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Abstract—In this letter, a monostatic and cochannel simultaneous transmit and receive (STAR) antenna with identical circularly
polarized radiations of transmitting (TX) and receiving (RX) channels is designed using a thin single-layer substrate. Four concentrically arranged microstrip radiating elements are properly excited
by two sets of feeding networks: the feeding network of transmitting antenna (FNT) and the feeding network of receiving antenna
(FNR). To fit FNT and FNR into the same plane, the FNR consists
of a compact sequential-phase structure placed at the center of
the antenna, while the FNT is aligned along the side with a planar crossover junction armed. Two vital techniques, orthogonal
feeding points and leakage signal cancellation based on feeding
networks, are utilized for satisfactory isolation level between the
TX and RX ports. The experiment results demonstrate an isolation
at least 41 dB and up to 54 dB, an axial ratio better than 1.7 dB,
and a realized gain of 7.2 ∼ 10.5 dBic in the 2.4 GHz WLAN band.
Our design scheme may overcome the profile and cost limitations
of bulky multilayered STAR antennas, and thus portends potential
for the highly integrated inband duplex systems.
Index Terms—Antenna array feed, circular polarization, monostatic, simultaneous transmit and receive (STAR) antennas, single
layer.

I. INTRODUCTION
HE inband duplex, or the so-called cochannel simultaneous transmit and receive (STAR) technique [1]–[3], has
recently drawn great interest for its capability to double the
throughput and reduce the time delay rate of communication
systems. To effectively suppress the signal coupling between
transmitting (TX) and receiving (RX) channels for STAR purpose, several stages of cancellation have to be considered, such
as antennas, tunable analog circuits, and adaptive digital circuit
cancellation layers [4], [5].
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To relieve the burden of subsequent circuit layers, traditional
methods to enhance the isolation of the TX and RX ports of antenna layer involve bistatic antennas with large separation [3],
[6], and the employment of circulators [7]–[11]. Electromagnetic bandgap structures [12], [13], resonators [14], and defected
ground structures [15], arranged between TX and RX antennas,
have also been proposed to suppress the signal interference in
a narrow bandwidth. The near-field radiation pattern cancellation technique [16]–[19], polarization multiplexing [20]–[22],
and the radiation pattern diversity [23] were alternatively used
for the realization of good isolation, at the expense of different
patterns and polarizations between TX and RX antennas.
Recently, a class of circularly polarized (CP) STAR antennas
was proposed for the duplexing application, without any time-,
space-, frequency-, or pattern-multiplexing [24]–[30]. In these
works, the feeding networks of RX and TX antennas (FNR and
FNT), with the strategically designed phase progress, can realize two functions simultaneously: 1) excitation of the far-field
radiation with identical circular polarization, and 2) destructive superposition of the mutual coupling between TX and RX
ports. In the previous works [24]–[30], multilayered configurations were used so that the antennas and feeding network
can be designed independently on different layers, yet at the expense of expensive and bulky structure. In addition, assembling
these systems usually requires air spacers to arrange the cables
or the baluns for the feed, which could also increase the device
profile.
Here, to address the above problems, we propose a lowprofile, STAR antenna integrated with feeding networks on
the same layer for applications in co-CP, co-channel, and copattern monostatic duplexing. In our approach, the FNR and
FNT are properly tailored to excite four sequentially rotated
square patches for realizing a broadside right-hand circularly
polarized (RHCP) radiation. The FNR is strategically designed
as a compact sequential phase feeding network (SPN) [31],
[32] such that it can fit in the center space of the patch array.
The FNT is arranged along the periphery of the array, with a
planar crossover junction (PCJ) [33] introduced to address the
intersection of microstrip lines. The isolation between two channels can be achieved by exciting orthogonal resonant modes in
square patches [34], and further enhanced by two specifically
designed feeding networks that cause destructive interference of
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When the TX port is excited, the received signal at RX
port is determined by the total contribution of leakage signals
from RXi (i = 1, 2, 3, and 4) after considering the phase shift
yielded by the FNR:
RX = RX1 ∠0◦ + RX2 ∠90◦ + RX3 ∠180◦ + RX4 ∠270◦ .
(1)
For each term in the right-hand side of (1), the coupled signal at RXi is contributed by the leakage signal from TXj (j =
1, 2, 3, and 4). For example, the coupling at RX1 excited by
TX port can be expressed as
RX1 /T X = C11 ∠0◦ + C12 ∠90◦ + C13 ∠0◦ + C14 ∠90◦ (2)

Fig. 1. Configuration of the proposed of single-layer co-CP STAR antenna
integrated with the feeding networks. The planar crossover junction (PCJ) is
denoted by the dashed circle.

couplings. We have prototyped the proposed single-layer STAR
antenna operating in the 2.4 GHz WLAN band (2.4–2.48 GHz)
with a size of 3.68 λm ax 2 (λm ax is the free-space wavelength at
2.4 GHz). Both full-wave simulation and measurement results
have demonstrated that a less than −10 dB reflection coefficient can be obtained for both ports and that the isolation can
be higher than 41 dB over the band. Our results also show that
the proposed STAR antenna can have good CP radiation performance, with a broadside axial ratio better than 1.7 dB and a
RHCP gain higher than 7.2 dBic in the 2.4 GHz WLAN band.

where the Ci,j donates the transmission coefficient from TXj
to RXi , and phase progress contributed by FNT has been taken
into account in the summation. Substituting the expression of
each RXi into (1), the coupling signal from TX port to RX port
can be written in a heuristic form through some manipulations
⎡
⎤T ⎡
⎤⎡ ◦ ⎤
∠0◦
C11 C12 C13 C14
∠0
⎢ ∠90◦ ⎥ ⎢C C C C ⎥ ⎢∠90◦ ⎥
⎢
⎥ ⎢ 21 22 23 24 ⎥ ⎢
⎥
RX/TX =⎢
⎥ ⎢
⎥⎢
⎥ . (3)
⎣∠180◦ ⎦ ⎣C31 C32 C33 C34 ⎦ ⎣ ∠0◦ ⎦
∠270◦

C41 C42 C43 C44

∠90◦

The coupling mechanism in a matrix form offers an insight
into the underlying physics. The coupling matrix Ci,j is determined by the special arrangement of radiating elements, and the
vectors multiplied at two sides depict the feeding phase progress
of the FNR and FNT, respectively. By inspection to the symmetric layout (Fig. 1) of feed points TXi and RXi , we have the
following constraints for the elements of coupling matrix:

II. THEORY

C1,1 = C2,2 = C3,3 = C4,4

(4a)

The proposed scheme of the single-layer co-CP STAR antenna is illustrated in Fig. 1. Four square patches are sequentially rotated by 90° around the symmetry center, forming the
radiation aperture. Each patch provides two orthogonal feeding
points, RXi and TXi (i = 1, 2, 3, and 4), that are connected to
RX and TX channels. The main challenge for realizing singlelayer co-CP STAR antenna resides in the design of FNR and
FNT, simultaneously function as the co-CP feed and the leakage signal canceller.
To fit in the center space of the array with four square radiating
patches and excite the CP radiation with wideband axial ratio,
we use a SPN [31], [32] to construct the FNR, with a compact
footprint of λ/2 × λ/2. In this scheme, the four feeding points
RX1 , RX2 , RX3 , and RX4 are excited with the phase of 0°, 90°,
180°, and 270°, respectively, for generating a broadside RHCP
beam.
The feeding network of TX antenna is basically built on a
four-way power divider. The TX feeding points of the two oppositely placed patches are excited with equal phase and amplitude. Specifically, TX1 and TX3 are fed with the phase of
0°, while TX2 and TX4 are fed with the phase of 90°. As a
result, the TX antenna also radiates toward broadside with the
RHCP. The primary difficulty in the FNT design is the intersection of branches connecting TX2 and TX3 . Here, a PCJ [33] is
employed, which is denoted by the dashed circle in Fig. 1.

C2,1 = C2,3 = C3,4 = C3,2

(4b)

C2,4 = C4,2 = C3,1 = C1,3

(4c)

C1,4 = C1,2 = C4,1 = C4,3 .

(4d)

Imposing the above constraints to (3), the coupling between
TX and RX ports vanishes. Although the scattering from the
environment will introduce imbalance to the feeding phase and
amplitude, our design still provides a high isolation level (for
example, 40 dB).
III. DESIGN AND TEST
To fulfill the design guidelines, a single-layer STAR antenna
was characterized, fabricated, and measured at 2.4 GHz WLAN
band (2.4–2.483 GHz). The antenna prototype is schematically
shown in Fig. 2(a). The radiation aperture and the feeding networks are monolithically printed on a 2 mm dielectric substrate,
with a relative dielectric constant of 2.2 and a loss tangent of
0.002. The center-to-center space Dp of the adjacent radiating
elements is an important quantity to determine the performance
of the STAR antenna. A too small Dp can lead to a stronger
coupling among the radiating elements as well as the interference between radiating aperture and feeding networks, while
an excessively large Dp will yield a radiation pattern with enhanced grating lobes and a reduced aperture efficiency. Hence,
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TABLE I
DETAILED DIMENSIONS (UNIT: mm)

Fig. 3. Measured and simulated S-parameters of the TX and RX ports. The
measurements of isolation are performed on two different conditions: in a microwave anechoic chamber and in a standard office room.

Fig. 2. (a) Schematic of designed single layer STAR antenna operating on
2.4 GHz WLAN band. The curve 1/4 λ impedance transformer is enlarged in
the insets for clear vision. The critical parameters of the geometry are listed in
Table I, and the lump resistors soldered in Wilkinson power dividers are with
values of 130 Ω. (b) Planar crossover junction. (c) Photograph of the fabricated
prototype.

a proper spacing distance (0.65λ < Dp < 0.85λ, for example)
is needed. In this letter, the center-to-center space Dp of the adjacent patches is 84.8 mm (0.71λ at 2.5 GHz). The SPN is constructed in a quite miniaturized fashion, with a size of λ/2 × λ/2
at the highest operating frequency (2.5 GHz). The impedance
seen from the patch edge is 310 Ω. The λ/4 impedance transforming line (with the intrinsic impedance of 143 Ω) connected
with the patches is arranged in a zigzag meander manner to
further reduce the total area of the antenna. A miniaturized
PCJ inspired by the work in [33] is designed for the layout of
FNT. An enlarged perspective view of such a PCJ is shown in
Fig. 2(b). The simulation of the PCJ showed that a reflection coefficient lower than −30 dB and an isolation better than 30 dB
can be achieved for the intersected lines. The dimensions of the
antenna and feeding networks were optimized using the Ansoft
HFSS full-wave simulation. The total size of the antenna is 240
× 240 mm2 (3.68 λm ax 2 ); detail design parameters are listed in
Table I.
The fabricated co-CP single-layer STAR antenna by standard
printed circuit board technique and the experiment setup are
shown in Fig. 2(c). As can be seen in Fig. 3, a −14 dB reflection
coefficient is obtained for each port over the frequency band of
interest (2.4–2.5 GHz). The isolation tests were performed in
two scenarios: a microwave anechoic chamber and a standard

Fig. 4. (a) Simulated and measured broadside axial ratio of RX and TX
antennas. (b) Simulated and measured broadside realized gain of RX and TX
antennas.

office room exposed to the multipath interference. Fig. 3 presents
the simulated and measured isolation between TX and RX ports,
showing that a more than 41 dB insolation can be obtained
from 2.4 to 2.5 GHz. Although being exposed to the multipath
scattering environment, the 41 dB isolation can still be obtained
in the frequency band of interest, demonstrating that our antenna
is robust to the propagation channels.
The simulated and measured broadside axial ratio of TX and
RX antennas are reported in Fig. 4(a), indicating that, for both
RX and TX antennas, the axial ratio can be better than 1.7 dB
from 2.4 to 2.5 GHz. The simulation and measurement results
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TABLE II
COMPARISON OF OUR WORK WITH OTHER CO-CHANNEL CO-CP STAR ANTENNAS

cost, and good integrability with planar circuits. We note that,
for fair comparison, the physical size of the single-layer antenna
considers also the area of feeding networks, which makes the
aperture efficiency of the proposed antenna relatively lower.
This aspect can be further improved by using more compact
feeding networks and optimizing the antenna shape.
IV. CONCLUSION

Fig. 5. Simulated and measured realized gain of RX and TX antennas versus
elevation angle at 2.45 GHz. (a) Patterns of RX antenna on x–z cut plane.
(b) Patterns of RX antenna on y–z cut plane. (c) Patterns of TX antenna on x–z
cut plane. (d) Patterns of TX antenna on y–z cut plane.

are in good agreement. The measured broadside realized gain
of RX and TX antennas are reported in Fig. 4(b), respectively.
The results show that the both RX and TX antennas can offer a
maximum RHCP gain of ∼10.5 dBic and a 3 dB gain variation
bandwidth from 2.4 to 2.5 GHz. The cross-polarization level is
lower than −21 dB within the band of interest.
Fig. 5 reports the simulated and measured realized gain of
RX and TX antennas versus elevation angle at 2.45 GHz on the
x–z and y–z cut planes. The simulation (measurement) result
shows a 15.5 dB (14.1 dB) cross-polarization rejection, corresponding to the 3 dB (3.5 dB) axial ratio within the half-power
beamwidth. In addition, the RX and TX antennas show similar
broadside patterns, verifying that the proposed inband duplex
scheme does not require any polarization or pattern multiplex.
We also measured the total efficiency of TX and RX antennas
considering the feeding networks, with the peak efficiencies of
∼80% being obtained.
In Table II, we compare results presented in this letter with the
state-of-the-art co-channel co-CP STAR antennas. As seen, the
proposed single-layer co-CP STAR antenna not only exhibits
a good CP performance and a high isolation between the RX
and TX ports, but also provides advantages like low profile, low

In this letter, we propose a co-CP STAR antenna based on
single-layer architecture, realizing the integration of complex
feeding networks and the radiation aperture in the same layer.
Both full-wave simulation and measurement results show that
the proposed STAR antenna can offer an insolation higher than
41 dB in the whole 2.4 GHz WLAN band (2.4–2.5 GHz). For
both TX and RX antennas, robust CP performance is obtained,
with an axial ratio better than 1.7 dB and a RHCP realized
gain of 7.2 ∼10.5 dBic in the operating band. We envision that
the proposed single-layer STAR antenna, with advantages over
the traditional multilayer schemes like eased integration, low
cost, and extreme thinness, may impact duplexing systems in
the forthcoming 5G communication.
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