest among these papers, indicating the
strong anti-interference capability to the other polarization.

V. CONCLUSION

In this paper, a four-port IBFD antenna array system based on CM
and DM combination is proposed, which consists of three modules.
The first module is a 2 x 2 patch antenna array where each element
has two pairs of differential ports for VP and HP, respectively. In the
second module, four 180° hybrid couplers are used to excite two 1 X
2 subarrays with CM and DM in VP and HP, respectively. Finally, the
power combiners in the third module combine the CM and DM of two
subarrays. By connecting all the modules, the designed dual-polarized
IBFD system achieves more than 38 dB isolation between any two
ports from 3.3 GHz and 3.8 GHz. Furthermore, each port excites the
whole array aperture and exhibits similar radiation patterns, making
the system a compelling candidate for a wide range of 5G sub-6 GHz
applications and is particularly beneficial for base stations due to its
coverage capabilities.
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