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Abstract

This article presents a bistatic microstrip circular patch
antenna with high self-interference cancellation (SIC)
through phase reconfigurable differential feeding net-
work. The proposed microstrip antenna consists of
closely spaced transmitter and receiver patches having
orthogonal polarization with respect to each other. To
achieve high SIC, the phase reconfigurable of feeding
network can assist in tracking the phase offsets of self-
interference signal caused by fabrication error or scatter-
ing nearby objects. From the experiment, the proposed
antenna provided higher than 75 dB (65 dB) SIC band-
width for 36 MHz (50 MHz) at the center frequency of
2.50 GHz. The proposed antenna is a good candidate for
in-band full duplex communication system because of its
simple design.
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1 | INTRODUCTION

In-band full duplex (IBFD) system is one of the candidates
for the next-generation 5G communication system because
of its ability to enhance double spectral efficiency and data
throughputs.' Its success depends on self-interference can-
cellation (SIC) capability to avoid signal to noise ratio degra-
dation at the receiver side caused by transmitting strong self-
interference (SI) signal. To prevent the saturation of receiver
due to strong SI signal in the IBFD system, a SIC higher
than 60 dB is essential at the antenna stage or RF analog
cancellation stage." Therefore, the antenna stage SIC can
restrain receiver building blocks from saturation and relax
the cancellations at another stage without complex cancella-
tion circuitry.

To realize the IBFD operation with the required large
amount of SIC, monostatic microstrip antennas using differ-
ential feeding, single tap and double tap RF-SIC circuits
based on signal inversion techniques, were used.” Similarly,
bistatic IBFD antennas (separate TX-and RX antenna) were
demonstrated using spatial duplexing, null placement, polari-
zation diversity, differential feeding network and near field
and feed-forward cancellation.>”” The separate TX and RX
antenna pair with orthogonal polarization and auxiliary port
having reconfigurable reflective termination were presented
in References 3,4. The reconfigurable reflective termination
on auxiliary port reflects the coupled replica of leakage sig-
nal to cancel the SIC at RX port. Similarly, spatial filter
based bistatic IBFD antenna was presented in Reference 5.
Similarly, closely spaced bistatic patch antenna with satisfac-
tory isolation between TX and RX port was realized in Ref-
erence 6, by using three interdigital lines that excited an
orthogonal polarization mode on the adjacent patch. How-
ever, these techniques can provide SIC less than 40 dB,
which is not enough for IBFD system.*® The asymmetrical
coplanar strip (ACPS) wall was used to suppress the mutual
coupling of the closely spaced bistatic IBFD antenna in Ref-
erence 8. The ACPS wall was inserted vertically between
TX and RX antenna pair for canceling the direct coupling
between two antennas. Electromagnetic band gap (EBG)
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was used to increase the isolation between TX and RX antenna
pair in Reference 9. A wideband dual-polarized bistatic IBFD
antenna by employing two quad-ridge horns fed by ridge wave-
guide ortho-mode transducer was demonstrated in Reference
10. To improve the isolation between TX and RX ports, the
high impedance surfaces (HIS) such as bed of nails (BONs) and
metasurface were employed to reduce the coupling between TX
and RX antennas. However, these works did not have a robust
and resilient potential to tackle phase offsets of SI caused by
fabrication error or scatters nearby objects.

In this study, microstrip antenna with high SIC is dem-
onstrated in the bistatic configuration using phase recon-
figurable feeding network. The proposed SIC technique has
the potential to adjust phase offsets of the SI signal caused
by fabrication error or scattering of nearby objects. As a
result, high SIC is achievable in a robust environment with-
out complex circuity.

2 | MICROSTRIP ANTENNA WITH
PHASE RECONFIGURABLE
FEEDING NETWORK

Figure 1 shows a block diagram of the proposed IBFD
antenna with phase reconfigurable feeding network. The pro-
posed structure consists of closely spaced TX and RX circular
patch radiating elements, which are in orthogonal polarization
with respect to each other. The TX radiating patch is excited
with phase reconfigurable differential feeding network
whereas RX patch is excited with a single-ended co-axial

TX radiating ANT leakage Single ended
signal path 1

RX patch

Phase Sca)
TX, | reconfigurable
Port feeding
network

path 2 ANT leakage

signal path 2
(Scb)

A)

FIGURE 1
reconfigurable feeding network for high SIC: A, block diagram of

Proposed structure of antenna with phase

overall antenna; B, top view of closely spaced orthogonal polarized
antenna; and C, side view. Physical dimensions: L; = 120.4, L, = 69.2,
R=16.6,g=10,D, =43, D, =5.3, h = 1.2 (unit: millimeter) [Color
figure can be viewed at wileyonlinelibrary.com]

feeding network. The proposed phase reconfigurable feeding
network consists of a power dividing circuit and voltage-
controlled varactor diodes for achieving flat phase characteris-
tics. The SIC based on phase reconfigurable feeding network
can be described by simple signal flow analysis as follows.
Assuming input signal (S;) at TX port is expressed as (1):

Si(1,f) = Agmy (1)~ /20, (1)

where m(f) represents the unit RF signal having amplitude
A,, frequency f, and phase 6,. The input RF signal is divided
into two feeding output signals having equal magnitude and
out-of-phase. These signals couple with leakage signal gen-
erated by the TX radiating element and are transferred to RX
port as follows:

STXRX (1 ¢y — At\"}tﬁ(’)

lekage
— j2aft + 6, + 6 + 0.
—A2FA2A€ @ t TV ZA)},

{AlFAlAe—j(Zﬂft+9,+9]]:+91A)

2)

where A;r, 0;r, Aia, and 6;4 are amplitude and phase of feed-
ing network output signals and antenna leakage signals,
respectively.

As demonstrated in (2), the SIC depends on the ampli-
tude and phase imbalances of feeding network output signals
and antenna leakage signals. Assuming magnitude and phase
imbalances of lossless feeding network as Ap and A@p,
respectively, the TX-to-RX SIC can be derived as (3):

1
| STERX | = ﬁ\/l + AZAZ—2ApAscos(AOF +A04), (3)

where A, and A@, are magnitude and phase imbalances of
leakage signal, respectively.

2.1 | Case 1: Constant amplitude and phase:
Ay =1and A4 = 0°

When magnitude and phase of leakage signals through paths
1 and 2 are the same in overall frequency bandwidth, the TX-
to-RX SIC fully depends on the performances of the feeding
network. In such a case, infinite SIC can be achieved over the
wideband if Ar =0 and Afy = 0°. To investigate the effects
of Ar and A0y, Figure 2 shows the calculated SIC of the pro-
posed antenna by varying these parameters. As demonstrated
in the figure, a TX-to-RX SIC higher than 70 dB can be
achieved if feeding network magnitude and phase imbalances
are within £0.1 dB and + 1.5°, respectively.

2.2 | Case 2: Frequency-dependent variation
of 4, and A,

The magnitude and phase imbalances of antenna leakage
signal change due to fabrication error or scatterings of
objects. Therefore, the frequency-dependent values of A,
and A8, can limit the TX-to-RX SIC within operating fre-
quency bandwidth. To investigate these effects, the A, and
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FIGURE 2 Calculated TX-to-RX SIC by varying magnitude and phase imbalances of feeding network with A, = 1 and A8, = 0° over all the

frequencies [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Calculated TX-to-RX SIC by varying A, and A8, monotonically according to the frequency with Ar = 0 dB and A@r = 1° [Color

figure can be viewed at wileyonlinelibrary.com]

A8, were assumed to have monotonic variation with respect
to frequency (f) as follows:

Ap=1+a(f-fo/fo) (4a)
AOs=p(f~fo/fo) (4b)

where f, a, and f are center frequency, magnitude slop, and
phase slope with respect to f, respectively.

Figure 3 shows the calculated TX-to-RX SIC by varying
A, and Afr monotonically with respect to frequency. To
achieve high SIC under these conditions, it is necessary to adjust
the phase of the feeding network output signals for tracking the
leakage signal. As demonstrated in Figure 3, a high SIC can be
achieved within limited bandwidth if phase reconfigurable feed-
ing network is applied. Also, the phase reconfigurable feeding
network assist in achieving high SIC even though phase offsets
change due to fabrication error or scatters nearby objects.

3 | SIMULATION AND
MEASUREMENT RESULTS

To achieve the SIC under the magnitude and phase imbal-
ance variations, the phase reconfigurable feeding network

was designed and fabricated using 3-dB hybrids and varactor
diodes as shown in Figure 4. In the proposed feeding net-
work, the coupled and through ports of one 3-dB hybrid
were terminated with transmission lines (Zy, 0,) and varactor
diodes (C,), whereas those of other hybrids are terminated
with short-circuited transmission lines (Z;, €;) for achieving
flat phase characteristics.'' The feeding network was fabri-
cated using substrate RT/Duroid 5880 (¢, =2.2 and
h = 0.787 mm) with circuit parameters Z; = 40 Q, 6, = 65°,
Zy =50Q, and 6, =35°. Similarly, 3-dB 90° hybrids
S03A2500N1 from ANAREN were used in this work
because of their wideband characteristics. The varactor
SMV-1231 from Skyworks with parasitic components
Ly =0.7689 nH, R, = 1.5 Q, and C,, = 0.27 pF is used. The
C, is varied from 0.42 pF to 4.17 pF at f, = 2.5 GHz when
the bias voltage applied from 18 to 0 V.

Figure 5 shows the simulated and measured amplitude
and phase balance responses of the feeding network output
signals. The phase balance of the proposed feeding output
signals was reconfigured from 160° to 195° with a maxi-
mum phase error of +1.2° within the bandwidth of
200 MHz at f, = 2.50 GHz. Similarly, amplitude balances
are varied from 0.1 to —0.23 dB within the bandwidth of
200 MHz at f, = 2.50 GHz.
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FIGURE 4 Structure of phase reconfigurable feeding network: A,
circuit diagram; and B, fabricated photograph [Color figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 5 Simulated and measured results of proposed phase
reconfigurable feeding network: A, phase; and B, magnitude balances
[Color figure can be viewed at wileyonlinelibrary.com]

The IBFD antenna was designed and fabricated at
Jfo = 2.5 GHz using FR-4 substrate (¢, = 4.4, h = 1.2 mm,
tan 6 = 0.02). The TX and RX patches are placed on same
surface of the ground plane as shown in Figure 1. The TX
antenna is excited with reconfigurable phase feeding net-
work which have 180° phase shift. The physical dimensions
of the antenna are shown in Figure 1. The proposed antenna
is simulated by using ANSYS HFSS.

Figure 6 shows the simulated TX-to-RX leakages
through path 1 (S.,) and path 2 (S¢,) according to separation
distance (g) between TX and RX patches. As seen from fig-
ure, the magnitude of TX-to-RX leakage is decreased if
g increases. In addition, the amplitude (A,) and phase imbal-
ances (Ag,) are also affected. For high SIC, the variations
of Ay and Ag@, should be as small as possible. Similarly,
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FIGURE 6 Simulated TX-to-RX antenna leakage signals
according to separation between TX to RX patches [Color figure can
be viewed at wileyonlinelibrary.com]
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FIGURE 7 Simulated and measured TX-to-RX antenna leakage
signals [Color figure can be viewed at wileyonlinelibrary.com]

Figure 7 shows the simulated and measured S., and Sg,
between TX and RX antennas. The measured S, and S,
have almost same magnitude of —40 dB, which is due to
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FIGURE 8 Simulated IS;l, IS5, and |S,;| with and without SIC
circuit [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Experimental results for implemented IBFD antenna
with phase reconfigurable feeding network: A, proposed antenna with
reconfigurable feeding network; and B, magnitude of 1S, using
proposed phase reconfigurable feeding network and conventional
feeding network with fixed phase (such as ring hybrid) [Color figure
can be viewed at wileyonlinelibrary.com]
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FIGURE 10 Measured antenna gains and cross-polarization level
[Color figure can be viewed at wileyonlinelibrary.com]

combination of orthogonal polarization and spatial isolation.
The measured A, and A, of leakage signal between TX
and RX antenna are given as 0.96 + 0.1 dB and 4.2 £ 2°
over 100 MHz at f, = 2.50 GHz, respectively. The high A,
and Ag@, of antenna leakage signals are due to fabrication
error, which will prevent a perfect elimination of the self-
interference signals. Similarly, Figure 8 shows the simulated
the S-parameters of the proposed antenna with and without
SIC circuit. From Figure 8, we conclude that the proposed
phase reconfigurable feeding network can improve SIC
between TX to RX ports by 50.51 dB at f; = 2.51 GHz and
26 dB for 2.483 to 2.536 GHz.

Figure 9 shows the simulated and measured input and
output return losses (S;; and S5,) and TX-to-RX SIC (S5)
results for the overall implemented circuit. The measurement
was taken in a laboratory environment. The measured 10 dB
return loss bandwidth was 50 MHz (2.49-2.54 GHz). Simi-
larly, the measured TX-to-RX SIC showed that the isolation
was higher than 75 dB in 36 MHz bandwidth and 65 dB in
50 MHz bandwidth as compared to 60 dB for conventional
feeding network with fixed phase (such as ring hybrid) case.
The high TX-to-RX isolation is achieved by combination of
orthogonal polarization, spatial isolation, and SIC through
phase reconfigurable feeding network. The orthogonal polar-
ization and spatial techniques provide approximately 40 dB
TX-to-RX isolation whereas SIC through phase recon-
figurable feeding network provides approximately 35 dB. In
addition, the proposed IBFD antenna with phase recon-
figurable feeding network provides 15 dB higher SIC than
the fixed feeding network.

Figure 10 shows the measured gain and cross-
polarization of the implemented antenna. The measured TX
and RX antenna peak gains are 2.9 and 3.8 dBi, respectively.
The TX antenna gain is slightly lower than RX antenna gain
because of insertion loss of phase reconfigurable feeding
network. Similarly, the measured cross-polarization levels
are 20 dB down with respect to the co-polarization level.
The performances comparison of the proposed bistatic IBFD
antenna with state-of-arts was as depicted in Table 1. As
shown from the table, the proposed antenna provided highest
SIC as compared to state-of-arts. Although stat-of-arts
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TABLE 1 Performance comparison of proposed IBFD antenna with state-of-arts
fo (GHz) SIC/BW (dB/MHz) ANT separation ANT size SIC techniques

3 4.60 50/300 0.084 0.92149 % 0.7602 Polarization diversity

4 2.50 40/200 0.1049 1.08140 % 0.7501¢ Polarization diversity

3 0.85 25/10 0.314¢ 0.31129 % 0.1554¢ Spatial duplexing

6 5.80 20/270 0.0749 0.88140 % 0.5804 Interdigital lines

7 2.50 60/110 0.0849 1.0664¢ X 0.64¢ DEN

8 5.80 35/80 0.0349 0.86240 % 0.58 ACPS wall

10 10 70/2000 6.66/, 12.664¢ X 4.332¢ QRH with HIS

12 2.45 60/150 0.094¢ 1.1924¢ x 0.4694¢ PRC

This work 2.50 75/36 0.084 1.038y x 0.5851¢ PRFN

Abbreviations: ACPS, asymmetrical coplanar strip; DFN, differential feeding network; HIS, high impedance surface; IBFD, in-band full duplex; PRC, phase recon-
figurable coupler; PRFN, phase reconfigurable feeding network; QRH, quad-ridge horn; SIC, self-interference cancellation.

FIGURE 11
reconfigurable feeding network [Color figure can be viewed at

Photograph of fabricated antenna including phase

wileyonlinelibrary.com]

provide wide SIC bandwidth, the SIC is limited to 50 dB.>®
The photograph of fabricated antenna is shown in Figure 11.
The overall size of antenna is 1.0384, X 0.5851,, where 4 is
a wavelength at the center frequency.

4 | CONCLUSION

This study proposed a bistatic antenna with high SIC for a full
duplex system using phase reconfigurable feeding network.
The analytical design equations were derived to assist in the
design of the antenna under magnitude and phase imbalance
variations due to fabrication error or scatterings nearby
objects. The proposed antenna can provide higher TX-to-RX
self-interference cancellation as compared to the fixed feeding
network. The easy implementation and good performances
show that the proposed antenna is suitable for achieving high
self-interference cancellation under robust environments.
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