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ABSTRACT In this paper, a single-antenna full-duplex subsystem is proposed, consisting of a high isolation
network and a stacked patch antenna with reflector. The employed patch antenna is fed by two ports with
very similar input impedances to make the reflected signals identical. The high isolation network composed
of two hybrids and two circulators plays a crucial part in achieving high transmitting to receiving (Tx-Rx)
isolation. It is able to cancel out the inevitable reflected signals from the antenna ports and the leakage
signals from the circulators. The theoretical analysis is presented and the subsystem is also fabricated
and measured. According to the measurement results, across the operation band from 2.018 to 2.12 GHz,
the subsystem has VSWR < 1.55, Tx-Rx isolation > 50 dB, axial ratio < 2.4, and gain > 10.2 dBic.
Compared with the state-of-art single-antenna full-duplex subsystems, the proposed design features high
Tx-Rx isolation level and high gain, which is suitable for microwave radio relay communication and
satellite detection application.

INDEX TERMS Full-duplex, high isolation network, transmitting to receiving (Tx-Rx) isolation, reflector

antenna

I. INTRODUCTION
full-duplex system can transmit and receive signals
simultaneously, which increases spectral efficiency and
theoretically doubles data rate compared to traditional fre-
quency or time division duplexing systems [1]. However,
in practice, a full-duplex system is considered difficult to
implement due to the potentially significant self-interference
(SI) between the transmitting (Tx) and receiving (Rx) signals
[2]. Efforts have been made to mitigate the SI of full-duplex
systems in both the digital, analog, or antenna domains [3].
Specifically, if good isolation between the Tx and Rx signals
can be obtained in the antenna domain, this can take some
loads from the subsequent analog and digital TR module,
thereby lowering the cost of the entire full-duplex system.
There exist various approaches that can attain a high level of
isolation between Tx and Rx antennas in full-duplex antenna
subsystems, such as space separation [4] [5] [6], polarization
diversity [7] [8] [9] [10], near-field cancellation [11] [12]
[13] [14], and the utilization of circulator [15]. Although
these techniques can achieve good isolation, they still require

multiple Tx and Rx antennas, thus the subsystem is not
ideal. Ideally, a full-duplex antenna subsystem should only
use one antenna for both Tx and Rx purposes, namely, a
single-antenna full-duplex subsystem.

The first single-antenna full-duplex subsystem was pro-
posed in [16]. The system has a balanced feed network
consisting of circulators and quadrature hybrids, which is
able to cancel the antenna reflection and circulator leakage,
thereby achieving a high Tx-Rx isolation of 40-45 dB
across a narrow band of 902-928 MHz. Literatures [17] [18]
utilized dual-polarized microstrip patch antennas and 180°
ring hybrid couplers to achieve the full-duplex performance.
Ultra-high interport isolation of 90 dB has been achieved
but the bandwidth is also quite narrow, i.e., 20 MHz. Spiral
antennas with multiple arms were used as the radiator in the
full-duplex systems proposed in [19] [20]. Although different
arms of the spirals are used for Tx and Rx, the arms are
interleaved and considered as one antenna. These works have
a very wide bandwidth, but the achieved isolation level is
relatively lower, i.e., > 38 dB.
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It should be noted that the aforementioned works all have
limited gains less than 5 dBi/dBic. In some applications for
microwave radio relay communication and satellite detection
purposes, antenna gain, rather than the bandwidth, is the ma-
jor concern. Because of the complexity of the feed networks
in full-duplex systems, it is hard to expand the antennas
proposed in [16-20] into arrays to attain higher gain. Instead,
a high gain radiator should be incorporated in the full-duplex
system. In [21], a reflector antenna with modified coaxial
cavity antenna as feed and apex matching technology was
demonstrated, which achieved a very high gain of 21 dBic.
The full-duplex subsystem also has a wide bandwidth from
4 to 8 GHz. However, because of the amplitude and phase
imbalances of the employed components, the system has a
relatively lower Tx-Rx isolation level, i.e., > 30 dB. Several
other works have been proposed to achieve high gain [22]
[23] [24]. However, attaining high Tx-Rx isolation remains
a challenging endeavor.

In this work, a single-antenna full-duplex subsystem with
high Tx-Rx isolation and high gain is proposed. A dual-
fed stacked patch antenna with reflector is employed as the
radiator to achieve a high gain. An impedance matching
network is used to achieve excellent match and makes the
amplitude of the reflected signals equal. Additionally, a high
isolation network is integral in this design, effectively can-
celling undesired signals through equal amplitude and 180°
phase difference, thereby achieving high Tx-Rx isolation.
The proposed full-duplex subsystem is fabricated, measured,
and compared with state-of-the-art designs. The compari-
son shows that the proposed full-duplex subsystem exhibits
higher gain and higher isolation level across a reasonable
wide bandwidth, which serves as an excellent candidate for
microwave radio relay communication and satellite detection
application.

The main contributions that we describe in this paper are
as follow. What distinguishes our work from the aforemen-
tioned citations is, rather than typically focus on a single
characteristic, for instance, gain, Tx-Rx isolation, or band-
width. Our work takes a holistic approach, addressing all
these aspects simultaneously to enhance the overall perfor-
mance, making it more practical for real-world applications.
And instead of using the antenna array with complex feed-
ing and decoupling network, the proposed system feathers
simple structure for a single-antenna full-duplex subsystem.

Il. RADIATOR

The configuration of the proposed dual-fed CP antenna is
shown in Fig. 1. The antenna consists of four substrate layers
(S1-S4) and four metal layers (M1-M4), see Fig. 1(a). Layers
S1, S3, and S4 have the same relative permittivity of 2.65
and a loss tangent of 0.001. Layer S2 is a dielectric hollow
ring with the relative permittivity of 3.5 and loss tangent of
0.001. The thicknesses of the substrate layers are labelled in
Fig. 1(a). The metal layers are all very thin (0.017 mm) and
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FIGURE 1. (a) Side view and (b) perspective view of the proposed

antenna. (c) Detailed view of the impedance matching network on layer 4.
(d) Perspective view of the antenna with reflector. (All the units are in mm.)
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FIGURE 2. Simulated real and imaginary parts of the input impedance of
the antenna at the two coplanar ports.

are printed on the substrates. There are four dielectric screws
run through the four substrate layers to fix them together.
As shown in Figs. 1(a) and 1(b), two metal square
patches (M1 and M2) form into a stacked patch, which is
the main radiator. The lower patch is fed by two coaxial
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FIGURE 4. Fabricated prototype of the high isolation network.

probes. To facilitate the connection between the antenna
and the subsequent high isolation network, the two coaxial
ports are transited to two coplanar feed ports through a
pair of microstrip lines located on M4. The details of the
microstrip-based transition structure are shown in Fig. 1(c).
The coplanar port feathers a rectangular metal patch that is
connect the ground through several metalized via holes. This
design ensures that the metal ground and microstrip lines are
one the same layer, which facilitates the process of soldering
the coaxial cable. The patch on M2 and the microstrip lines
on M4 share the same ground plane on M3. Moreover, a
reflector shown in Fig. 1(d) is used to enhance the gain of
the stacked patch antenna within the operation band.

The stacked patch antenna is employed as it has wider
operational bandwidth compared to conventional single-layer
ones. Utilizing both the upper and lower patches allows the
antenna to create two resonance points, leading to a stable
impedance. This design significantly extends the bandwidth
of the stacked patch antenna. The stable impedance and
wider bandwidth of the antenna facilitate easier matching
with the feeding network, ensuring consistent high isolation,
even when the circulator’s impedance varies. By tuning the
dimensions of the microstrip-based transition structure as
shown in Fig. 1(c), the real and imaginary parts of the input
impedances at the two coplanar ports can be tuned to 50 2
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FIGURE 5. Simulated Tx-Rx isolation, i.e., | S¢ 4| of the high isolation
network, with ports 1 and 2 connected with 50 2 load.

and 0 Q) , respectively, as shown in Fig. 2. The difference of
the input impedances between the two ports is less than 0.5
Q) . Hence, the amplitudes of the reflected signals from the
two different ports of the antenna are prone to be equal.

lll. HIGH ISOLATION NETWORK

Fig. 3 illustrates the signal flow diagram of the proposed
full-duplex subsystem composed of a high isolation network
and a stacked patch antenna. The isolation network consists
of two hybrids and two circulators. Each quadrature hybrid
provides an equal power split and 90° relative phase differ-
ence. The circulators rout a signal from the transmitter to the
antenna and simultaneously rout a signal from the antenna
to the receiver, but prevent the Tx signal from going into the
Rx port directly.

The signal flow is illustrated using blue and green solid
arrows in Fig. 3. First, the Tx signal A splits into two signals,
B1 and B2, after going through the first hybrid. The resultant
two signals have the same amplitude and a phase shift of 90°,
i.e., B2 = Ble-j90°. Then the two signals are directed to the
two ports of the antennas through two circulators, leading to
CP radiation.

Ideally, the Tx and Rx ports are well isolated. However,
in reality, the Tx signal can enter the Rx port due to the
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following two reasons. First, the employed circulators are not
ideal and can have some leakages (L1 and L2), as illustrated
by red dashed arrows in Fig. 3. Second, due to the antenna
mismatch, a small portion of the input power of the Tx signal
is reflected back (R1 and R2). Two paths of the reflected
signal flow are illustrated in Fig. 3 using green and blue
dashed arrows. All the reflected signals and the leakage
signals will add together into D after the second hybrid and
enter the Rx port. Nevertheless, the proposed subsystem can
still exhibit a high isolation level, because the leakage signals
and the reflected signals can be cancelled out at the Rx port.
In specific,
D = (1% + 02
900 ey
= (L1+ R1)e’™ + (L2 + R2)
and
Ll =o1B1,Rl =1B1,L2=09B2,R2=[3:B2 (2)

where ol and o2 represent the leakage rates of the two
circulators; S1 and (32 represent the reflected ratios at the
two antenna ports. Considering the symmetry of the structure
and we use the same circulators,

ar & ag, f1 & P (3)
Also, since B2 = B1e=79°° | then we have
D = (a1 By + 81 B1) & + (a1 By + 51 B1) e 79"
= j (1 B1 + p1Bl) — j (a1 B1 + f1B1) “)

=0.

Thus, it can be concluded that, despite the inevitable lim-
itations of the circulator leakage and the antenna mismatch,
the resultant imbalances can be cancelled out, which leads to
a high Tx-Rx isolation level. The fabricated high isolation
network is illustrated in Fig. 4. The microstrip quadrature
hybrid is printed on the top side of a 1-mm-thick substrate
with a relative permittivity of 2.65 and a loss tangent of
0.001. Two surface-mount circulators [25] with isolation
of 23 dB and low insertion loss of 0.3 dB are fixed on
the top surface of the substrate plane using surface mount
technology (SMT).

To assess the performance of the high isolation network,
a simulation was conducted in Ansys HFSS considering the
imperfectness of the hybrids and circulators. The circulators
were modelled according to the datasheet [25]. Ports 1 and
2 are connected to a 50 € load to eliminate the effects of the
antenna. The simulated isolation level between the Tx and
Rx ports, i.e., ports 4 and 6, is plotted in Fig. 5. According to
the simulation results, the proposed high isolation network
provides a high Tx-Rx isolation > 62 dB across the target
frequency band.

IV. MEASUREMENT RESULTS

The prototype of the entire single-antenna full-duplex sub-
system was also fabricated and tested. The prototype is
shown in Fig. 6. The dual-fed stacked patch antenna and
the high isolation network are fixed together by a dielectric
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FIGURE 6. Fabricated prototype of the proposed antenna subsystem.
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FIGURE 7. Simulated and measured (a) VSWR at the Tx and Rx ports; (b)
Tx-Rx isolation and AR.

supporting structure and mounted on the reflector. The two
ports of the patch antenna are connected with Port 1 and
Port 2 of the high isolation network, respectively, using
two subminiature version A (SMA) semirigid cables. The
proposed antenna subsystem was measured by an Agilent
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FIGURE 8. Simulated and measured co-pol (RHCP) and cross-pol (LHCP)
radiation patterns in the x-z (left subplots) and y-z plane (right subplots)
at (a) 2.018 GHz, (b) 2.069 GHz, and (c) 2.12 GHz.

E8363B network analyzer and a SATIMO far-field measure-
ment system.

Fig. 7(a) shows the simulated and measure VSWRs at the
Tx and Rx ports. The simulated and measured axial ratio
(AR) at the Tx and Rx ports and the isolation between
the two ports are plotted in Fig. 7(b). The simulated and
measured results generally agree quite well. The small
discrepancies are attributed to the imperfections of the
fabrication and assembling of the antenna and the phase
differences of the two cables. For the measurement results,
across the operation frequency band from 2.018 to 2.12
GHz, the VSWRs for the two ports are < 1.55; the ARs
for the two ports are < 2.4 dB; the Tx-Rx isolation is >
50 dB. The normalized radiation patterns at three sample
frequencies are shown in Figs. 8(a) to 8(c). Fig. 9 illustrates
the realized gain and Half-Power Beamwidth (HPBW) across
the entire frequency band. The measurement results indicate
a consistently high gain, exceeding 10.2 dBic, along with
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FIGURE 10. Measured and simulated total efficiency of the proposed
antenna system.

stable radiation patterns throughout the band. Specifically,
the HPBW remains approximately 19° in the y-z plane,
while in the x-z plane, it varies between 15° and 23°.
Fig. 10 presents the measured and simulated total efficiency
of the proposed antenna system. Throughout the operating
band, the radiation efficiency is over 75%, indicating high
performance of the antenna.

To demonstrate the superiority of this work, the proposed
single antenna full-duplex subsystem is compared with state-
of-the-art works in Table I. On one hand, the achieved gain
in this work is 10.2 dBic, which is higher than all the other
works except Ref. [21]. Although [21] has a very high gain,
the Tx-Rx isolation level is only > 30 dB. On the other hand,
the proposed full-duplex antenna subsystem has a high Tx-
Rx isolation level of > 50 dB, which is higher than all the
other works based on single polarization antenna subsystem.
Refs. [17] [18] achieved higher isolation because they used
one polarization for transmitting and the other orthogonal
polarization for receiving. If additional polarization diversity
technique is implemented in this work, higher isolation level
could also be achieved. Overall, it can be concluded that,
the proposed single antenna full-duplex subsystem in this
work achieves high Tx-Rx isolation and high gain using
simple method, thereby serving as an excellent candidate for
microwave radio relay communication and satellite detection
application.
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TABLE 1. COMPARISON BETWEEN THE STATE-OF-ART SINGLE-ANTENNA FULL-DUPLEX SUBSYSTEMS

Reference | Frequency (GHz) | SIC (dB) | Polarization | Gain (dB/dBic)
[16] 0.902-0.928 40-45 Single CP N.A.
24
[17] 60-80 Dual LP > 4.1
(<50 MHz)
2.4
[18] 90/80 Dual LP >4
(20/40 MHz)
[19] 0.5-3.5 >37 Single CP <5
[20] 2-8 23-38 Single CP > 3.8
[21] 4-8 >30 Single CP > 20
This work 2.018-2.12 >50 Single CP > 10.2

V. CONCLUSION

A single-antenna full-duplex antenna subsystem with high
gain and high Tx-Rx isolation level is designed for mi-
crowave radio relay communication and satellite detection
purposes. The subsystem consists of a dual-fed stacked
patch antenna connected by a high isolation network. The
compact isolation network features low complexity but can
intrinsically cancel out imperfections of the antenna and
other employed components in the network, thus leads to
a high Tx-Rx isolation. The working mechanism of the
subsystem is discussed and then verified by simulations and
measurements. The simulated and measured results agree
very well with each other. Very good performances are
attained according to the measurement results. At last, the
proposed subsystem is further compared with the state-of-art
works to illustrate its superiority.
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