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Abstract—An in-band full-duplex (IBFD) antenna system hav-
ing four ports with good self-interference cancellation (SIC) is
presented in this paper. Two of the four ports provide +45◦-
polarized radiation and the other two generate −45◦-polarized
radiation. Every port of the proposed antenna is well isolated
from the other three ports, enabling simultaneous transmitting
and receiving with both two polarizations. To achieve this
goal, three different types of couplings need to be addressed
simultaneously. In this work, a novel isolation feed network is
proposed, which is the first of its kind that can achieve three
targets at the same time, i.e., feeding the antenna differentially,
forming the original horizontal and vertical polarizations into
±45◦ polarizations, and cancelling out the reflected and coupled
signals between the transmitting (TX) and receiving (RX) ports.
Then, a double-antenna IBFD system with four isolated channels
is attained by combining the proposed feed network, defected
ground structure (DGS), cross-shaped walls, and metal baffles,
which effectively mitigated all the three types of couplings at the
same time. The double-antenna system has high isolations of >
39 dB between any two of the four ports from 3.3 to 3.9 GHz.
The four radiation patterns obtained by exciting the four ports
are very similar to each other and are stable with frequency,
which makes it an excellent candidate for 5G sub-6 GHz IBFD
applications.

Index Terms—Dual-polarization, four isolated ports, in-band
full-duplex (IBFD), isolation feed network, self-interference can-
cellation (SIC).

I. INTRODUCTION

AS more and more wireless devices need to operate at
different frequency bands to avoid interferences, spec-

trum has become a scarce and precious resource. In-band
full-duplex (IBFD) has drawn great interests and attentions in
both academics and industries [1]–[4], as it can theoretically
double the spectrum efficiency compared with traditional half-
duplex (HD) transmission techniques, i.e., time-division du-
plex (TDD) and frequency-division duplex (FDD). However,
the realization of IBFD poses a great challenge, i.e., how to
minimize the tremendous self-interference (SI) between the
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transmitting (TX) and receiving (RX) ports. Self-interference
cancellation (SIC) techniques are promising solutions to re-
duce the SI and enable IBFD. They can be implemented
in the digital-domain, analog-domain, and/or antenna-domain.
Among them, reducing the SI in the antenna-domain is the
first defense barrier and it has a much lower cost compared to
those in the digital- and analog-domains. The SIC approaches
in the antenna-domain are usually passive methods thus they
are not as powerful as the active methods in the other domains.
However, maximizing the performance of passive SIC can
significantly alleviate the complexity and pressure of the next
active SIC circuits or algorithms, which can greatly reduce
the overall cost of the entire IBFD system [5]. Therefore, an
antenna system with high isolation between the TX and RX
ports are critical to the IBFD wireless communication. Besides
the isolation, there are also several other critical factors for an
antenna system to be suitable for IBFD application, e.g., size,
bandwidth, radiation pattern, gain, etc.

A straightforward method to attain two isolated signal
channels for IBFD is to employ two independent antennas, i.e.,
one for TX and the other for RX, and physically separate them
as much as possible [6]. However, this traditional approach
is not preferred as the performance is limited and the size
can be quite large. To maintain a compact size of antenna,
many SIC techniques have been reported and they can be
generally classified into two categories, i.e., multiple-antenna
and single/shared-antenna systems, depending on the number
of antennas employed.

Similar to that of the traditional antenna separation, the
SIC techniques utilizing multiple antennas have one or more
antennas work as TX antennas and the others work as RX
antennas. But these techniques are able to reduce the couplings
between the TX and RX antennas despite the close proximity
between them. Decoupling structure/network is a very pop-
ular kind of methods to effectively improve the isolation in
multiple-antenna systems. It can suppress the coupling wave
by introducing an additional coupling path with opposite phase
to cancel out the original coupling, such as defected ground
structure (DGS) [7], wave trap structure (WTS) [8], high
impedance surface (HIS) [9], frequency selective surface (FSS)
[10], antenna decoupling surface (ADS) [11], and neutraliza-
tion line (NL) [12]. On the other hand, high isolation can be
also acquired by elaborately locating the TX/RX antenna at
the near-field null of the RX/TX antennas with specific phase
excitations, which is known as near-field cancellation [13]–
[15].

Compared to multiple-antenna IBFD systems, single/shared
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antenna IBFD systems are more preferred in many modern
communication platforms where different kinds of antennas
are collocated in a constrained space to enable multifunction
[16] . This is because the single/shared IBFD systems use less
antenna elements, which saves space for antenna installation
and alleviates unwanted couplings with other antennas. The
most commonly seen implementation is various kinds of
dual-polarized antennas which make use of the inherent high
isolation between the two orthogonal polarizations [17]–[23].
The isolation between the two polarizations can be further
enhanced by using differential feed, e.g., an extremely high
isolation of 80 dB was achieved in [24] by exciting the TX
mode through a single-fed patch while realizing the RX mode
through another adjacent differential-fed patch. Besides the
dual-polarized antennas, one could also excite two orthogonal
modes on a single antenna, such as the two characteristic
modes with 58 dB isolation in [25], the even and odd modes
with 50 dB in [26], and the common and differential modes
in [27], [28]. In [29], by exploring a shared aperture cavity-
like structure with two highly orthogonal modes (quarter-
wavelength slot mode and half-mode cavity mode), high
isolation between the TX and RX ports was realized. These
aforementioned single/shared antennas always use one polar-
ization for TX and the other one for RX. In fact, a single-
polarized antenna can also generate two isolated signal paths
by utilizing circulators in its feed network [30]–[32]. However,
the imperfection of the circulators usually leads to deteriorated
performance in practice. There are also some works [33]–
[35] using only hybrid couplers to cancel unwanted signals
at RX port, realizing high isolation between the two single
paths having the same polarization.

Since simultaneous transmission and receiving can be at-
tained using one antenna with one polarization or two orthog-
onal polarizations, it occurred to us that one may generate
four signal paths that are well isolated from each other (two
channels for each polarization) and any two of them can be
regarded as TX and the other two are for RX. This way, the
spectrum efficiency can be maximized and the polarization
diversity can combat the multi-path effect. To achieve this
goal, three types of couplings need to be suppressed simul-
taneously, which are the cross-polarization coupling between
the two ports of the same antenna, the co-polarization coupling
between adjacent antennas, and the cross-polarization coupling
between adjacent antennas. The three types of couplings are
defined as type I, type II, and type III couplings, respectively.
Compared to those two-channel IBFD systems that focus only
on one type of coupling (type I or type II), this target is
much more challenging. There are a few attempts published
in the literatures, but their performance is limited [36]–[38].
For example, the bandwidth is only 6.45% in [37] and the
worst isolation is only 27 dB and 17 dB in [36] and [38],
respectively.

In this paper, a compact IBFD antenna system with four
isolated channels is proposed for cellular base station applica-
tion. Three types of couplings are addressed in a holistic way
using a new multifunctional isolation feed network and some
existing monostatic and bi-static cancellation approaches. We
firstly designed a dual-polarized patch antenna, which is fed

(a) (b)

Fig. 1. Antenna configuration. (a) Perspective view. (b) Front view of the
patch. (Dimensions : Lg = 100 mm, Ls = 42 mm, Lp = 30 mm, Xc = 9 mm)

differentially to ensure a high degree of symmetry to facilitate
the SIC. A novel isolation feed network is developed to
differentially feed the antenna and to combine the original
horizontal and vertical polarizations into ±45◦ polarizations
for base station applications. More importantly, the isolation
feed network is able to cancel out the signal couplings and
reflections caused by imperfections, alleviating the type I cou-
pling. It is the first single antenna IBFD system that achieves
±45◦ polarizations by combining the H/V polarizations rather
than rotating the naturally square patches, which reduces the
edge-to-edge distance between adjacent antennas when used
in array and thus mitigates the type II and III couplings. Then,
based on the proposed single antenna element, a 1 × 2 antenna
array is constructed that has four isolated ports. Additional
DGS, cross-shaped walls, and metal baffles are introduced to
further reduce the type II and III couplings without deteriorat-
ing the type I coupling. The obtained double-antenna system
enables simultaneous transmission and receiving in both the
two polarizations across a wide bandwidth from 3.3 to 3.9 GHz
(16.6%) with the isolations among any two ports are >39 dB.
Both the single-antenna and the double-antenna systems are
compared to the comparable state-of-the-art works to illustrate
their superiority.

II. ANTENNA ELEMENT

Fig. 1(a) gives the perspective view of the proposed antenna
element, which consists of a square patch radiator, a reflector,
and two pairs of coaxial cables for differential feeding. The
square patch is printed on the top of the substrate Arlon AD440
with a dielectric constant of 4.4, a loss tangent of 0.005, and
a thickness of 1 mm. The substrate is mounted above the
reflector with the height of h = 8 mm to enhance the operation
bandwidth of the patch antenna. Four nylon screws are used
to support the substrate. The inner and outer conductors of the
cables are connected to the patch and the reflector, respectively.
The front view of the radiator is shown in Fig. 1(b). Two pairs
of cables are connected to the patch and the distances between
any feed port and the center of the square are identical, i.e.,
Xc = 9 mm.

Note that the antenna is designed to be fed differentially to
provide good symmetry and to suppress the cross-polarization
radiation, which assists with the decoupling but poses a
challenge to the design of its feed network. By feeding ports
1 and 3 differentially, horizontal-polarized radiation can be
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Fig. 2. The current distribution on the patch for the +45◦° polarization and
−45◦ polarization.
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Fig. 3. (a) Geometry of two ±45◦-polarized antenna arrays employing two
square patch antennas without and with the 45◦ rotation. (b) The type II (S′

13)
and III (S′

14) couplings between the adjacent patches for the two geometries.

attained; by feeding ports 2 and 4 differentially, vertical-
polarized radiation can be obtained. As shown in Fig. 2,
in this work, the two pairs of differential ports are excited
simultaneously with the same or opposite phases to get ±45◦

polarizations for base station applications.
It’s worth to mention that the ±45◦-polarization can also

be attained by rotating a naturally H/V-polarized square patch.
However, as shown in Fig. 3, the rotation of the elements can
lead to larger size and stronger couplings between adjacent
antennas (type II and III couplings) when used in arrays. It
can be easily found in Fig. 3(a) that, with the same centre-to-
centre distance, the antenna array without rotation occupied
40% less space compared to the rotated array. Meanwhile, the
edge-to-edge spacing of the array without rotation is much
larger than that of the rotated array, which leads to lower type
II and III couplings as illustrated in Fig. 3(b).

The simulated reflection coefficients and realized gains of
the proposed antenna element (with ideal feeding) are depicted
in Fig. 4. The S′

11 and S′
22 represent the reflection coefficients
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Fig. 4. Simulated reflection coefficients and realized gains of the dual-
polarized antenna element.

of the +45◦ polarization and −45◦ polarization, respectively.
Due to the symmetry, the reflection coefficients as well as
the realized gains of the two polarizations are identical. S′

12

is the transmission coefficient between the two polarizations.
The coefficients were calculated in the following equations.

S′
11 = (Sdd11 + Sdd12 + Sdd21 + Sdd22)/2 (1)

S′
22 = (Sdd11 − Sdd12 − Sdd21 + Sdd22)/2 (2)

S′
12 = (Sdd11 − Sdd12 + Sdd21 − Sdd22)/2 (3)

where Sdd is the differential S parameter matrix in a dual-
polarized differential antenna, which can be expressed as [39]:

Sdd =
[

S11 − S31 − S13 + S33 S12 − S32 − S14 + S34

S21 − S41 − S23 + S43 S22 − S42 − S24 + S44

]
(4)

As shown in Fig. 4, both the ±45◦ polarizations cover a
bandwidth of 3.29 – 3.76 GHz with a realized gain around
10 dBi and the isolation between them is > 65 dB. Although
theoretically the isolation between the two polarizations of the
patch antenna is very high, a feed network is required to excite
the antenna in a proper way, which will inevitably deteriorate
the isolation.

III. ISOLATION FEED NETWORK

A. Configuration and working mechanism

Fig. 5 shows the configuration of the isolation feed network
and illustrates how the feed network is connected to the
antenna and excites the ±45◦ polarizations. The network
consists of four identical 180° hybrid couplers and has four
input and four output ports. The four output ports (P1 to P4)
are connected to the four coaxial cables of the patch antenna.
As shown in the figure, only two of the input ports are used
while the other two are loaded with 50 Ω resistances. Bear in
mind that an input signal at the sum (Σ) or differential inputs
(∆) of the hybrid coupler leads to in-phase or out-of-phase
outputs, respectively, with equal amplitudes. By exciting any
of the two input ports of the feed network, the input signal
is split into the four outputs evenly but with different phase
relationships. For example, when the TX port is excited (the
signal path is labelled by red solid arrows), the phases at ports
1 to 4 are 0°, 0°, 180°, and 180°, respectively, leading to
a +45◦-polarized radiation. Similarly, when the RX port is
excited (the signal path is labelled by blue solid arrows), the
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Fig. 5. Configuration of the isolation feed network and illustration of the
signal paths.

phases at ports 1 to 4 are 0°, 180°, 180°, and 0°, respectively,
exciting a −45◦-polarized radiation.

More importantly, the proposed isolation feed network also
has an ability to reduce the coupling between the TX and RX
ports and its working mechanism is illustrated in Fig. 6. The
red solid arrows represent the incident signal from the TX
port. Ideally, the TX signal will all flow into the antenna and
then radiate, thus there will be no signal going back to the
RX port so that the isolation between the TX and RX ports is
infinite. However, in reality, the antenna mismatching and the
coupling between the sum and differential ports of the couplers
could significantly decline the performance. In this work, the
proposed isolation feed network is capable of self-cancelling
the couplings caused by these imperfections.

The first imperfection that causes self-interference is the
impedance mismatching between the feed network and the
antenna, which will introduce extra reflection signals flowing
into the RX port. The signal flow of the reflection is high-
lighted using blue dash arrows in Fig. 6. As shown in the
figure, due to mismatching, there will be four signals (M1 –
M4) reflected from the antenna port and going back into the
second-stage hybrid couplers, i.e., Couplers 3 and 4. Since the
configuration is symmetric, it is assumed that the four ports
have the same reflection ratio. The reflected signals M1 – M4
can be calculated using

M1 = αB1,M2 = αB2,M3 = αB3,M4 = αB4 (5)

where α is the reflection ratio between the antenna’s input
ports and the network’s output ports. After passing through the
second-stage couplers, M1 – M4 combined at the differential
ports of Couplers 3 and 4 and turned into N1 and N2, where

N1 = M1ej180
◦
+M2 = M2−M1 = α(B2−B1)

N2 = M3ej180
◦
+M4 = M4−M3 = α(B4−B3)

(6)

Fig. 6. Diagram of the signal flow in the single-antenna system.

By comparing Fig. 5 and Fig. 6, it can be found that B2 =
B1, B3 = B4 = B1ej180

◦
. Therefore, N1 and N2 are both

0. Thus it can be concluded that the reflection signals are
cancelled out after passing through the second-stage couplers.
Note M1 – M4 also combine at the sum ports of Couplers
3 and 4, but the resultant signals will not enter the RX port,
thus having no effect to the isolation between the TX and RX
ports.

The second imperfection considered here is the coupling
between the sum and differential ports of the two second-stage
couplers, which are illustrated as green dash arrows L1 and
L2. The same couplings of the two first-stage couplers will
not affect the isolation between the TX and RX ports, thus
they are not discussed here. The coupling signals L1 and L2
can be obtained as

L1 = βA1, L2 = βA2 (7)

where β represents the coupling coefficient between the sum
and differential ports of the couplers, and A1 and A2 are the
output signals of the differential input port as shown in Fig.
6. Note A1 and A2 have the same amplitude and are out-of-
phase:

A1 = A2ej180
◦
= −A2 (8)

The coupling signals L1 and L2 need to pass through Coupler
2 to enter the RX port. The signal received at the RX port can
be calculated as

R2 = L1 + L2 = βA1 + βA2 = 0 (9)

This indicates that the interferences caused by the couplers
can also be neutralized by this isolation feed network.

We remark that this feed network is the first one that
can hit three birds with one stone, i.e., providing differential
feeding for an antenna with four ports, combining the initial
horizontal and vertical polarizations into ±45◦ polarizations,
and cancelling out signal reflection and coupling.
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(a)

(b)

Fig. 7. Configuration of the 180° hybrid coupler. (a) Disassembled view. (b)
Layout view.

B. Hybrid coupler

Although the proposed isolation feed network can eliminate
the negative effect introduced by the couplings between the
sum and differential ports of the couplers, it exaggerates
the performance degradation resulted from the amplitude and
phase errors between the couplers’ output ports. Therefore,
the performance of the couplers, especially the amplitude
and phase errors, is critical to system performance. The 180°
hybrid couplers used in this work were designed based on
microstrip-to-slotline transformer and slotline resonator fol-
lowing the principle described in [40], [41]. As shown in Fig.
7(a), the coupler consists of two substrates, i.e., Sub 1 and
Sub 2, both of which have the dielectric constant of 4.4 and
the height of 0.762 mm. The sum mode transmission lines
(highlighted in red) and the differential mode transmission
lines (highlighted in green) are printed on the top layer of
Sub1 and on the bottom layer of Sub 2, respectively. Between
Sub 1 and Sub 2 is the ground layer with a slotline that is
used to offer differential signals. The detailed dimensions are
given in Fig. 7(b). Note that port 1 is the sum port, port 2 is
the differential port, and ports 3 and 4 are the output ports.
The simulated S parameters of the coupler are given in Fig. 8.
As shown in Fig. 8(a), the coupler covers a wide bandwidth
of 3 – 4 GHz with the reflection coefficients <-10 dB. The
isolation between the sum and differential ports is >52 dB
thanks to the slotline that separates the sum and differential
signals [40]. 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 and they are stable within
the bandwidth. The maximum insertion loss is less than 0.9
dB. As revealed in Fig. 8(b), the phase differences at the two
outputs when feeding from ports 1 and 2 are about 0° and

(a) (b)

Fig. 8. Simulated results of the proposed coupler. (a) S parameters. (b) Phase
differences at the outputs.

Fig. 9. Dissembled view of proposed feed network with four couplers.

180° with extremely small errors.

C. Prototype and measurement

Fig. 9 presents the layout of the isolation feed network con-
structed by the couplers designed in the previous subsection.
Similar to the couplers, the isolation feed network has two
substrate layers and three metal layers. The four couplers are
connected quasi-symmetrically to minimize the amplitude and
phase errors that might deteriorate the system performance. In
specific, Couplers 3 and 4 are placed symmetric with respect to
the y-axis, while Couplers 1 and 2 are symmetric with respect
to the x-axis. This is to ensure the lengths of connection lines
between the first-stage and second-stage couplers are uniform,
thus avoiding extra amplitude and phase errors. The port 1
and port 2 located on the bottom layer are the two isolated
input ports and they are denoted as the TX and RX ports,
respectively. Ports 3 to 6 on the top layer are the four output
ports that will be connected to the antenna. Another two input
ports on the top layer are loaded with 50 Ω resistance. The
size of the network is 115.8 mm × 76.42 mm.

The network was also fabricated and tested in the VNA
with the dynamic range of more than 130 dB. The picture of
the prototype is given in Fig. 10. The simulated and measured
results of the proposed isolation feed network are presented
in Fig. 11. It can be seen from Fig. 11(a) that the network
can cover the bandwidth from 3.17 to 4 GHz with a high
isolation of more than 51 dB between the TX and RX ports.
As depicted in Fig. 11(b) and 11(c), the measured transmission
parameters form TX port (port 1) and RX port (port 2) to the
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(a) (b)

Fig. 10. Prototype of proposed isolation feed network. (a) Top view. (b)
Bottom view.

(a)

(b) (c)

(d) (e)

Fig. 11. Simulated and measured results of the proposed isolation feed
network. (a) The reflection coefficients of and the isolation between the TX
and RX ports. (b) The transmission coefficients from the TX port to the output
ports. (c) The transmission coefficients from the RX port to the output ports.
(d) Simulated phase difference between the output ports when the TX or RX
port is excited. (e) Measured phase difference between the output ports when
the TX or RX port is excited.

output ports are 7.95±0.65 dB and 8±0.6 dB, which are close
to the simulated results of 7.4 ±0.4 dB and 7.25±0.5 dB. It is
observed that there is a discrepancy of around 1 dB between
the simulated and measured transmission coefficients. This is
mainly due to the extra losses of the SMA connectors and
coaxial cables. The simulated and measured phase differences
between the output ports are shown in Fig. 11(d) and 11(e),

(a) (b)

Fig. 12. Photo of the single-antenna system under test. (a) Perspective view
of the antenna system. (b) Test environment.

(a) (b)

Fig. 13. Simulated and measured results of proposed IBFD single antenna
system. (a) S parameters. (b) Realized gains.

which reveals that the phase errors are less than 5°. These
errors are attributed to the superimposed phase errors of single
couplers (1° – 1.5°) and the different length of the cables
(3° – 4°). Note that the cables used in the experiment were
simply cut with a scissor for cost purpose. We remark that
by cutting the cables with a professional machine to ensure
the uniformity can significantly reduce the phase error and
improve the performance of the entire system.

IV. SINGLE-ANTENNA SYSTEM WITH TWO ISOLATED
CHANNELS FOR IBFD

The feed network was then connected with the antenna
element to form into a single-antenna system for IBFD ap-
plications. The prototype of the antenna system and the test
setup are shown in Fig. 12. The simulated and measured S
parameters and realized gains of the single-antenna system are
depicted in Fig. 13(a) and 13(b), respectively. The measured
and simulated S parameters agree well with each other in
general. The measured impedance bandwidth is 3.31 – 4 GHz,
which is slightly shifted to the high frequency compared to the
simulated bandwidth of 3.18 – 3.78 GHz. It is mainly due to
the dielectric constant error of the substrates and the imperfect
compression of the multi-layers. The measured |S12| is also
shifted to the higher frequency but the worst isolation is similar
to the simulated one, i.e., 46 dB. As shown in Fig. 13(b), the
measured gains vary from 7.5 to 8.9 dBi and from 7.9 to 9.4
dBi for the +45◦ and −45◦ polarizations, respectively, across
the measured bandwidth. The measured gains are lower than
the simulated ones by virtue of the extra insertion losses of
the cables and SMA connectors.

The simulated and measured radiation patterns in the xoz
and yoz planes of the two polarizations at 3.3 GHz, 3.6 GHz,
and 3.9 GHz are given in Fig. 14. Good agreements between



7

TABLE I
COMPARISON WITH IBFD ANTENNAS WITH INTEGRATED ISOLATION FEED NETWORK

Ref. SIC Methods The Num. of Ant. Polarizations Size (λ2
0) Bandwidth Gain (dBi) Isolation (dB)

[31] IFN 2 TX: RHCP
RX: RHCP 1.7 × 1.7 0.5 - 3.5 GHz (150%) > -5 > 37

[32] IFN 1 TX: RHCP
RX: RHCP

2π × 16
(Reflector) 4 - 8 GHz (66.7%) > 21 > 30

[33] IFN 1 TX: RHCP
RX: RHCP

2π × 16
(Reflector) 4 - 8 GHz (66.67%) RX: > 7

TX: > 20 61 (average)

[34] IFN 4 TX: RHCP
RX: RHCP 1.6 × 1.6 2.4 - 2.5 GHz (16.22%) > 7 > 47

[35] IFN 4 TX: V-pol.
RX: V-pol. NG 1.75 - 1.85 GHz (14%) - > 30

Proposed Ant.1 DF,PO,IFN 1 TX: +45◦-pol.
RX: −45◦-pol. 1.2 × 1.2 3.31 - 4 GHz (18.5%) > 7.5

Max: 9.45 > 46

IFN: isolation feed network; DF: differential feed; PO: polarization orthogonality;
NG: not given.

Fig. 14. Simulated and measured radiation patterns of the proposed single
antenna system for its two polarizations.

the simulated and the measured radiation patterns are achieved
and the patterns of the TX and RX modes are similar and stable
within the operation bandwidth. The measured half-power
beam widths (HPBWs) are 41° – 53° and 42° – 54° from
3.3 GHz to 4 GHz for the TX and RX modes, respectively.

Note that high isolation can be obtained between the two
polarizations of a dual-polarized antenna by exciting the two
polarizations with two feed networks that are physically sep-
arated apart. However, designing an integrated feed network
to excite two polarizations simultaneously is more preferable
(also more challenging). Table I compares the attained antenna
system with the state-of-the-art IBFD antennas based on
integrated isolation feed networks. It can be revealed from the
table that while the performance of this single-antenna system
is comparable to the others, it is the only one that generates
±45◦ polarizations for base station applications.

Fig. 15. The mechanism diagram of proposed double-antenna system for
IBFD.

V. DOUBLE-ANTENNA SYSTEM WITH FOUR ISOLATED
CHANNELS FOR IBFD

As shown in Fig. 15, by placing two single-antenna sys-
tems side-by-side, a double-antenna system with four ports
is obtained. The target is to maintain low couplings between
any two of the four ports so that simultaneous transmission
and receiving with both the two polarizations can be realized.
Preferably, one antenna is used for TX and the other is used
for RX and both the two antennas are dual-polarized.

As revealed in the last section, the couplings between the
two ports of a same antenna can be kept low thanks to
the proposed isolation feed network. The challenge here is
to enhance the isolation between the same polarizations of
the TX and RX antennas, e.g., between TX1 and RX1. Fig.
16 illustrates the evolvement of the antenna configuration
to mitigate the couplings between the adjacent antennas. As
shown in Fig. 16, Conf. 1 is the conventional coupled array
with the central spacing S = 100 mm (1.17 λ at 3.5 GHz). In
Conf. 2, metal baffles surrounding the elements are introduced
to form isolated cavities, which reduces the space coupling.
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Fig. 16. Configuration evolvement of the double-antenna system.

(a)

(b) (c)

Fig. 17. Simulated S parameters of the four configurations without isolation
feed networks. (a) Reflection coefficient of port TX1. (b) Transmission
coefficient between the ports having the same polarization. (c) Transmission
coefficient between the ports having different polarizations.

The size of each cavity is 65 mm × 65 mm × 10 mm.
Then a defected grounded structure (DGS) is employed in
Conf. 3 to suppress the surface coupling on the ground. The
DGS has six slots, and the size of each slot is 50 mm × 2
mm. In the final configuration, cross-shape metal walls are
utilized to eliminate the cross-polarization currents, leading to
a significant enhancement of the isolation between the two
different polarizations (between TX1 and RX2 and between
TX2 and RX1).

The variation of the S parameters during the antenna
evolvement are depicted in Fig. 17. It should be noted that
all the results are obtained with an ideal feed network and
the S parameters are calculated using equations (1) – (4). As
shown in Fig. 17(a), adding the decoupling structures does
not change the working bandwidth of the element except
that the operation band shifts to the lower frequency after
introducing the metal baffles. Meanwhile, Fig. 17(b) and
17(c) intuitively demonstrates how the isolation is gradually
improved by adding these easy-to-implement and low-cost

(a) (b)

Fig. 18. Photograph of (a) fabricated prototype. (b) test environment.

(a) (b)

(c) (d)

Fig. 19. Simulated and measured S parameters of proposed double-antenna
system. (a) Reflection coefficients. (b) Transmission coefficients between the
two ports of the same antenna. (c) Transmission coefficients between the ports
having the same polarizations. (d) Transmission coefficients between the ports
having different polarizations.

decoupling structures. It can be seen that the coupling between
the ports having the same polarization is improved from 29
dB to 38 dB, while the one between the ports having different
polarizations is also enhanced from 35 dB to 49 dB within the
operation bandwidth.

The double-antenna system was also fabricated, assembled,
and tested. The photos of the prototype and the test setup are
given in Fig. 18. The simulated and measured S parameters
of the proposed double-antenna system are plotted in Fig. 19.
In general, the measured results agree well with the simulated
ones. Some discrepancies are due to the loss introduced by
the cables and SMA connectors, and they are unavoidable
considering the signal levels are very low. As seen from
Fig. 19(a), the measured -10 dB impedance bandwidth for
all the four ports are from 3.3 GHz to 3.9 GHz, which
is improved compared with the antenna array without the
feed network. Fig. 19(b) demonstrates the cross-polarization
couplings between the two ports of the each dual-polarized
antenna, which are below -43 dB. As shown in Fig. 19(c),
the measured same-polarization isolations between the TX
and RX antennas are >39 dB. It is noted that the simulated
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TABLE II
COMPARISON WITH IBFD ANTENNAS WITH FOUR CHANNELS

Ref. SIC
Methods

The Num.
of Ant. Polarizations Bandwidth Gain

(dBi/dBic) XPD (dB) Isolation (dB)

Uniform
Radiation
Patterns When
Exciting
Different Ports

[36] PO,IFN 1 TX: two CPs
RX: two CPs 2 – 8 GHz (120%) > 3 NG > 27 No

[37] PO,IFN TX: 2
RX: 2

TX: two CPs
RX: two CPs 6.0 – 6.4 GHz (6.45%) > 7.8 > 10 > 38 Yes

[38] IFN, NFC TX: 4
RX: 1

TX: two CPs
RX: two CPs 0.8 – 3 GHz (116%) TX: > 4

RX: > -5 > 5 > 17 No

Proposed
Ant. 2 PO, IFN, DS TX: 1

RX: 1
TX: ±45◦ pols
RX: ±45◦ pols 3.3 – 3.9 GHz (16.6%) > 6.2 > 18 > 39.2 Yes

PO: polarization orthogonality; IFN: isolation feed network; NFC: near-field cancellation; DS: decoupling structure;
XPD: cross-polarization discrimination = co-pol radiation/cross-pol radiation; NG: not given.
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Fig. 20. Simulated and measured realized gains of the double-antenna system.

Fig. 21. Simulated and measured radiation patterns of the double-antenna
system in the xoz and yoz plane at 3.5GHz.

isolation between TX1 and RX1 ports is >40 dB, which is
about 2 dB larger than the array without the feed networks,
indicating the proposed isolation feed network is also able to
slightly improve the same-polarization isolation. Meanwhile,
the isolations between the ports of the two antennas having
different polarizations are >42 dB. To sum up, the isolation
between any two ports of the double-antenna system for IBFD
are >39 dB within the bandwidth of 3.3 – 3.9 GHz.

Fig. 20 shows the simulated and measured realized gains
of all the four ports, which are more than 6.2 dBi and the
maximum gain within the operation bandwidth is 8.6 dBi. It
is noticed that the measured gain is lower than the simulated

Fig. 22. Simulated and measured radiation patterns of the double-antenna
system in the xoz plane of port TX1 at 3.3, 3.5, 3.7 and 3.9 GHz.

ones, which is mainly due to the extra insertion loss caused
by the network, the cables, and the SMA connectors. By
selecting cables and SMA connectors having better quality
could improve the gain substantially.

The simulated and measured radiation patterns of all the
ports at 3.5 GHz are given in Fig. 21. All the patterns
are in nice shape and they are quite similar by exciting
different ports. Fig. 22 plots the radiation patterns at different
frequencies when exciting TX1 as an example. It can be
concluded that the radiation patterns have a good consistency
with the variation of frequency.

The proposed double-antenna system provides four isolated
channels for IBFD application. It is able to simultaneously
transmit and receive and both the transmission and receiving
have two orthogonal polarizations. This leads to a higher
diversity gain or a higher spectrum efficiency compared to the
most available IBFD antennas having two isolated channels.

There are only a couple of papers that aimed at a similar
goal as this work and a comparison is made in Table II.
Compared to all these published IBFD antenna systems with
four isolated ports, this work achieved the best isolation, which
is significantly higher than [36] and [38] and is comparable to
[37]. Although [37] has a decent isolation level, it used more
elements and the bandwidth is quite narrow. Besides, thanks
to the differential feeding, the proposed antenna has much
lower cross-polarization radiation, i.e., the cross-polarization
discrimination (XPD) within -60°<θ<60° is >18 dB. This
paper is the only ±45◦-polarized design among the four
comparable works, which is more challenging to obtain but
is more demanded by base station applications. Additionally,
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the radiation patterns attained by exciting all the four ports
demonstrate very good uniformity and stability with frequency,
which makes it an excellent potential IBFD solution for 5G
sub-6 GHz base station applications.

VI. CONCLUSION

In this paper, an antenna system with four isolated ports
enabling simultaneous transmission and receiving in both
±45◦-polarizations was developed. A differentially-fed patch
antenna was selected as the antenna element. A new isolation
feed network was proposed to feed the antenna and to improve
the isolation between the two polarizations. It is capable of
cancelling out the coupled and reflected signals caused by
antenna mismatching and coupler deformation, leading to a
high isolation between the TX and RX ports. By connecting
the proposed feed network with the patch antenna, a single-
antenna system was obtained with the isolation > 46 dB
within 18.5% bandwidth. Then, two single-antenna systems
were placed side-by-side and decoupled to form into a double-
antenna system that having the isolation between any two ports
is > 39 dB within 16.6% bandwidth. Both the single and
double-antenna systems were fabricated, tested and compared
to the comparable works to demonstrate their superiority.
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