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Abstract

A compact dual-polarized monostatic antenna (single radiator for transmit and receive modes)
is presented with differential receive mode operation to achieve excellent interport isolation for
24 GHz single frequency full-duplex or in-band full-duplex applications. The presented
antenna comprises three ports radiating element (patch) and a simple 3 dB/180° ring hybrid
coupler has been utilized for differentially excited receive mode operation. The 3 dB/180°
ring hybrid coupler acts as a self-interference cancellation (SIC) circuit for effective suppression
of RF leakage from the transmit port to provide very high interport decoupling between trans-
mit and receive ports. A compact antenna structure has been realized by using two-layered
printed circuit board through vias interconnections of both receive ports of the antenna with
inputs of SIC circuit. The validation model of proposed antenna offers more than 95 dB
peak interport isolation. Moreover, the experimentally measured interport isolation is better
than 70 dB throughout the antenna’s 10 dB return-loss impedance bandwidth (BW) of 50
MHz (2.38-2.43 GHz). Furthermore, the recorded isolation is more than 80 dB in 20 MHz
BW. The implemented antenna has good radiation characteristics including nice gain and
low cross-polarization levels as endorsed by measurements. Same antenna structure with micro-
strip-T feeds can provide DC isolated ports with same interport RF isolation performance for
active antenna applications. Such antenna with DC interport isolation will avoid the require-
ments of additional series capacitors on transmit and receive ports of antenna.

Introduction

In order to realize single frequency full-duplex (SFFD) also termed as in-band full-duplex
(IBFD) wireless operation with its full gains, the IBFD transceiver should cancel the self-
interference (SI) at the receiver side (which is induced by its own transmitter) to the receiver’s
noise floor [1-3]. Normally, the amount of suppressed SI is deemed as a figure of merit for
SFFD radio transceiver design [2, 3]. The residual SI acts as a noise and decreases the signal
to noise ratio which results in degradation to achievable throughput of full-duplex wireless
operation [1]. The intended levels of SI suppression depend on the radiated power and band-
width (BW) of transmitted signal in addition to received noise power (P,,) at receiver. For
example, the received noise power (P,,) for the receiver with 20 MHz BW and 11 dB noise fig-
ure (NF) are computed as [3, 4]:

Py = —174dBm + 101log(B.W) + NF 1)

P, = —174dBm + 73 + 11 = —90dBm

Based on (1) and as depicted in Fig. 1, if the transmitted power (P;) for a radio transceiver is
10 dBm, then the required amount of SI suppression should be 10 dBm-(—90 dBm) = 100 dB
so that received signal is not disturbed by RF leakage from its own transmitter (which is
termed as SI in IBFD wireless communication context).

A large amount of SI suppression is required at the antenna stage to prevent the radio
receiver to become saturate due to excessive SI [1-3, 5]. As depicted in Fig. 1, if we achieve
around 70 dB SI suppression or SI cancellation (SIC) at antenna stage which is the case
with our proposed antenna, then only 30dB SIC using digital base-band techniques can
achieve the total intended 100 dB isolation enabling the full-duplex operation at same transmit
and receive carrier frequency without using complex and bulky analog RF domain SIC topolo-
gies. In addition, the non-linear components of SI (resulting from nonlinearities in T, chain)
and transmitter noise is also required to be suppressed [1, 4].
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Fig. 1. Achieving around 100 dB self-interference cancellation (SIC) for an IBFD trans-
ceiver employing a monostatic antenna with 70 dB interport isolation.

The basic configuration of a dual-polarized, dual-port patch
antenna is normally based on a square-shaped element with
two perpendicular ports for excitation of vertical and horizontal
polarizations for respective port excitation. Such dual-polarized
antenna designed on 1.6 mm thick FR-4 substrate can offer
~30-35dB T,-R, port-port isolation [5]. Moreover, hybrid feed-
ing can be employed for such dual-polarized antennas to improve
the interport isolation on the cost of additional complexity [5].
For instance, one such topology is reported in [5], where one
port excites the patch through thin quarter-wave feed line and
slot coupling is deployed for other polarization modes to
achieve ~ 15-20 dB additional isolation. The microstrip-T can
also be used instead of thin quarter-wave feed to achieve almost
the same levels of interport isolation for such antennas with
hybrid feeds [6]. The interport coupling can also be reduced
through a defected ground structure as reported for an antenna
presented in [7].

An external single or multi-taps SIC circuitry can be used with
dual-port, dual-polarized antenna to suppress the T, leakage at R,
port [8-11]. These SIC techniques are based on signal inversion
mechanism where T, signal is tapped and its modified version is
subtracted from the coupled signal at R, port. The achievable iso-
lation levels with such techniques are highly dependent on the
accuracy and resolution of active components in T, signal modifi-
cation channel. Moreover, such SIC topologies are inherently
narrow-band and provide cancellation within very limited BW
(few MHz) as detailed in [8, 9]. The two-taps circuitry can achieve
comparatively wider SIC BW as reported for antennas in [10, 11].

Different excitation networks can also be used along with
balanced circuitry to generate two orthogonal for T, and R,
modes with reduced coupling and cross-polarization levels.
However, such antenna designs are mostly based on the multi-
layered printed circuit board (PCB) structures and complex
balanced feed networks [12]. The SIC can also be performed
through an extra signal path to achieve improved interport isola-
tion. For example, the dual-port antenna reported in [13] is based
on T, leakage suppression through an additional signal path to
obtain 20 dB interport isolation within 1.85-2.62 GHz frequency
range. The cross-polarized antennas with improved interport iso-
lation between DC isolated feeding ports are required for active
integrated antenna topologies [14]. These types of antennas are
also used for the implementation of retrodirective arrays [15] or
amplifying-reflect arrays [16]. Previously reported antennas for

https://doi.org/10.1017/51759078720000537 Published online by Cambridge University Press

267

such application have employed electromagnetic coupled (prox-
imity feeding etc.)-based excitation or multilayered structures.
The monostatic antennas with DC isolated ports will neither
require DC blocking series capacitors at the output of T, chain
nor at the input of R, port of radio transceiver. The dual-polarized
antennas with high port-port isolation can effectively mitigate the
fading effect for GSM and LTE bands mobile applications as dis-
cussed in [17]. The differential feeding is a very useful SIC tech-
nique to achieve high T,-R, isolation without degrading the
radiation performance of monostatic antennas. The differential
feeding can be used either at T,/R, or simultaneously at both
ports [18-21]. The achievable SIC performance of differentially
driven antennas is dependent upon the antennas symmetry and
the response of the employed differential circuit. Moreover, the
coupling between the radiating structure and differential circuit
also limits the achievable isolation. The 3 dB/180° ring hybrid
coupler with very nice amplitude and out-of-phase balance char-
acteristics is a good choice for differential excitation of dual-
polarized antennas to achieve high interport isolation.

The presented antenna topology is based on three ports patch
with three symmetrically placed ports exciting the patch through
thin quarter-wave (4,/4) feed lines. Two R, ports are dual linear
polarized with respect to a T, port which results in the same
amount of coupling for each pair of T,-R, ports. The differentially
driven R, mode through designated ports of antenna effectively
suppresses the T, leakage at R, port through signal inversion mech-
anism without degradation in radiation characteristics of the
antenna. The intended differential excitation is realized through a
simple and well balanced 3 dB/180° ring hybrid coupler. The
designed hybrid coupler has an excellent amplitude and
out-of-phase balance response for the BW of interest (antenna’s
10 dB return loss impedance BW). Consequently, the SI is well sup-
pressed by the employed differential circuit within the intended
range of frequencies. The theoretical analysis using simple circuit
theory is also presented for employed SIC topology. The depend-
ence of achievable SIC levels on amplitude and phase response
of the differential circuit is analytically analyzed too. The validation
model for the proposed antenna is realized with two-layered PCB.
The patch with co-planar feeds is etched on the top of dielectric
layer 1 and the differential circuit is implemented on bottom of
dielectric layer 2 with shared ground plane sandwiched between
two layers of substrate. The interconnections are made through
small vias. This architecture results in compact antenna design
and reduced PCB size. In addition, as compared to reported
work in [18], this design achieves better interport isolation per-
formance. The implemented antenna demonstrates ~10dB add-
itional isolation in 50 MHz BW compared to the reported
antenna in [18]. The reason is that the achievable SIC performance
is limited by strong coupling between the coupler and co-located
radiating element for the antenna design reported in [18].
However, for stacked PCB design in current work, the patch and
SIC circuit are electromagnetically isolated through the sandwiched
ground plane. So here, the improvement in isolation is attributed to
the reduced coupling between the patch and SIC circuit.

2.4 GHz Dual-polarized antenna with differentially driven
R, mode

The presented dual-polarized, 2.4 GHz antenna comprises three
ports square patch antenna with quarter-wave (1,/4) feeds as
shown in Fig. 2 below. The proposed antenna has been designed
on 1.6 mm thick single-layered FR-4 substrate (g, =4.4, tand = .02)
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Fig. 2. Three ports microstrip patch antenna with a
transmit port and pair of R, ports which will be used
for differential receive mode for self-interference
suppression.

as indicated in Fig. 2. The port 1 is for transmit (T,) mode while
port 2 and port 3 will be used for differential-driven receive (R,)
mode. Due to the symmetry of the proposed antenna, the same
amount of SI or RF power is leaked from T, to each of R, port.

Each R, port is orthogonally linearly polarized with respect to
T, port (port 1) and as reported in [5], the interport isolation
between each pair of T,~R, ports will be around 35 dB for such
single-layered antenna designed on 1.6 mm thick FR-4 substrate.
The differential excitation through R, ports can suppress the T,
leakage to achieve additional isolation on the top of intrinsic iso-
lation of polarization diversity as detailed through the following
analysis. Let us denote Ig,; and Ir,, as currents flowing out of
R, ports and they are related with input current Iz, (current flow-
ing in to T, port) through following equations:

Irei = Ity So1 and Iryy = Iy S31, 2

where S,; and S3; are the magnitudes of coupling co-efficients for
respective pair of T,—R, ports.

With the differentially driven R, port, the total current Ig,
flowing out will be given as:

1 Iry
— (S = Sn). B3)

=7 NG

Based on (3), the interport current coupling and isolation
transfer functions are given as:

(e Ipa +Ipy) =

I 1

ITx_ji

T V2

Ine  (S51—Su)’

As stated earlier, based on the symmetry of the proposed
antenna, the same amount of SI or RF power results from T, to
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each of R, port. For perfect or ideal symmetrical structure S,; =
S31.This will result in perfect cancellation of SI at R, port to pro-
vide infinite interport isolation based on (5) if an ideal differential
circuit is employed. However, in reality for a carefully designed
antenna S,; ~ S3;, excellent SIC levels can be obtained when a dif-
ferential circuit with nice amplitude and phase balance character-
istics is employed with proposed three ports antenna and both are
electromagnetically isolated.

The dependence of achievable SIC levels on the amplitude and
an out-of-phase imbalance of differential circuit is analyzed
graphically as illustrated in Fig. 3. The plot in Fig. 3 provides
the difference (in dB) between two same frequency AC signals
with different magnitude and phase values. The magnitude and
phase difference between two signals is termed as magnitude
and phase errors of the differential feeding network (DFN). As
expected and stated earlier, the difference (in dB) or SIC levels
are highly dependent on both magnitude and phase errors as
clear from Fig. 3. For instance, the SIC levels are reduced from
45dB to around 37 dB for two out-of-phase signals with 0.1 dB
magnitude error. Similarly, the SIC levels are reduced from
35 dB to 30 dB for the case of 0.1 dB and 1° phase errors, respect-
ively. However, as indicated in Fig. 3, SIC levels between 30 dB
and 45 dB can be achieved through a differential circuit with mag-
nitude error < 0.3 dB and phase error < 1°.

The simulated return loss and port-port isolation results for
proposed three ports antenna depicted in Fig. 2 are presented
in Fig. 4. The three ports antenna was simulated by using
Ansoft HFSS13 software. The reference impedance for each port
was set to 50Q for these simulations. As clear from Fig. 4, the
ideal differential feeding circuit (having zero magnitudes, phase
errors) can provide around 80 dB interport isolation within 10
dB return loss BW of 50 MHz. The simulated peak isolation
exceeds 100 dB in this case. So more than 50 dB isolation is pro-
vided through differential feeding-based SIC operation on top of
30-35 polarization diversity isolation for 50 MHz BW. The asym-
metric behavior of interport isolation is due to low mesh density
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Fig. 3. The illustration of SIC levels dependence on magnitude and phase error of
DFN.
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which was used to save the computational resources and reduce
the simulation times.

The simulated dual-polarized characteristics of the presented
three ports antenna with differential R, mode are presented in
Fig. 5. As clear from simulated surface currents distribution and
gain patterns in Fig. 5, the antenna resonates at the same fre-
quency of 2.4 GHz with vertical and horizontal polarization for
T, and differential-fed R, modes, respectively. The differentially
excited R, mode also achieves reduced cross-polarization levels
through the cancellation of higher-order modes and enables the
patch to operate with TM,, and TM,;, modes (fundamental
modes of square-shaped radiating patch) only as detailed in [22].

A 2.4 GHz, 3 dB/180° ring hybrid coupler has been used for
required differential excitation at R, port. The coupler is used
as 3 dB out-of-phase power divider. The hybrid coupler acts as
SIC circuit to perform (S3,-S,;) operation when it is connected
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Fig. 5. The simulated surface current distributions
and 3D radiation patterns for T, mode and differ-
ential R, mode of three ports antenna for respect-
ive port excitation at f=2.4 GHz.

Y (®©=90°)

l | (®=0°)

X
with three ports antenna and its difference port (A port) is used
as R, port. The simulated hybrid coupler achieves excellent amp-
litude and out-of-phase balance response for BW of interest
(antenna’s 10 dB return loss impedance BW). Consequently, the
SI is well suppressed by the employed differential circuit (hybrid
coupler) with an intended range of frequencies. The design details
and simulated results of 3 dB/180° ring hybrid coupler are not
presented here for brevity.

Antenna prototype and measurement results

The physical model or prototype of the miniaturized dual port,
dual-polarized monostatic IBFD antenna with differentially dri-
ven R, mode is shown in Fig. 6. The overall dimensions of the
implemented antenna are 75mm x 70 mm as shown in Fig. 6.
The validation model was realized by using double-layered FR-4
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Fig. 6. The physical model of 2.4 GHz differential fed IBFD monostatic antenna.
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Fig. 7. The simulated and measured S-parameters (S11, S,5, S»1) for IBFD antenna.

(e,=4.4, tand=.02) dielectric with 1.6 mm thickness of each
layer. The three ports patch was etched on top of FR-4 layer 1
while hybrid coupler was placed on the lower side of FR-4 layer
2 as indicated in Fig. 6. The ground plane is placed between
two layers of FR-4 substrate. The interconnections are made
through small vias. This results in compact antenna design and
reduced PCB size. The implemented antenna can be directly con-
nected to single-in single-out transceiver through designated T,
and R, ports. The T, and R, ports of the implemented antenna
can be interchanged without degradation in antenna’s interport
isolation performance. However, the ports of IBFD antenna on
a second wireless node should also be interchanged to align the
intended polarization of forward and reverse links of dual-
polarized full-duplex channel as discussed in [20, 23].

The performance of the implemented antenna has been char-
acterized through S-parameters and gain measurements for each
polarization. The recorded results for S;;, Sy, and T,-R, inter-
port coupling (S,;) for validation model are presented in Fig. 7.
The simulation S-parameters were obtained through Keysight
ADS software. The three ports antenna was simulated by using
Ansoft HFSS13 software. The 3 dB/180° ring hybrid coupler
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terns for presented monostatic IBFD antenna at 2.4 GHz frequency band.

was simulated in Keysight ADS Momentum software with mesh
density =20 cells/wavelength. The S-parameters for the three
ports antenna were imported from HFSS to ADS. Then, the
imported S-parameters and EM model of coupler were used in
ADS schematic to obtain the simulated S-parameters (S;;, Sy,
S,1) for the compact antenna structure.

The physical model or the prototype achieves the shared 10 dB
return- loss impedance BW of 50 MHz (2.38-2.43 GHz) for each
of T, and R, port. The physical model achieves > 70 dB isolation
(negative of measured T,~R, interport coupling) throughout the
50 MHz BW (spans over 2.38-2.43 GHz). Moreover, the mea-
sured peak isolation exceeds 95 dB peak near 2.41 GHz as marked
in Fig. 7. Furthermore, better than 80 dB isolation has been
observed for the frequency span of 2.4-2.42 GHz (20 MHz
BW). Consequently, for 50 MHz BW ~45 dB isolation is contrib-
uted by SIC circuit on the top of polarization isolation. The dif-
ference between the simulated and measured results can be
attributed to the fabrication inaccuracies and the soldering
imperfections.
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Table 1. The performance comparison of the presented antenna with other monostatic antennas which were reported earlier in [12, 18, 20, 23, 24, 26]

Peak 10 dB return loss Isolation versus SIC Antenna Size Peak rad.
Ref. antennas isolation B.W. B.W. (mm?3) Substrate/PCB layers efficiency
[12] 34dB 19% 28 dB for 410 MHz 100x43x9.2 0.8 mm FR-4/three Not given
layers
[18]-Antennal 67dB 50 MHz 62 dB for 50 MHz 110x90x 1.6 1.6 mm FR-4/single 50%
layer
[18]-Antenna2 90dB 50 MHz 70 dB for 50 MHz 120x90 % 3.2 1.6 mm FR-4/double 50%
layer
[20] 98 dB 50 MHz 80 dB for 40 MHz 125x84x1.6 1.6 mm FR-4/double 57%
layer
[23] 78dB 50 MHz 64 dB for 50 MHz 105x 88 x 1.6 1.6 mm FR-4/single 50%
layer
[26] >55dB 250 MHz 40 dB for 250 MHz Not given 0.81 mm thick Not given
R04003C
[24] 95dB 45 MHz 85 dB for 45 MHz 100 %95 x 3.2 1.6 mm FR-4/double 55%
layer
This design >95dB 50 MHz 70dB for 50 MHz 75%70x3.2 1.6 mm FR-4/double >56%

80 dB for 20 MHz

layer

The simulated and experimentally recorded co-polarized and
cross-polarized gain patterns for implemented dual port, dual-
polarized monostatic IBFD antenna are also recorded and pre-
sented in Fig. 8. These patterns have been measured at 2.4 GHz
frequency band for both T, and R, modes, respectively. The mea-
sured gain is better than 4.2 dBi for each of T, and R, port as clear
from Fig. 8. Moreover, the recorded cross-polarization levels for
the prototype are more than 30 and 40 dB below the respective
co-polarized levels. Thus, the antenna offers nice gain levels
with excellent polarization purity in addition to highly decoupled
T,—R, ports for IBFD applications.

The measured radiation efficiencies for the presented antenna
are given in Fig. 9 for respective T, and R, ports excitations with
other ports terminated in 50Q loads. These results were measured
through EMSCAN RFxpert near-field measurement configuration
for the respective ports. The recorded peak radiation efficiencies
are better than 56% for both T, and R, ports as clear from
Fig. 9. The low radiation efficiencies for the presented antenna
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are due to the high loss (loss tangent) of FR-4 substrate which
was used for antenna implementation. The radiation efficiencies
and the resulting gains for T, and R, modes of the presented
antenna can be improved significantly by using low loss dielec-
tric/substrate as detailed in [20, 23, 24].

Dual-polarized antenna with high RF isolation between the
DC isolated ports

By replacing the thin A,/4 feeds with microstrip-T (MS-T) feeds for
the presented antenna, the DC isolation between T, and R, ports
can be achieved in addition to high RF interport isolation [23,
25]. Such MS-T feeds excite the antenna through EM coupling
and antenna can be effectively used for active applications where
DC interport isolation is required [14-16]. The simulated
S-parameters results for three-port antenna with MS-T feeds are
shown in Fig. 10. The proposed antenna achieves around 120 dB
peak interport isolation and more than 80 dB port to port isolation
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for 50 MHz BW as clearly depicted in Fig. 10. The differential feed-
ing can be used for this antenna for R, mode to achieve high inter-
port isolation between DC isolated ports as presented in [23]. The
isolation can be further improved through stacked PCB structure
where patch and SIC will be electromagnetically isolated through
the ground plane as was the case for antenna presented in previous
sections. In that case, the PCB size will also be reduced compared
to the antenna design reported in [23].

The dimensions and experimentally characterized interport
isolation performance of the presented antenna are compared
with other monostatic antennas which were reported earlier in
[12, 18, 20, 23, 24, 26]. This comparison is detailed in Table 1
which provides the peak isolation, 10 dB return-loss BW, amount
of SIC versus SIC BW, dimensions, type of substrate, number of
substrate layers, and peak radiation efficiencies for various proto-
types of IBFD monostatic antennas. As clear from Table 1, the
validation model of our proposed, dual-polarized monostatic
IBFD antenna is more compact as compared to previously
reported monostatic antennas. The dimensions of the presented
antenna are only (0.6 x 0.55 x 0.03) A, where 4, is the free space
wavelength for 2.4 GHz frequency. The validation model of pro-
posed antenna also offers comparatively better performance in
terms of interport isolation versus SIC BW along with very high
levels of peak isolation as obvious from Table 1. These enhanced
levels of interport isolation for presented compact antenna struc-
ture are attributed to effective SIC performed through differential
feeding circuit. Moreover, these SIC improvements stem from the
electromagnetic isolation (through intermediate ground plane) of
monostatic antenna element and associated differential feeding
circuit. This electromagnetic isolation offers reduced interport
coupling (around 10 dB reduction) as compared to differentially
driven antennas reported in [18, 20, 23].

Conclusion

A high isolation, compact (75mm x 70 mm), two-port, dual-
polarized, monostatic patch antenna has been presented here
for 2.4 GHz IBFD applications. The proposed antenna employs
differential feeding at R, port to achieve high interport isolation.
The differential excitation is achieved through a simple and well
balanced 3 dB/180° ring hybrid coupler. The deployed hybrid
coupler has an excellent amplitude and out-of-phase balance
response for the BW of interest and SI is well suppressed by the
employed differential circuit within 10 dB return loss impedance
BW of antenna. The DFN provides 45-50 dB additional isolation
which is superimposed on 30-35dB polarization diversity isola-
tion. The electromagnetic isolation between the monostatic radi-
ating element and SIC provides~10dB improvement in
isolation along with reduced PCB size compared to previously
reported design based on the same topology. The physical
model with 80dB T,-R, isolation within 20 MHz BW can be
deployed for low power IBFD wireless link without additional
RF domain SIC techniques or stages.
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