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Design of a Stacked Co-Polarized Full-Duplex
Antenna With Broadside Radiation
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Abstract— This article presents a co-linearly polarized (LP)
stacked two-port antenna with compact size and broadside
radiation patterns for in-band full-duplex (IBFD) application.
The proposed IBFD antenna consists of a patch antenna and a
substrate integrated waveguide (SIW) cavity-backed slot antenna
(CBSA). The patch antenna and the CBSA are used as the
transmitter (Tx) and receiver (Rx), respectively. The Rx is
placed above the Tx for compact size. Linear polarization and
broadside radiation patterns are achieved in this article. A cavity-
patch coupling (CPC) path is added for canceling the slot-patch
coupling (SPC) by using four probes to connect the top layer
of the SIW cavity and the metal ground. Parametric studies
show that the two coupling paths can be adjusted independently.
Experimental results illustrate that the measured highest isolation
over 40 dB is obtained with a compact size of 30 × 30 × 4 mm3

(0.63λ0× 0.63λ0 × 0.08λ0, λ0 is the free-space wavelength at the
center frequency of about 6.29 GHz). The measured −10 dB
bandwidths of the Tx and Rx antennas are 430 and 100 MHz,
respectively. The proposed stacked IBFD antenna is validated
with the merits of identical polarization, same radiation direction,
and compact size.

Index Terms— Broadside radiation, duplexers, mutual coupling
(MC), patch antenna, substrate integrated waveguide (SIW)
cavity-backed slot antenna (CBSA).

I. INTRODUCTION

IN-BAND full-duplex (IBFD) transceivers have gained
great attention for alleviating the limited available band-

width challenge with the ever-increasing demand for wire-
less communication. Compared with time-division duplex and
frequency-division duplex, the IBFD is able to transmit and
receive data over the same frequency band simultaneously.
Hence, the spectral efficiency of wireless communication
systems can be doubled by applying the IBFD technique [1].
It is a challenge to reduce the self-interference between the
transmitter (Tx) and the receiver (Rx) channels for high
interport isolation. The demanded level for SI cancellation
depends on the level of the transmitted signal. The techniques
to decrease the SI can be divided into three domains: analog,
digital, and antenna cancellation [2]–[6].
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In the antenna domain, there are many antenna techniques
for achieving high interport isolation. The interport isolation
is basically based on polarization diversity [7]–[14], antenna
separation [15], spatial phase diversity [16]–[20], neutraliza-
tion line [21], parasitic structure [22]–[25], metamaterial [26],
and placement of absorbers between antennas [27], [28].
Co-circularly polarized IBFD antennas were proposed in [17]
and [19] with four concentrically arranged radiating elements.
Beamforming networks were used in these works for achieving
circular polarization. These feeding networks increased the
size of the antennas to a certain extent. In fact, there are
many other communication systems with linear polarization
and limited space in practical applications. Hence, linearly
polarized (LP) IBFD antennas without using any compli-
cated feeding networks have the potential to be applied in
space-limited LP communication systems. In [18], a wide-
band omnidirectional Tx antenna was placed at the field
null of a symmetric Rx circular array. Therefore, 40 dB
interport isolation with colinear polarization was achieved
at the expense of high complexity and large antenna size.
Also, the profile was too high to be planarly integrated.
A signal path was established by adding a passive suspended
neutralization line to increase the isolation between the two
antennas in [21]. The two antennas were designed to operate
at different frequencies, and extra space was required for the
neutralization line. In [23], a parasitic structure was proposed
for mitigating the mutual coupling (MC) between the two
collinear dipoles while preserving omnidirectional radiation
patterns. The complexity and size of the system were increased
due to the introduction of the parasitic structure. Similarly,
additional space is unavoidable for other decoupling structures,
such as metamaterials and absorbers. Therefore, achieving an
IBFD system with compact size and colinear polarization is
still a challenge.

On the other hand, the MC of stacked antennas has received
little attention. Only few references studying the MC between
stacked patches can be found [29]–[32]; a 180◦ phase differ-
ence between the induced currents at the parasitic and driven
patches was utilized for coupling reduction [32]. Two driven
patches were separated in the azimuth plane, and the profile
was relatively high due to the stacked parasitic patches. Thus,
the design of a stacked co-polarized IBFD antenna with a low
profile has yet to be reported in the open literature.

An IBFD system can be categorized as a monostatic sys-
tem where a single aperture is used for Tx and Rx oper-
ations or a bistatic system in which separated Tx and Rx
antenna apertures are utilized. Bistatic systems are usually
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Fig. 1. Geometry of the proposed IBFD antenna. (a) 3-D view. (b) Top view
(central plane AA’). (c) Side view.

bulky in geometry and unsuitable for space-critical appli-
cations. A bistatic configuration with high isolation can be
implemented with an increase in the size [19], [23], [24].
To address this issue, the bottom layer of the cavity-backed slot
antenna (CBSA) is reused as a patch antenna for compact size
and a low profile in this article. Strong MC between the Tx and
Rx antennas is inevitable due to the slot-patch coupling (SPC).
A cavity-patch coupling (CPC) path is added by introducing
four probes between the substrate integrated waveguide (SIW)
cavity and the patch. Since the Tx and Rx antennas work at
different modes, the four probes have dissimilar influences on
them. Reduction of MC can be achieved by tuning the two
coupling paths independently to cancel each other out. A pro-
totype was fabricated to provide an experimental verification
of the design.

This article is organized as follows. In Section II, the basic
structure is presented and the MC between the Tx and Rx
antennas is discussed. The decoupling mechanism and design
guidelines of the proposed antenna are given in Section III.
In Section IV, the antenna fabrication, simulated, and measured
performances of the proposed antenna are indicated. Finally,
conclusions are given in Section V.

II. ANTENNA DESIGN

Fig. 1 shows the sketch diagram of the proposed IBFD
antenna, which contains a rectangular patch antenna and a
rectangular cavity. A slot is etched on the cavity, by which
it can be excited. The CBSA functions as the Rx antenna
and is placed above the patch antenna, which works as
the Tx antenna. As shown in Fig. 1, the proposed antenna
exhibits even-symmetrical property along the XZ plane and the
YZ plane. Therefore, compact size is achieved. The detailed
dimensions are given in Table I.

TABLE I

DETAILED DIMENSION OF THE PROPOSED ANTENNA

Fig. 2. Schematics of electric field distributions. (a) TM01 mode. (b) TE110
mode.

Fig. 3. Simulated S-parameters of the proposed antennas.

The TM01 mode of the patch antenna and the TE110 mode of
the CBSA are excited here for effective radiation. It is known
that the electrical field distribution beneath the patch antenna
operating under TM01 mode is sinusoidal and odd-symmetric
in the E-plane, whereas the electric field intensity is almost
uniform in the H-plane. However, the electrical field distribu-
tion of the TE110 mode is sinusoidal in both the E-plane and the
H-plane, as shown in Fig. 2. Hence, the operating frequencies
of the patch antenna and the cavity can be tuned independently
since they operate at different modes. The resonant frequency
of the patch antenna is mainly determined by parameter l1,
whereas the resonant frequency of the CBSA can be adjusted
by changing parameters l1, w1, and w2. Besides, the filled
substrate within the CBSA can also be employed to adjust the
operating frequency of the CBSA. Therefore, it is achievable to
adjust the resonant frequency of the CBSA with little influence
on that of the patch antenna.

Fig. 3 shows the simulated S-parameters of the IBFD
antenna. When the resonant frequencies of the Tx and Rx
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Fig. 4. Schematics of the Tx and Rx antennas to explain the radiation and
coupling mechanism. (a) Equivalent magnetic currents. (b) SPC coupling path.

antennas are tuned to be almost identical, the isolation is only
about 7 dB. It is noted that probes are used here to tune the
resonant frequency of the Tx antenna but without deteriorating
the TM01 mode. It is a challenge to mitigate the MC between
the Tx and Rx antennas due to the initial high coupling level.

III. ANTENNA ANALYSIS

To further uncover the decoupling principle, the proposed
Tx and Rx antennas are investigated by their radiation mech-
anism and coupling paths. Then, a decoupling method is
proposed and analyzed by parametric studies. Based on the
analysis of the MC between the Tx and Rx antennas, design
guidelines are finally given.

A. Radiation Mechanism and MC

To clearly explain the coupling principle of the proposed
stacked IBFD antenna, Fig. 4(a) shows the equivalent magnetic
currents of both the Tx and Rx antennas. Two corresponding
equivalent magnetic currents (M1 and M1’) of the patch
antenna are obtained. Also, only one equivalent magnetic
current (M2) of the Rx antenna is acquired. The two magnetic
currents (M1 and M2 or M1’ and M2) are separated at a
distance of about a quarter wavelength. Hence, the reduction
of the MC between the Tx and Rx antennas is workable since
their radiation apertures are separated in space. The coupling
path of the SPC is shown in Fig. 4(b). It can be seen that the
strong MC is caused by the electric fields, which propagates
along the metal surface of the cavity from one port to the
other port. Therefore, it is a key challenge to eliminate the MC
between the slot and patch antennas without using complicated
structures and deteriorating their radiation patterns.

Fig. 5. Schematics of the decoupling mechanism. The four probes in (a) top
and (b) bottom views of the CBSA. (c) Two coupling paths. l3 = 4.45 mm,
l4 = 10.75 mm, d0 = 0.7 mm, d1 = 1 mm, and d2 = 1.4 mm.

Fig. 6. Electric field distributions of the patch antenna and the CBSA with
the four probes added. (a) Patch antenna. (b) CBSA.

B. Decoupling Mechanism

To increase the interport isolation, four identical probes are
applied here to link the top surface of the cavity and the
ground plane for creating a new coupling path between the
cavity and the patch antenna, as shown in Fig. 5. As we
mentioned previously, the patch antenna and the cavity operate
at TM01 and TE110 modes, respectively. The four probes have
different influences on these two modes because their electric
field distributions are dissimilar. The electric field distributions
of the patch antenna and the CBSA with four probes added are
shown in Fig. 6(a) and (b), respectively. The TE10 mode of the
patch antenna is effectively excited, though the electric field
distribution is uneven in the XZ plane due to the impact of the
probes. As shown in Fig. 6(b), the TE110 mode of the CBSA
is almost unchanged since the probes are placed where the
electric field intensity of the TE110 mode is weak. The effect of
probes would be further studied by parametric studies. Hence,
near-field cancellation can be realized by combining the two
out-of-phase coupling paths in theory.

Fig. 7 shows the S-parameters of the IBFD antenna with and
without the CPC path. The results show that the MC level is
reduced to < −25 dB within the common bandwidth and very
high isolation value of 41.4 dB is obtained around 6.28 GHz
when the CPC path is added. This phenomenon indicates that
the four probes introduce another coupling path and effectively
eliminate the SPC.
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Fig. 7. Simulated S-parameters of the proposed antennas with/without the
CPC path.

C. CPC Study

As shown in Fig. 2, relatively strong electric field intensity
distributions are detected on the left and right edges of the
patch antenna when the TM01 mode is excited. However, the
electric field intensity of the TE110 mode is obviously weak
on both sides. Thus, the four probes have totally different
impacts on the operating frequencies of the patch antenna and
the cavity.

The effect of the parameter l3 on the S-parameters is shown
in Fig. 8(a). The results show that both the resonant frequen-
cies of the patch antenna and the interport isolation are affected
by the parameter l3, whose effect on the reflection coefficient
of the CBSA is quite insignificant. As l3 increases, the dip
of MC moves to a lower frequency, whereas the resonant
frequency of the Tx antenna shifts to a higher frequency.
The influence of the parameter l4 on the S-parameters was
also investigated by varying it from 10.35 to 11.15 mm with
0.4 mm step in the range. As shown in Fig. 8(b), we found
that the value l4 does not have a significant impact on the
operating frequency of the CBSA, while it obviously changes
the working frequency of the patch antenna. This phenom-
enon is corresponding to the electric field distributions shown
in Fig. 2. The peak electric field intensity on the patch antenna
becomes stronger with an increase in l4. Hence, the resonant
frequency of the patch antenna varies obviously with different
values of l4. The four probes have little impact on the cavity
mode due to the fact that the electric field distribution of the
cavity is not affected seriously by the probes. It is noted that
S21 is sensitive to the parameter l4 because the coupling energy
and phase are affected simultaneously by changing l4.

As l4 increases, the dip of MC and the operating frequency
of the Tx antenna show reverse trends. This phenomenon
can also be seen in Fig. 8(a). As the parameters l3 and l4

alter, both the coupling energy and phase of the two coupling
paths vary due to the change of the resonant frequency of
the patch antenna. As a result, the resonant frequency of the

Fig. 8. Simulated S-parameters of the proposed antenna for different (c) l3
and (d) l4 (unit: mm).

patch antenna and the MC between the cavity and the patch
can be tuned by changing parameters l3 and l4. As shown in
Fig. 8(a) and (b), it is obvious that the resonant frequencies
of the patch antenna and the CPC are more sensitive to the
parameter l4 than the parameter l3 because the electric field
distribution of the TM01 mode is almost uniform in the XZ
plane.

D. SPC Study

Fig. 9 shows the variation of the S-parameters with respect
to different slot lengths w2. The increase of w2 gives rise to a
lower resonant frequency of the CBSA. It can be observed that
the dip of the MC and the operating frequency of the CBSA
show the same trends with the increase of w2. Meanwhile,
the return loss of the patch changes slightly. Hence, the SPC
and the working frequency of the Rx antenna can be adjusted
simultaneously with similar trends by adjusting parameter w2.

E. Design Guidelines

Based on the analysis above, design guidelines are given as
follows.
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Fig. 9. Simulated S-parameters with different values of w2 (unit: mm).

Fig. 10. Fabricated prototype of the proposed antenna. (a) Front view. (b) Side
view.

1) Based on the target frequency ( f0), select the length
(l1) of the square patch as 0.5λ0 initially for exciting the
TM01 mode. A substrate with proper dielectric constant is
selected for reducing the resonant frequency of the CBSA
( f1, f1 < f0). The width of the square substrate is broader
than that of the patch for easier fabrication and soldering. The
resonant frequency of the patch antenna ( f2) moves to a lower
frequency due to the effect of the larger substrate. It is noted
that the operating frequency of the patch antenna ( f2) should
be lower than f1 in consideration of the probe’s effect in the
next step.

2) Four probes are added to realize field cancellation at
frequency f1 by carefully adjusting the values of l3 and l4,
while the patch antenna resonates at frequency f2 ( f2 = f0).
In other words, the dip of S21 can be moved to the resonant
frequency ( f1) of the Rx antenna by varying l3 and l4.

3) The value of w2 is tuned to shift the resonant frequency
of the CBSA to the frequency f2. Then, the values of l3, l4,
and w2 are fine-tuned to realize better performance.

IV. EXPERIMENTAL VERIFICATION

A. Antenna Fabrication

The designed co-LP stacked IBFD antenna was fabricated
based on the optimized parameter values. Fig. 10 shows the

Fig. 11. Simulated and measured S-parameters of the proposed antenna.

fabricated prototype of the proposed antenna. The antenna is
fed by 50 � coaxial cables. The mainboard was fabricated
by printed circuit board process with a 2 mm-thick F4B
substrate (εr = 2.65 and loss tangent of 0.0015). The metal
ground was manufactured by a 0.3 mm-thick brass plate
(σ = 1.5 × 107 S/m) with a laser cutting process. As shown
in Fig. 10(a), the metal walls are realized by the SIW tech-
nology. The size of the substrate is 30 × 30 × 2 mm3.
A coaxial cable in the central plane of the patch antenna passes
through the substrate, feeding the CBSA and serving as a
support simultaneously. The performance of the patch antenna
is unaffected by the coaxial cable since an equivalent electric
wall is obtained in the central plane of the patch antenna,
as shown in Fig. 2(a). The coaxial cable was bent so that it
can be soldered to the top layer of the CBSA. Also, the inner
conductor of the coaxial cable was soldered to the bottom layer
of the CBSA for exciting the TE110 mode. Besides, magnetic
beads were used to suppress the adverse effect of feeding RF
cables when radiation patterns are measured.

B. S-Parameters

Fig. 11 shows the measured and simulated S-parameters.
The measured S-parameters of the designed antenna were
measured using an N5071B vector network analyzer
(300 kHz–9 GHz) in an anechoic chamber. The measured
−10 dB bandwidths of the Tx and Rx antennas are 6.08–6.51
and 6.24–6.34 GHz, respectively. Overlaying bandwidth of the
IBFD antenna is 100 MHz. Both the simulated and measured
results show that the MC level between the Tx and Rx antennas
is less than −40 dB at the center frequency and less than
−25 dB within the 10 dB impedance bandwidth. The measured
S21 shows better performance than simulated S21 since the
measured S22 deteriorates. It can be seen that slight resonant
frequency shifting between the simulation and measurement
occurs and the measured −10 dB bandwidth of the CBSA is
narrower than the simulated one. The discrepancy between the
measurement and simulation is mainly caused by the fabrica-
tion error, uneven ground plane, and machining accuracy. Two
important parameters related to antenna performance were
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Fig. 12. S-parameters for different profiles of the patch antenna (unit: mm).

Fig. 13. S-parameters for different values of l5 (unit: mm).

studied, namely, the profile (h1) of the patch antenna and the
inner conductor length (l5) of the coaxial line for port 2. The
two parameters brought errors in the process of fabrication.
Hence, two simulations with different values of h1 and l5 have
been carried out. Fig. 12 shows the variation of S-parameters
with different values of h1. The changes of interport isolation
and bandwidth of the patch antenna with variant h1 show
similar trends. The increase of parameter h1 contributes to
a rise of the highest isolation. The phenomenon demonstrates
that the near-field cancellation is affected by the profile of
the patch antenna. Another important parameter l5 has an
important impact on S22, as presented in Fig. 13. S11 and S21

are almost unchanged with different values of l5. However,
according to the results from Fig. 13, the increase of parameter
l5 will decrease the operating bandwidth of the CBSA due to
the parasitic effect of the coaxial line. Therefore, the inner

Fig. 14. Simulated and measured normalized radiation patterns of the
proposed antenna at 6.28 GHz. (a) Port 1 in XZ plane. (b) Port 1 in YZ
plane. (c) Port 2 in XZ plane. (c) Port 2 in YZ plane.

Fig. 15. Gain and efficiency of the proposed antenna.

conductor length of the coaxial line for port 2 should be as
short as possible in the welding process.

C. Radiation Performance

In Fig. 14, the measured and simulated radiation patterns
of the fabricated prototypes at 6.28 GHz are plotted with
good agreement between simulation and measurement. For
better demonstrating, the data have been normalized. The good
broadside radiation patterns of the Rx and Tx antennas are
achieved in the elevation plane. Therefore, a co-LP stacked
IBFD antenna with broadside radiation patterns is realized.

The radiation characteristics of the fabricated prototype
were also studied. The radiation gains and total efficiency
are presented in Fig. 15 as functions of frequency. The gain
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TABLE II

COMPARISON AMONG THE CO-POLARIZED IBFD ANTENNAS

and radiation patterns were measured in a far-field anechoic
chamber. It is seen that the measured results agree well with
the simulated ones. The patch antenna and CBSA have average
gains of 7.58 and 3.87 dB, respectively. It exhibits that the
average efficiencies of the Tx and Rx antennas are 92% and
81%, respectively.

Table II shows the properties of the proposed antenna in
comparison with the other presented IBFD antennas. Two
co-circularly polarized antennas proposed in [17] and [19]
have wider bandwidth and better interport isolation. Feeding
networks used in these works take up a certain space. The
proposed antenna with simple feed has a relatively small size.
As shown in Fig. 3, the original isolation of the proposed
IBFD antenna without the CPC patch is only 7 dB. Hence, it is
reasonable that a narrow bandwidth is obtained as the isolation
is improved. The proposed structure shows an acceptable
compromise between the size, profile, and bandwidth. The
proposed antenna can be used in many communication systems
with narrow bandwidth, such as public safety and intelligent
transportation systems.

V. CONCLUSION

In this work, a stacked co-LP IBFD antenna with broadside
radiation patterns and compact size is proposed based on near-
field cancellation. Both the simulation and test results show
that the proposed IBFD antenna can provide isolation higher
than 40 dB at the center frequency and more than 25 dB within
the 10 dB impedance bandwidth. For both the Tx and Rx
antennas, broadside performance is achieved in a compact size.
The deigned antenna offers a new solution to the stacked co-LP
broadside IBFD antenna with the advantages of relatively
simple feed and compact size, having the potential for several
applications, including public safety, intelligent transportation
systems, and military communications.
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