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ABSTRACT This paper presents a novel design of high self-interference cancellation (SIC) technique
for microstrip antennas. The proposed antenna consists of two closely-spaced orthogonal antennas with
differential feeding as SIC circuit so as to achieve high interport isolation between the transmitter and
receiver. In order to achieve high RF leakage cancellation, a novel differential feeding network (DFN) is
also proposed in this paper, which provides amplitude and out-of-phase imbalances within 0.12 £ 0.03dB
and —180 £ 1°, respectively, for the bandwidth of 500 MHz at a center frequency of 2.50 GHz. General
analytical design equations are derived for achieving high SIC over the wide bandwidth. For experimental
validation, prototypes are designed and fabricated at the center frequency of 2.50 GHz using an FR-4
substrate with dielectric constant of 4.4 and loss tangent of 0.02. A good agreement is observed among
the theoretical analysis, and the simulation and measurement results. The first fabricated prototype provides
more than 64 dB SIC for the bandwidth of 110 MHz, while the second prototype achieved more than 60 dB
SIC for 160 MHz bandwidth. In addition, the SIC of the antenna using the proposed DFN is high over
the wideband frequency bandwidth as compared to conventional 180° ring hybrid feeding network. Due to
ease of implementation and excellent performances, the proposed antennas have potential application for
wideband in-band full duplex systems.

INDEX TERMS Analog cancellation, differential feeding network, high RF isolation, passive suppression,

in-band full duplex (IBFD), wideband self-interference cancellation (SIC).

I. INTRODUCTION

In-band full duplex (IBFD) system, which can simultane-
ously transmit and receive a signal over the same time and fre-
quency, has been widely investigated in recent years [1]-[4].
Since IBFD has the theoretical ability to double data through
puts and spectral efficiency, the IBFD system is also con-
sidered as one of the candidate for a next-generation 5G
communication systems to tackle data traffic demand [1]. The
major challenge for implementing IBFD systems is reducing
the strong self-interference (SI) imposed on the received (RX)
signals by the transmitted (TX) signals. The amount of
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self-interference cancellation (SIC) depends on the TX signal
power, signal bandwidth, and the noise at receiver [1]-[4].

In order to realize advantages of the IBFD system, the SI
signal level should be reduced to the same level as the receiver
noise. In recent years, a lot of research has gone toward dif-
ferent SIC techniques to achieve desired cancellation [5]—[8].
Based on literature reviews, SIC can be achieved in three
domains: TX-to-RX air interface (multiple antennas, circu-
lators, and duplex filters), cancellation in the RF and ana-
log front end, and digital cancellation [9]-[12]. In addition,
the SIC should achieve higher than 50 dB in TX-to-RX air
interface domain or RF analog stage in order to suppress TX
SI (including intermodulation, TX circuit noise, and phase
noise) as well as prevent the saturation of the receiver building
blocks (low noise amplifier, mixer, and ADC).
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The SIC technique at the antenna stage is the first step to
achieve high levels of SIC, which can prevent saturation of
the receiver. In addition, high SIC at the antenna stage makes
other stage cancellations easier without the need for complex
RF analog and digital domain techniques [13].

For achieving high isolation at the antenna stage, additional
structures on the antenna can be introduced to suppress sur-
face waves or alter ground plane currents, such as bandgap
structures, wavetraps, and a slot on the ground plane [14].
However, these techniques are complicated and no accurate
calculation methods are applicable to them to achieve high
isolation.

Another approach is to make use of orthogonal polarization
to obtain high isolation between TX and RX [15]. However,
orthogonal polarization is usually not sufficient to ensure
the required isolation, because the antennas can generate
cross-polarized fields. Similarly, a dual-polarized antenna
with a differential feeding network (DFN) in monostatic
configuration (same TX and RX antenna) can lead to the
improved TX-to-RX interport RF isolation [16]-[18]. In [16],
a dual-polarized patch antenna is presented using a DFN that
consists of a power divider with two meandering strips with
a 180° phase difference to achieve 40 dB isolation between
TX and RX ports. Similarly, a dual-polarized patch antenna
with the hybrid ring feeding is present in [17], which provides
measured isolation of more than 40 dB. In [18], a patch
antenna is fed from the same edge where the dual-polarization
is obtained by differential excitation of the two side ports
with 180° ring hybrid. However, the achievable isolation is
limited in this antenna because of strong coupling between
the close-spaced microstrip feeding the radiating patch from
the same edge. Furthermore, the dual-polarized patch anten-
nas with differential feeding are presented in [19], [20] based
on three and four ports, respectively. Although high isolation
is obtained in these works, the bandwidth is still limited to
50 MHz at 2.4 GHz center frequency. In addition, the conven-
tional DFNs (such as 180°ring hybrid and Wilkinson power
divider (WPD) with unequal microstrip lines) can provide the
perfect amplitude balance of 0 dB and phase balance of 180°
only at the center frequency, which can limit RF leakage
cancellation over a wide bandwidth.

To realize practical high isolation for IBFD system,
a bistatic configuration (separate TX and RX antenna) can be
implemented at expense of increased system size. Different
techniques such as polarization diversity, spatial duplexing,
null placement, near field cancellation and feed-forward can-
cellation were proposed in bistatic configuration to achieve
interport isolation [21]-[29].

In this paper, orthogonal polarized antenna with differen-
tial feeding in bistatic configuration is demonstrated for IBFD
system. To achieve high TX-to-RX port isolation over wide
bandwidth in the proposed antenna, a novel DFN is proposed,
which provides good amplitude and phase imbalances over
wide frequency bandwidth. The accurate design equations
are also derived so as to assist with and achieve RF leakage
cancellation over the wide frequency bandwidth.
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FIGURE 1. Structure of wideband differential feeding network.

Il. ANALYTICAL ANALYSIS

A. WIDEBAND DIFFERENTIAL FEEDING NETWORK

Fig. 1 shows the structure of the wideband DFN, which con-
sists of WPD and two 3-dB hybrids. The coupled and through
ports of one hybrid are terminated with open-circuited trans-
mission lines (TLs), whereas those of another hybrid are
terminated with short-circuited TLs. Assuming the char-
acteristics impedance and electrical lengths of the open
and short-circuited TLs are Zy and 6, respectively, the S-
parameters of the proposed feeding network through different
transmission paths can be derived as (1).

25 (1) S (1) ST ()
GDFN ) = 21H 1H 2'by (1a)
4 —j(wz,l "+ey, (f)+¢2“,’l(f))
e “ 1 r,
28 () ST () ST (1)
GDFN _ 31 3ay 3'by (Ib)
3T ) (6 O+ O+ )
e 3ay 3 by 31 Ty
where
T, = e 7200 (2a)
T, = e JT@+20(H) (2b)

and S;V o, Sg " (f) are the transmission S-parameters of
power divider and hybrids, respectively.

Furthermore, the amplitude and out-of-phase balances
between two paths can be written as (3).

S (832 (S5 ()

S3 (1) Sy, () Sy) (F)
(3a)

Aprn (f)) =

SﬁFN (f)
SﬁFN (f)

Agprn (f) = LS — LS9
Hy H, _ Hi
. (ww l(f) + ¢3/bv2v(f> en ) )
—(pzzb] (f) + (Pz/l (f) - (P3/1 (f)
=7+ (Ag™ (r-ae™ (+ae" (1) Gb)

As noted from (3), if WPD and both hybrids have perfect
amplitudes and phase balances, and both hybrids are iden-
tical, then the amplitude and out-of-phase balances of the
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overall feeding network can be derived as (4)

Apry (f) =1 (4a)
Agprn (f) = LSPIN — (SDFN = 7 (4b)

From (4), it can be concluded that the proposed DFN can
theoretically provide perfect amplitude and phase balances
of 180° for infinite bandwidth. However, the performance of
the WPD and two hybrids characteristics can limit the perfor-
mance of the feeding network. Therefore, a WPD and hybrids
with good amplitude and phase balance over wideband should
be chosen in the design process.

Fig. 2 shows the ideal calculated response of DFNs.
As shown in the figure, the conventional DFNs such as
180°ring hybrid and WPD with unequal lengths can provide
the perfect amplitude balance of 0 dB and phase balances
of 180° only at the center frequency (fy) of 2.5 GHz. However,
the amplitude and out-of-phase balances are independent of
frequency and only provide infinite theoretical bandwidth in
the proposed DFN.
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FIGURE 2. Ideal response of different differential feeding networks.

B. WIDEBAND HIGH SIC IN-BAND FULL DUPLEX
ANTENNA

Fig. 3 shows the proposed structure of the IBFD antenna with
wideband high isolation between the TX and RX ports. The
structure consists of circular patch differential fed TX- and
single-ended RX-antennas which are orthogonally polarized
and closely-spaced. The TX-antenna is excited by the pro-
posed wideband DFN, whereas the RX-antenna is excited
with a single-ended co-axial feed network. Signal flow analy-
sis is performed to derive the TX-to-RX isolation by account-
ing for all coupled signals from TX-to-RX paths. First,
the input TX-signal is divided into two out-of-phase signals
defined (5) due to DFN.

SPEN (£ g=ioai ™ ()

Si1(f) = 7 (5a)
DFN (2N (f)+)
sy () = S De ﬁ% (5b)

Secondly, the leakage signals generated from closely-spaced
orthogonal polarized TX-RX antennas will couple with the
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outputs of DFN signals. Finally, these leakage signals will be
received by the RX antenna. Therefore, TX-to-RX isolation
can be determined as in (6).

ATX=RX _ 1
ISO - A _ipA A _ A
S1(F) X SA (D) e + 5 (F) A () ¥
(6)
where S;‘ (f)and go? (f) are closely-spaced orthogonal polar-
ized antennas leakage signal magnitude and phase, respec-

tively. Using (5) and (6), the TX-to-RX isolation can be
further simplified as (7).

ATX —RX
1SO
—0.5
1 ADFN
L +{DF%V (f)} {28, )
SDFN (f) (f) Acrr (f) Aerr (f)
v V)| cos {APIN (F) + Agd, ()
(7

where amplitude and out-of-phase balance errors of DFN and
antenna leakage signals, respectively, are defined by (8).

SDFN (]t‘)
Aar () = Sprv ey (8a)

SgFN (f)

SA ()

AA — 23 8b
o (F) GXG) (8b)
A%N ) = s PEN () — BN () (8¢)
APV () = ¢85 (F) — ¢34 (f) (8d)

Similarly, S, DEN (£} and S’zth (f) represent insertion and path
losses of DFN and closely spaced orthogonal polarized anten-
nas, respectively. Assuming the DFN is lossless, (7) can be

further simplified as (9).

ATX —RX
ISO
-0.5
ﬁ 1+H{ ARV () Al ()
ADFN (f) A (f) COS{ gogrfN (f) } (9)
palh (f) err err +A¢err (f)

As shown in (9), the TX-to-RX isolation depends on the
amplitude and out-of-phase balance errors of DFN and
antenna leakage signals as well as the path loss between
the closely-spaced orthogonal polarized antennas. From (9),
it can also be noted that the proposed IBFD antenna will
provide the infinite TX-to-RX isolation if conditions (10a)
and (10b) are both satisfied.

AN () = —Agl,, (f) (10a)
1

DFN

S ) = a5 (10b)

These conditions for obtaining high isolation between
TX-to-RX show that not only are the amplitude and out-of-
phase imbalance errors of DFN important but so are those
of antenna leakage signals important. Since antenna leak-
age amplitude and phase balance errors change according
to environmental factors, the proposed design equations can
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FIGURE 3. The proposed structure of in-band full duplex antenna with wideband high isolation between TX and RX.
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FIGURE 4. TX-to-RX isolation for different amplitude and out-of-phase
imbalance errors of DFN with fixed amplitude, phase balance errors of
antenna leakage signal and path loss.

assist the adaptation of high isolation in the IBFD antenna.
Moreover, additional circuits (such as attenuator and phase
shifter) can be utilized at the arm(s) of DFN for automatic
tuning.

In order to validate the analytical equations, Figs. 4 and 5
show the calculated TX-to-RX isolation of IBFD antenna
under different parameters variation. As observed from
these figures, the high TX-to-RX isolation over wide fre-
quency bandwidth can be achieved if conditions (10a)
and (10b) are both satisfied in terms of overall frequency
bandwidth.

In addition, the TX-to-RX isolation higher than 60 dB
can be achieved if the amplitude and out-of-phase imbalance
errors of DFN and antenna leakage signals are maintained
within 0.2 dB and 2°, respectively.
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err

FIGURE 5. TX-to-RX isolation for different amplitude and out-of-phase
imbalance errors of antenna leakage signal when the amplitude and
out-of-phase balance errors of DFN are fixed.

Iil. SIMULATION AND MEASUREMENT RESULTS

The For experimental demonstration, the DFN and antennas
are fabricated at the center frequency of 2.5 GHz using an
FR-4 substrate with a dielectric constant of 4.4 and loss
tangent of 0.02.

A. RESULTS OF WIDEBAND DIFFERENTIAL FEEDING
NETWORK

Fig. 6 shows the physical layout and fabricated photograph of
the wideband DFN. The proposed DEN is simulated and fab-
ricated using 3-dB hybrids from ANAREN in FR-4 substrate
with a thickness of 1.2 mm. The amplitude and phase errors
of 3-dB hybrids are within 0.4 dB and 90+2° for 2-3 GHz.
The physical dimensions of the overall feeding network are
also shown in Fig. 6.
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FIGURE 6. (a) Physical layout and (b) photograph of fabricated DFN using
FR4-substrate. Physical dimensions: Wy = 2.3, W; = 1.4, Ly =5,
L; =16.4,L, = 8.6, Ls = 8. Unit: mm.
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FIGURE 7. Simulated and measured results of the differential feeding
network: (a) magnitudes/phase characteristics and (b) return
loss/isolation characteristics.

Fig. 7 (a) shows the simulation and measurement results of
the DFN networks. From the experiment, Apgpn and A¢@ppN
of the proposed DFN are determined to be 0.063 dB and
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FIGURE 8. Physical layout of closely spaced orthogonal polarized circular
patch antenna: (a) top view and (b) side view.
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FIGURE 9. Photographs of fabricated in-band full duplex antenna: (a) top
view and (b) a bottom view.

—179.8° at fy = 2.50 GHz, respectively. Similarly, the Apgn
and Agppn are 0.12 £ 0.03 dB and —180°% 1.1° within
the bandwidth of 500 MHz, respectively. However, AppN
and Agpgn of the conventional 180° ring hybrid are 0.45 +
0.25 dB and —180°= 5°, respectively. In addition, the AgpgN
of the conventional feeding network is exactly 180° only at
the center frequency.

Fig. 7 (b) shows the simulated and measured return losses
and isolation between the output ports of the DFN. From
the measurement results, it is found that the input/output
return losses and the isolation between output ports are higher
than 15.5 dB and 24 dB within the bandwidth of 500 MHz,
respectively.

B. PROTOTYPE I: RESULTS OF WIDEBAND HIGH TX-RX
ISOLATION IN-BAND FULL DUPLEX ANTENNA
For an experimental demonstration of the proposed IBFD
antenna, prototype-I is designed and fabricated at fy =
2.50 GHz with FR-4 substrate and thickness of 3.2 mm.
The upper layer circular patches operate at 2.5 GHz with an
orthogonal linear polarization which is placed closely within
0.1x¢ spacing (Ag is the free-space wavelength at 2.50 GHz).
The physical dimensions of the fabricated antenna shown
in Fig. 8 and 9 are summarized as: h =3.2,L; =128, =
72, R =16,D; =4, Dy =5, and g = 10 (all units in mm).
In this work, the closely-spaced TX- and RX-antennas with
orthogonally polarization structures are chosen so as to obtain
leakage isolations of 25 to 30 dB as maintaining compact
circuit size. Howeyver, this isolation is far from the require-
ment of the IBFD system, therefore, additional isolation can
be obtained with DEN as shown in Fig. 3.
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FIGURE 10. Simulated and measured return loss and TX-to-RX isolation
of prototype 1.

The antennas are excited through the coaxial feed tech-
nique and the DFN is attached at the bottom layer of the
TX-antenna with SMA connectors.

Fig. 10 shows the simulated and measured TX and RX-port
return losses (RLs) and TX-to-RX isolations of fabricated
IBFD antenna prototype-I. The measurements were per-
formed in a laboratory environment and the results were
taken directly from a full-assembled antenna system as shown
in Fig. 10. The simulation S-parameters results were obtained
as follows: First, the 3-D full-wave simulations of circular
patch antennas and DFN are performed separately using
ANSYS Electromagnetics Suit 19 and the S-parameters are
saved as 3-port touchstone files. These touchstones files
are imported into circuit simulator advanced design system
(ADS) 2017. Finally, the circuit simulations of the entire
system are executed, and the results are extracted.

The measured input/output return losses shown in Fig. 10
(a) are slightly deviated from simulation results due to fabri-
cation error. From the experiment, the antenna input/output
return losses were higher than 18 dB at fy = 2.52 GHz.
In addition, 10-dB RL bandwidth of the fabricated antenna
was determined as 110 MHz. The TX-to-RX isolation of
fabricated prototype-I was determined as higher than 70 dB
at 2.52 GHz and higher than 64 dB within the bandwidth
of 110 MHz. In addition, the measured TX-to-RX isolation is
very similar with to the simulated and MATLAB calculated
results. Moreover, the TX-to-RX isolation in case of conven-
tional feeding network (180° hybrid) is higher than 64 dB
only at fj.

Fig. 11 (a) shows the simulated and measured 2-D E-plane
and H-plane radiation patterns of TX-antenna at fo =
2.50 GHz. The TX antenna (differential port) is excited while
maintaining the RX antenna is loaded with a 50 €2 termination
impedance. The measurement was performed at the Korea
Electronics Technology Institute (KETI) anechoic chamber.
Under TX-port excitation, the maximum radiation was ori-
ented at & = —30° with a measured peak gain of 3.75 dBi.
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FIGURE 11. Simulated and measured 2-D radiation patterns of the
prototype-I antenna in cases of (a) TX-port and (b) RX-port excitations.
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FIGURE 12. Measured peak gains of prototype-I.

Similarly, Fig. 11 (b) shows the simulated and measured
RX antenna 2-D radiation patterns for E-plane and H-plane
at fy = 2.50 GHz. When the RX-port is excited, and the
TX-port is loaded with 50  termination, the maximum
radiation pattern is oriented at &6 = —30° and ¢ = 0° with
a measured peak gain of 3.70 dBi. In addition, the cross-
polarization components remain at less than —20 dB for the
TX-and RX-antennas.

Fig. 12 shows the measured peak realized gains TX and
RX antennas as a function of frequency. The peak gain
of TX-antenna is higher than 3.2 dBi, whereas that of
RX-antenna is higher than 2.75 dBi within the bandwidth of
100 MHz. As can be seen from these results, the TX-antenna
gain is lower than the RX-gain because of the additional
insertion loss of DFN in the TX-antenna.

C. PROTOTYPE II: RESULTS OF WIDEBAND HIGH
TX-TO-RX ISOLATION IN-BAND FULL DUPLEX ANTENNA
The prototype-I of the proposed IBFD antenna provides high
TX-to-RX isolation within 500 MHz bandwidth; however,
the 10-dB RL bandwidth of the antenna is only 110 MHz.
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Therefore, the second prototype of the IBFD antenna is
designed and fabricated by increasing the thickness of the
substrate through attaching two units of the FR-4 substrate
of thickness 3.2 mm, as shown in Fig. 13. The physical
dimensions of prototype II are given as: h=6.4,L; = 124.6,
L, =703,R =15.16, D) =4.3,D; =6.2, g =10 (all
units in mm). Fig. 14 shows the photograph of fabricated
prototype-II.

L

-~

FIGURE 13. Physical layout of a closely spaced orthogonal polarized
circular patch antenna with increased substrate thickness: (a) top view
and (b) side view.

(b)

FIGURE 14. Photographs of fabricated prototype-II: (a) top view and (b) a
bottom view.

The simulated and measured TX- and RX-port return
losses and TX-to-RX isolation are shown in Fig. 15. The
measurements were performed in a laboratory environment.
As can be seen in the figure, the measured results are con-
sistent with the simulated and theoretically predicted results.
The measured TX- and RX-port return losses are higher than
20 dB at fy = 2.52 MHz. Similarly, 10-dB RL bandwidth
of the prototype-II is determined from the experiment to be
160 MHz, which is wider than that of prototype-I. Similarly,
the measured TX-to-RX isolation is higher than 68 dB at
fo = 2.52 GHz and higher than 60 dB for a bandwidth
of 160 MHz. As like prototype-I, the TX-to-RX isolation in
case of conventional 180° hybrid feeding network is higher
than 65 dB only at center frequency.

Fig. 16 shows the simulated and measured 2D E-plane and
H —plane gain patterns at 2.50 GHz. As expected, and as is
clearly visible from the figure, the maximum TX- antenna
gain (when TX-port is excited) of 5.7 dBi is located at 6 =
—30°, ¢ = 0°. Similarly, the maximum RX-antenna gain is
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FIGURE 15. Simulated and measured return loss and TX-to-RX isolations
of prototype-II.
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FIGURE 16. Simulated and measured 2-D gain patterns at 2.5 GHz in
cases of (a) TX-port and (b) RX- port excitations.

5.72 dBi when the RX-port is excited; which is located at 6 =
—30°, ¢ = 0°. In addition, the TX- and RX-antennas cross
polarization components are higher than —20 dB.

Fig. 18 shows the measured peak gains of prototype-II by
exciting one port and terminating the other port with 50 €.
From the measurement, the gain is higher than 4.5 dBi when
the TX port is excited, whereas the gain is higher than 5.1 dBi
when RX-port is excited within the frequency bandwidth
of 160 MHz. The reduction in TX-antenna gain is due to the
additional insertion loss of the DFN. The measured radiation
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TABLE 1. Performance comparison of the proposed ibfd antennas with state-of-art.

fo 10-dB RL SIC SIC BW Spacing Overall Antenna Size SIC
(GHz) BW (dB) (dB) (MHz) between ANT (Length/Width) techniques
[21] 4.60 600 50 300 0.08%, 0.921%4 x 0.7601, Polarization diversity
[22] 2.50 220 40 220 0.10% 1.081 2 % 0.750%, Polarization diversity
[24] 0.85 10 25 10 ~0.31) 0.311%9 x 0.155X, Spatial duplexing
[25] 5.80 80 35 80 0.03% 0.8621 x 0.580), ACPS wall
[26] 5.80 270 20 270 0.07X 0.88149 x 0.5801, Interdigital lines
[28] 6 50 60 50 NA NA Antenna array/DFN
[29] 2.45 300 29.1 300 NA 1.208X x 0.857X Feed-forward
This work ' 2.50 110 64 110 0.08 % 1.066% x 0.6) DFN
This work " 2.50 160 60 160 0.08 % 1.0383, x 0.585) DFN

ACPS: Asymmetrical coplanar strip, NA: Dimensions are not provided.
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Frequency (GHz)

FIGURE 17. Measured peak gains of IBFD antenna prototype II.

efficiencies of TX-and RX-antenna are higher than 58% and
75%, respectively. The radiation efficiency can be further
improved by using a low tangent loss substrate.

Table 1 shows the performance comparison of bistatic
IBFD antenna in terms of TX-to-RX isolation. As observed
in this table, the proposed IBFD antenna provides high SIC
between the TX and RX ports as compared to the state-of-
the-arts antennae.

IV. CONCLUSION

This work demonstrated the design of an in-band full duplex
bistatic antenna with high isolation between transmitting and
receiving ports using closely-spaced differential fed circu-
lar patch antennas. The novel differential feeding network
is also demonstrated with excellent amplitude and phase
balance of 180° within 500 MHz bandwidth at center fre-
quency of 2.5 GHz, which can achieve high self-interference
cancellation within the wide bandwidth. The general design
equations are derived to assist in the design of the wide-
band high self-interference cancellation full duplex antenna.
The fabricated in-band full duplex antennas achieved higher
than 60 dB self-interference cancellation within the band-
width of 160 MHz without any complex circuits, which can
make other stage cancellation easier. In addition, the interport
isolation of antenna using the proposed differential feeding
network is high over wide bandwidth as compared to the
conventional 180° hybrid feeding network. The proposed
circuit can be further combined with a digital cancellation

VOLUME 7, 2019

circuit to achieve the requirement of an in-band full duplex
system (such as having higher than 110 dB cancellation). The
easy implementation and good performance indicate that the
proposed method is a good candidate for wideband in-band
full duplex systems.
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