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Abstract—The design of an in-band full-duplex antenna
subsystem for a point-to-point microwave link is outlined. High
isolation between the transmitter and receiver is achieved
through the balanced-circulator approach. In the proposed
approach, reflected signals from the antenna and the
coupled/leaked signals from the circulators are canceled at the
RX port of the beamforming network (BFN) leading to high
system isolation. The utilized BFN consists of two 90° hybrids
and two circulators. The realized full-duplex antenna is a
circularly-polarized parabolic reflector antenna having gain > 20
dB, and return loss > 10 dB. System isolation > 30 dB is achieved.
The impact of cross-polarization and the physical asymmetries
on the system isolation is also discussed. Moreover, analog signal
cancelation technique is applied to compensate imbalances and
further improve the system isolation.

Index Terms—Full-duplex, isolation, tactical radio relay.

I. INTRODUCTION

THE increase in the number of wireless devices has created
demand for higher bandwidth channels. Hence, there is a need
for efficient frequency spectrum utilization. In-band full-
duplex systems, which are also referred as simultaneous
transmit and receive (STAR) systems, are capable of
transmitting at the same time and frequency without any
multiplexing, thereby, improving the system throughput and
spectral efficiency. However, isolation between the
transmitter (TX) and receiver (RX) on the order of > 110 dB
is required for the practical realization of a STAR system. The
required isolation is typically achieved by minimizing the
self-interference between TX and RX at different layers in
antenna, analog and digital domains [1].

An in-band full-duplex antenna sub-system for microwave
point-to-point radio link is discussed in this work. In the
proposed approach, high isolation between TX and RX is
achieved by rerouting the coupled, leaked, and reflected
signals, through a beamforming network (BFN) consisting of
hybrids and circulators [2]-[3]. A self-supporting axis
symmetric parabolic reflector antenna with coaxial cavity
antenna as a feed is designed. The fabricated system achieves
average measured isolation of 30 dB, where COTS
components are used in the BFN. The impact of surface
roughness, and cross-pol level of the antenna on system
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isolation is presented. Additionally, an analog cancelation
network is employed to further improve the isolation of the
overall (analog to this point) system [4]. Digital baseband
cancellation is needed to achieve >110dB of isolation.

Il. FULL-DUPLEX REALIZATION

The proposed monostatic full-duplex system is realized
using a simple BFN composed of two 90° hybrids and two
circulators. The antenna is dual-linearly polarized and the
proposed excitation through the utilized BFN will enable dual
TX/RX circularly-polarized operation. The schematic and the
signal flow in the BFN are shown in the Fig. 1. High isolation
between the TX and RX is achieved by carefully rerouting the
coupled, leaked and reflected signals such that these signals
cancel at the RX port. Specifically, the signal to be
transmitted (or TX signal) is fed to the input of the 90° Hybrid
1, thus the signals at the output are of equal magnitude and
quadrature phase. Further, the signals from the output of 90°
Hybrid 1 are routed through the paths | and I1. These voltages
pass through the circulators 1 and 2, before reaching the
antenna input terminals. The reflected signals (1) and (2) from
the antenna and the coupled/leaked from the circulators are
connected to the input of the 90° Hybrid 2. Herein, s¢' and

S, are Sz and Sg of circulator I, respectively. Similarly,

S.” and S.* are Sz and Sa: of circulator 11, respectively.

21
|T, |, and |I", |are the reflections from the ports 1 and 2 of

the antenna. The signal from path I (1) undergoes another 90°
phase shift after passing through the hybrid 2, thereby
resulting in the total cancelation of the reflected and leaked
signals at the RX port. This leads to theoretically infinite
isolation between TX and RX. The reflected signals are
combined in phase at the port P4 of the hybrid 2 (i.e. RX
hybrid), which is terminated with matched load.
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Fig. 1. Schematic and signal flow of the proposed high directivity, reflector-
based full-duplex antenna system.
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Fig. 2. Picture of the fabricated antenna and its CAD model along with
corresponding dimensions.
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Fig. 3. Electric field distribution at the aperture of the coaxial cavity antenna
feed for the TE;; mode in (a) y-direction, and (b) x-direction. (c) Illustration
of the BFN used to realize the TE;; mode.
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However, the asymmetries in antenna structure or the
imbalances in the BFN will create amplitude and phase
imbalances between signals from the path | and Il, thereby
leading to the finite isolation.

I1l. MICROWAVE RADIO LINKS

A. Antenna Design and Performance

The axis-symmetric parabolic reflector antenna along with
feed and the dimensions are shown in Fig. 2. The antenna is
designed to operate over C-band, i.e. from 4 to 8 GHz. Axis-
symmetric reflector configuration is employed over the offset
configuration in order to avoid the asymmetry in the antenna
geometry and in the radiation patterns. The reflector has
diameter and focal length of 40 cm and 19.8 cm, respectively;
that is F/D = 0.495. The reflector is fed by a coaxial cavity
antenna which has phase center variation < 5
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Fig. 4. (a) Measured (black-LHCP, green-RHCP) and (b) simulated (blue-
LHCP, red-RHCP) radiation patterns. and (c) measured and simulated VSWR
of the coaxial cavity antenna.

% for 6 = + 53’over the operating band [5]. Operation of the
coaxial cavity antenna is analogous to an open-ended coaxial
waveguide. Two probes, oriented along y-axis is fed with 180
phase difference to excite the TEi: (vertical polarization)
mode of the cavity, as shown in Fig. 3(a). Similarly, another
set of probes, oriented along the x-axis (see Fig. 3(b)) with
180° phase difference is used to excite the horizontal
polarization. The BFN required for dual linear polarization is
shown in Fig. 3(c). Further, the 90° hybrids in Fig. 1 are used
to realize dual CP operation. The impedance match of the
coaxial cavity antenna is improved by shaping the exciting
probes (see Figs. 3(a) and (b)), and by selecting the proper
ratio of inner to outer conductor diameter, b, and a,
respectively [6]. Further, the pattern symmetry in E and H
planes is dependent on the b/a ratio. Hence, as a trade-off
between pattern symmetry and impedance match, b/a=0.23 is
selected for the prototype design. Thus, the resulting antenna
has symmetric radiation patterns (Figs. 4(a), and (b)), axial
ratio (AR) < 3 dB up to 4= * 30", and VSWR < 2 over an
octave of bandwidth, as shown in Fig. 4(c). The VSWR of the
antenna is lower than that in [7].

Conventionally, the feed of an axis-symmetric reflector is
supported by 3 or 4 struts, which can degrade the radiation
patterns by increasing the side lobe level (SLL), and
decreasing the gain [8]. Therefore, a self-supporting
configuration is proposed in this work, where the inner
conductor of the coaxial cavity antenna (feed) is extended up
to the apex of the reflector. Hence, the inner conductor also
functions as the support for the feed, as shown in Fig. 2. The
extension of the inner conductor has less influence on the
impedance match since the resulting reflector antenna
maintains VSWR < 2 [5]. Moreover, the proposed reflector
antenna has symmetric radiation patterns with low cross-pol
and SLL < -10 dB, see Fig. 5(a). Additionally, the directivity
is > 20 dBic over the band, and the measurements are in good
agreement with the simulation results, as shown in Fig. 5 (b).
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Fig. 5. (a) Measured (black-LHCP, green-RHCP) and simulated radiation
patterns (blue-LHCP, red-RHCP), and (b) directivity of the reflector antenna.
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Fig. 6. Measured isolation of the proposed system with and without reflector.

B. System Isolation

The reflector antenna which design is described above is
integrated with the BFN in Fig. 1 to realize the proposed
monostatic full-duplex antenna. System isolation > 30 dB is
achieved with and without the reflector using the proposed
configuration. Lower isolation in the measurement is mainly
due to the imbalances in the BFN components. Nonetheless,
the isolation achieved is ~ 10 dB higher than the isolation of
the used circulators. The COTS 90° hybrids having +0.5 dB
and =3°, amplitude and phase imbalances, respectively are
used. Similarly, the 180° hybrids in BFN have +0.6 dB and
+10°, amplitude and phase imbalances, respectively. In
addition, the circulators with 20 dB isolation, 0.35 dB
insertion loss, and VSWR < 1.25 are used.

C. Impact of cross-pol and asymmetries

The proposed approach relies on the symmetry in the
antenna geometry and BFN for total signal cancelation, as
mentioned in Section Il. The impact of the reflector on the
measured system isolation is insignificant (Fig. 6), since the
geometry is symmetric, reflector surface is smooth, and
mainly small imperfection in the geometry is overshadowed
by the imbalances in BFN. However, often, large reflectors
surface undergo aberrations or structural deformation over the
time, and the fabrication processes can increase the roughness
of the surface [9], thereby, affecting the system isolation.
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Fig. 7. Gaussian random rough surface (RRS) projected on xy plane.
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Fig. 8. CAD model of reflector antenna: (a) asymmetric rough surface, and
(b) symmetric rough surface.
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Fig. 9. Simulated cross-pol. patterns of the reflector antenna for the surface
without roughness, and with symmetric and symmetric roughness, at ¢ = 0".
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Fig. 10. Simulated isolation of the proposed system for the surface without
roughness, and with symmetric and symmetric roughness. Ideal BFN is used
in this analysis.
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Fig. 11. (a) Analog cancelation network. Simulated isolation with cancelation
(b) over narrow bandwidth, and (c) over wider bandwidth.

The roughness of the surfaces is modeled as a Gaussian
distribution with correlation length comparable to wavelength
and the root-mean-square (rms) height much less than the
wavelength.  Specifically, the surface roughness with
correlation length 10 cm (1.33 A4cHz) and rms height of 0.3 cm
(0.04 AscHy) is used. The generated rough surface projected on
Xy plane is shown in Fig. 7. Three cases; smooth surface,
rough surface with rms 0.3 cm, and a symmetric rough surface
(see Fig. 8) are considered herein to analyze the impact of
symmetry on the cross-polarized level as well as system
isolation. The corresponding cross-polarized pattern of the
reflector antenna (for linear polarization) at ¢ = 0 is shown in
Fig. 9, where the increase in cross-pol level with increasing
roughness can be clearly observed. Further, the increase in
cross-pol has deteriorated the system isolation as shown in
Fig. 10. However, the imbalances created in antenna ports are
higher in case of the asymmetric rough surface, when
compared to the symmetric rough surface. Hence, the
deterioration in isolation with the asymmetric case is higher
than in the symmetric case. Thus, the results in Fig. 10
indicate that the physical imperfections could also deteriorate
the system isolation. However, if the imperfections are
symmetric the influence on the system isolation can be
reduced, as shown in Fig, 10.

D. Isolation Improvement Techniques

Furthermore, the isolation of the system can be increased
by using analog cancelation technique [4], where the signals
from ports 4 and 1 of 90° Hybrid 2 are combined to
compensate for the imbalances in the BFN components, as
shown in Fig. 11 (a). The isolation can be increased up to 32
dB over a narrow bandwidth using this cancelation technique,
as illustrated in Fig. 11(b). In addition, the improvement in

the isolation over a wider bandwidth can be achieved by
employing a dynamic cancelation network, as shown in the
simulated results in Fig. 11 (c). The measured S-parameters of
the BFN components, and the simulated antenna are used in
the circuit simulator (AWR Microwave Office) to realize the
circuit and results in Fig. 11.

IV. CONCLUSION

The design of high directivity, monostatic, circularly-
polarized reflector antenna is discussed. The balanced-
circulator approach is used to achieve high antenna level
isolation between the TX and RX. Measured isolation > 30 dB
is achieved. It is shown that the influence of reflector on the
proposed STAR approach is minimal. However, physical
asymmetries could deteriorate the isolation. Also, it is
demonstrated that the imbalances in the BFN can be
compensated over narrow bandwidth using a simple analog
cancelation technique. To achieve >110dB of isolation
required for the entire STAR system, the digital baseband
cancellation level will need to be added.
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