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1 | INTRODUCTION

Girdhari Chaudhary”

| Yongchae Jeong’

Abstract

In this article, a design of magnetic-free in-band full-duplex (IBFD) RF front-
end with antenna balancing structure is presented. The proposed magnetic-
free IBFD RF front-end consists of 3 dB hybrid couplers, a Wilkinson power
divider, two transmitter (Tx) antennas, and two receiver (Rx) antennas. The
proposed IBFD RF front-end can be implemented and integrated at high fre-
quencies because all the components used in the circuit are non-magnetic
devices. Proposed IBFD RF front-end eliminated the 3-dB Tx insertion-loss of
the Balun and transformer in conventional IBFD RF front-ends using
antenna balancing structure. Moreover, there is no noise figure degradation
at Rx because it realized only a passive circuit. The mathematical analysis of
the cancellation characteristics between two different signals with magnitude
and phase difference variations according to the normalized frequencies is
presented. Accordingly, the broadband out-of-phase balancing power splitter
and the antenna balancing structure are adopted to achieve broadband SIC.
In order to verify the electrical performances of the proposed magnetic-free
IBFD RF front-end, it was implemented at the 2.5 GHz WiMax frequency
band. When the fabricated IBFD RF front-end was operated with antenna
balancing structure, the measurement results show that the 60 dB SIC band-
width and maximum SIC were 113 MHz (2.446 - 2.559 GHz) and 75.6 dB,

respectively.

KEYWORDS

analog cancelation, antenna balancing, balanced structure, balancing power splitter, in-band
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(Tx) signals is leaked to the receiving (Rx) port and serves
as a type of self-interference. Although only a very small

After the practical results of the in-band full-duplex
(IBFD) system"? were first reported, various approaches
to realize IBFD systems have been explored.’’> Com-
pared with the conventional frequency division duplex,
the IBFD has a double frequency spectrum efficiency,
because it simultaneously transmits and receives signals
on the same frequency. As transmitter and receiver use
the same frequency, some portion of strong transmitting

portion of Tx signals is leaked into the Rx port, these sig-
nals can seriously interfere with Rx signals due to the rel-
atively strong Tx signal power. Therefore, the required
isolation between the Tx and Rx ports for the proper
operation of the IBFD system has been studied and
reported in Reference 1. The required isolation of IBFD
depends on the leaked Tx power in the Rx and noise floor
of the Rx, but a minimum of 110 dB isolation is generally
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required for the overall IBFD system from Reference 1.
Particularly in the RF stage, isolation of 60 dB or more
should be achieved to protect Rx. When Tx leakage in Rx
of the RF front-end does not suppress sufficiently, Rx
cannot operate due to the saturation of the low noise
amplifier by leakage of Tx.

The self-interference cancellation (SIC) technique is
mainly used in order to obtain at least 60 dB isolation
between Tx and Rx in the RF stage. The SIC techniques
can be classified into antenna SIC and RF front-end SIC.
When SIC is applied to an antenna, high isolation char-
acteristics can be easily obtained by using the proper
physical structures of the antenna.'®'® However, the
antenna SIC needs to use a specific antenna, which is not
suitable for application to an array antennas system, and
more than 60 dB isolation can only be obtained over the
narrow frequency band. RF front-end SIC can also
achieve isolation of more than 60 dB over the narrower
band, but various kinds of antennas are available. In the
cases of SIC circuits using magnetic device such as a cir-
culator, it is easy to isolate the Tx and Rx ports with a sin-
gle antenna.'® However, high isolation cannot be
obtained by using magnetic devices alone, and other sup-
plementary signal cancellation techniques must be used.
Moreover, as the operating frequency increases, the isola-
tion characteristic of magnetic devices is degraded and
becomes difficult to integrate with other circuits. Without
magnetic devices, realizing 60 dB isolation over a wide
bandwidth is difficult. The works'®** show the RF front-
end SIC circuits without magnetic devices. In Reference
19, the magnetic device replaced the hybrid balun and
transformer. However, the half (3 dB) of Tx power is lost
because a half of the output signal power in the balun or
transformer is used as the cancellation signal in the Rx
port. It is possible to obtain a Tx and Rx isolation charac-
teristic without the 3 dB Tx loss by using multiple anten-
nas with antenna diversity technique.”® However, it is
difficult to implement antenna diversity in the broadband
and the isolation bandwidth is not sufficient. In Refer-
ence 22, a balanced structure was used to enhance the
isolation bandwidth. However, the 60 dB isolation band-
width was only 60 MHz, and it had the aforementioned
drawbacks due to the use of a circulator.

In this article, a magnetic-free IBFD RF front-end
with wide bandwidth SIC capability is presented. In order
to overcome the drawbacks of previous works, the pro-
posed novel IBFD RF front-end adopts broadband out-of-
phase balancing power splitter (BPS) and antenna bal-
anced structure. Analytical design equations are derived
to analyze the SIC characteristics according to the leak-
age signals pairs in the proposed balance. For validation,
the experimental results of the novel magnetic-free IBFD
RF front-end are provided.

2 | MATHEMATICAL ANALYSIS
Figure 1 shows the proposed magnetic-free IBFD RF
front-end consisting of 3 dB hybrid couplers, Wilkinson
power divider/combiner, and antennas. The proposed
IBFD RF front-end adopts a balanced structure (symmet-
ric up and down) and out-of-phase BPS for broadband
SIC.>* All Tx signals are transmitted through two Tx
antennas after 0°/180° conversion using out-of-phase
BPS. However, the signals received from two Rx antennas
are in-phase combined at the Rx port. Therefore, it does
not have any 3 dB loss, which is a basic problem of the
conventional IBFD RF front-ends using a 3 dB hybrid
Balun and transformer. Moreover, there is no noise figure
degradation at Rx by active circuit because it uses only a
passive circuit.

Figure 2 shows schematics of out-of-phase BPS and
the reflective signal transmitter. The out-of-phase BPS
consists of a 3 dB Wilkinson power divider and two
reflective signal transmitters. The input signal is divided
into two output signals with the same magnitude, group
delay, and phase by 3 dB Wilkinson power divider. These
two divided signals pass through the reflective signal
transmitter of Figure 2B with open and shorted load Z;,
respectively. The S-parameters of reflective signal trans-
mitter in Figure 2(B) is derived as Equation (1) using the
port reduction method.”® The transmission coefficient
(S,1) of reflective signal transmitter is controlled by the
reflection coefficient I';.

sr=| 0 0 1)

equation (2) shows the I'y according to termination
impedance Z;. According to the open and short condi-
tions, the I'; can have the same magnitude and different
signs. Therefore, the proposed out-of-phase BPS has a

Allt.'[xl
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FIGURE 1 Proposed magnetic-free in-band full-duplex circuit
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FIGURE 3
proposed magnetic-free in-band full-duplex circuit

Paths of leakage transmitter (Tx) signal pairs in

180° phase difference between the two output signals
with the same magnitude and group delay.

A
I = =-1, 2a
L_shrot ZL T ZO 70 ( )
VARV
I open === =1, (Zb)
- ZL +Zo 7 =0

due to the balanced structure of the proposed IBFD RF
front-end, there are pairs of Tx leakage signals into the
Rx port. Figure 3 shows the paths of Tx leakage signal
pairs in the proposed IBFD RF front-end. The first pair
signals are Siqk g up(t, f) and Sieak H down(t, f), Which
through the 3 dB hybrid couplers due to the non-ideal
isolation characteristic of the hybrid. The second and
third leakage pair signals are Sjox 11r1(E )y Sieak T2r2(E
f) and SleakalRZ(t’ f)’ SleakaZRl(ts f)s respectively, which
are caused by cross-coupling among the Tx and Rx anten-
nas. Table 1 shows the leakage signal names and their
detailed paths. Each leakage pair signals with the same

Steak_r_down(t; f) ®-@

Steak_T1r1(t f) ®-Ant.py-Ant.gq-@
Steak_t2r2(t, f) ®-Ant.yo-Alt. go-®
Steak_t1r2(L f) ®-Ant. 7 -Ant.go-@
Steak_t2r1(t, f) ®-Ant.1o-Ant. gy -@

Abbreviation: IBDF, in-band full-duplex.

Second Pair

Third Pair

magnitude and phase variations depending on time and
frequency can cancel each other out at the Rx port due to
the dividing characteristic of out-of-phase BPS. Therefore,
the mathematical model can be used to analyze the SIC
characteristics of the proposed IBFD RF front-end
according to the characteristics of these leakage signal
pairs.

The dependence of the leakage signal with time and
frequency can be defined as shown in Equations (3)
and (4).

Steak (,f) = Aa(f)cos(2zf(t—7) + ¢ + 0(f))

B cos(2xft)cos(o + 0(f) —2xf7)
al —sin(2zft)sin(¢ + 0(f) —2xf7)

=Aa(f)(Bcos(2zft) — Csin(2zft)),

(3)

where
B=cos(¢ +0(f) - 2fz), (4a)
C =sin(¢ +0(f) —2xf7), (4b)

A, a(f), 6(f), ¢, and t are the magnitude, magnitude vari-
ation function along frequency, phase variation function
along frequency, reference phase and group delay of the
signal, respectively.

Leakage pair signals are combined at the Rx port
which can be expressed as Equation (5) using (3).

SRx(taf) = Sleakl(t’f) + SleakZ(t,f)
= cos(2zft)[A1B1a1 (f) + AxBrax(f)] (5)
—sin(2zft)[A1C1a1(f) + A2Caaz(f)),

the leakage pair signals of Sjqi1(t, f) and Sparo(t, f) mutu-
ally have a 180° phase difference as well as the same 7,
because of the out-of-phase BPS and physical balanced
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structure of the proposed IBFD RF front-end. To analyze
SIC characteristics of the proposed structure, the small
magnitude and phase difference between two leakage sig-
nals are as described below.

AZ:Am+A1, (6)
P, =m+Ap+ ¢y, (7)
T1 =172 =170, (8)

where Am and Ap are the magnitude and phase differ-
ences between Sp(t, f) and Spa(t, f), respectively.
Using the above conditions, Equation (5) can be written
as shown below.

Srx(t.f) =cos(2zft){A1Bia:(f) + (Am+ A;)Bax(f)}
—sin(2zft){A1Cia1(f) + (Am + A1) Craz(f) },
(9)

where

Bl = COS(q{Jl + 91 (f) —27l'fT()),

(10a)

Cy =sin(p, + 6, (f) - 2afzo), (10b)
B, = —cos(Ap + ¢, + 02(f) —2af ), (10¢)
Cy = —sin(Ap+ ¢, +65(f)—21fze),  (10d)

finally, by using Equations (9) and (10), the magnitude of
Srx(t, f) is obtained as shown in Equation (11).

{A1Biai(f) + (Am+A;)Bas(f)}

Mp.(t.f) = +{A1C1a1(f)+(Am+A1)Czaz(f)}2

Alzalz(f) + azz(f)(Am +A1)2

—2A1(Am+A;)ai(f)az(f)cos(Ap +02(f) = 6:1(f))
(11)

as shown in Equation (11), the magnitude of the com-
bined leakage signal Sg,(t, f) can be varied according to
the phase and magnitude differences as well as the fre-
quency response of two leakage signals. Therefore, all
three leakage pairs in the proposed IBFD RF front-end
should be simultaneously canceled out in order to

achieve the high SIC. Using Equation (11), the SIC char-
acteristic can be analyzed according to the conditions of
Tx leakage signals in next sections.

2.1 | CASE 1: Two leakage signals are
constant magnitude and phase with
frequency

Siear1(t, f) and Sjearo(t, f) are assumed to have constant
magnitudes and phases along all frequencies ideally.
Therefore, the frequency functions can be set as
a,(f) = ay(f) = 1 and 6,(f) = 0x(f) = 0. Accordingly, the
SIC for case 1 is written as Equation (12)

2A,*{1—cos(Ap)}

SIC 1= N 12
e +2A;Am{1—cos(Ap)} + Am? (12)
90
z 100
s 80
c
2 80
= 70
(]
g 60
8 60
(8]
S}
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05 L
\>\ // 4
0 T 2
\\x//{.z 0 %107
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FIGURE 4 Self-interference cancellation (SIC) characteristics

of case 1: A, SIC magnitude and B, SIC contours according to Am
and Ap
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as shown in Equation (12), the SIC characteristic of the
proposed IBFD RF front-end simply depends on Am
and Ap between the two constant signals. Figure 4
shows the SIC magnitude in dB scale using Equa-
tion (12) with normalized A; (A; = 1). The magnitude
(Mag.) error rate is defined as a ratio of Am to A; (Am/
A; x 100). Figure 4A shows that the SIC magnitude is
increased as Am and Ap approach zero. Figure 4B
shows the SIC contours in the range from 50 to 80 dB.
For achieving more than 60 dB cancellation, the ranges
of Am and Ap must be within + 0.1% and + 1 x 10>
(£0.001) rad, respectively.

2.2 | CASE 2: Two leakage signals are
frequency dependent magnitude and phase
variations

In Case 1, the SIC is analyzed by assuming constant mag-
nitude and phase of the leakage signals with respect to
frequency. Therefore, case 1 cannot provide SIC band-
width characteristics. To analyze SIC bandwidth, varia-
tion of magnitude and phase of leakages signals are
defined with respect to frequency in case 2, which is simi-
lar to the practical case.

Figure 5 shows the magnitude and phase variations of
leakage the signals that will use in the analysis. As shown
this figure, the IBFD RF front-end has the most signal
leakage characteristic at the center frequency (fo = 1),
and the amount of leakage decreases as it moves away
from the f,. To consider frequency dependent variations

o
S
(4]
!
2
‘e
o
©
=
08! ‘ ‘ ) ‘ s . ‘
0.8 0.85 0.9 0.95 1 1.05 11 1.15 1.2
Normalized freq
0 : ‘ . : . : :
&QMM —*—01(f)
5 05 MMM ——62(f)|.
©
% 1) [ MM
ﬁ T M : v
o 15- H***—A-*i% |
2L 1 I | 1 I | %1’
0.8 0.85 0.9 0.95 1 1.05 11 1.15 1.2
Normalized freq
FIGURE 5 Magnitude and phase responses along with

frequency in case 2
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of leakage signals, a;(f) and a,(f) can be expressed as
Equation (13)

() =1- U, (132)
ax(f) = 1—Aa(f}f0)2, (13b)

Figure 5(A) shows the magnitude variation according to
the magnitude slop coefficient (Aa) and operating fre-
quency variations of Equation (13b). The group delay can
be expressed as the phase slope of the signal in the fre-
quency domain. In the proposed IBFD RF front-end, the
group delays of the two leakage signals are equal to 7, due
to the physical balanced structure. Therefore, the phase
slope of the two leakage signals should be the same.
Accordingly, the phase variations 6,(f) and 0,(f) of the
two leakage signals are the same and the phase difference
between the two signals is expressed as Ap as shown in
Figure 5. Using these conditions, the SIC be calculated as
Equation (14) by using Equations (11) and (13).

_ ACaA(f) + a2 (f)(Am+ Ay -
e 2\ 241 (Am + A1) a1 (f)az(f)cos(Ap)
(14)

SIC(t,f)

Figure 6 shows the SIC magnitude of case 2 according
to normalized frequencies and Aa using Equations
(13) and (14). In order to observe the tendency of SIC
according to Aa, the other parameters (Am and Ap) are
set to zero, except for A; = 1. Figure 6A shows that the
SIC magnitude is increased as Aa approaches one and the
operating frequency approaches f, because the slope con-
stant of a;(f) is one. Figure 6B shows the SIC contours
according to Aa and normalized frequencies. It shows that
the 60 dB SIC magnitude bandwidth is reduced according
to increment and decrement of the Aa from one.

Figure 7 shows the calculated SIC magnitude with
respect to normalized frequency, Aa, and Ap = 0.001 rad.
As shown in this figure, 60 dB SIC can be obtained with
Ap = 0.001 rad, which exactly same case 1 if Ap is less
than +0.001 rad. Figure 8 shows the calculated 60 dB SIC
contours according to Ap variations with Am = 0 and
A; = 1. The color-filled regions inside the traces mean
more than 60 dB SIC with respect to frequencies. The
60 dB SIC frequency bandwidths at Aa = 1.5 are 0.93 to
1.07 (14%), 0.95 to 1.05 (10%), and 0.99 to 1.01 (2%) when
Ap is 0, 0.0009, and 0.001 rad, respectively. It can observe
that the 60dB SIC bandwidth is decreased as Ap
increases.
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FIGURE 6 Self-interference cancellation (SIC) characteristics
of case 2: A, SIC magnitude and B, SIC contours according to Aa
and normalized frequencies

Conditions: Am=0, A1=1 and Ap=0.001 rad
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FIGURE 7 Self-interference cancellation (SIC) characteristics
of case 2: SIC magnitude with Ap = 0.001 rad

The mathematical analysis shows that very precise
adjustment of the cancellation signal is required to
achieve 60 dB SIC. Therefore, the delicate design of the

2.3 | Simulation and measurement
results

2.3.1 | Out-of-phase balancing power
splitter

In the previous section, the SIC characteristics were ana-
lyzed by assuming various conditions for leakage signal's
magnitude and phase variations in case 1 and case 2. How-
ever, these assumptions do not show the practical frequency
responses in the real operation. Still, these phenomena can
provide the design tendencies of the proposed IBFD RF
front-end. Therefore, the section compares the SIC simula-
tion and measurement results using the actual magnitude
and phase responses of 0°/180° power splitters.

The proposed magnetic-free IBFD RF front-end
adopts out-of-phase BPS for high SIC between the Tx and
Rx ports. Ring hybrid and Balun structures are generally
used for 0°/180° power splitting. However, these struc-
tures cannot have broadband high SIC characteristics
due to the narrow band out-of-phase and different = char-
acteristics which are caused by the different physical
lengths in two power splitting paths. Therefore, the out-
of-phase BPS structure is proposed to realize the equal
magnitude, same 7, and out-of-phase transmission char-
acteristics between two power splitting paths over a wide
frequency bandwidth.
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Figure 9 shows the magnitude and phase differences
between the two output ports of out-of-phase BPS. Phase
and magnitude differences are measured 179 + 0.57° and
0.08 + 0.0053 dB in 200 MHz bandwidth, respectively.
Additionally, insertion loss and return losses at each port
are measured 0.31 + 0.02 dB at 2.5 GHz and more than
20 dB in 200 MHz bandwidth.

In order to verify the 0°/180° equal power division,
the signal cancellation characteristics were simulated and
measured by combining two output signals of 0°/180°
power splitters with the Wilkinson power combiner, as
shown in Figure 10. For simulation results, the magni-
tudes and phases of the two paths were extracted from
measurement for the a,(f), ax(f), 6:1(f), and 0,(f). Using
these extracted data, SIC is calculated from Equation (11)
using the MATLAB. These measured data were included
in all the magnitude and phase information. Therefore,
Am and Ap are set at zero and A, is set at one.

Figure 11 shows a comparison of the signal cancella-
tion characteristics among the proposed out-of-phase
BPS, ring hybrid, and microstrip wideband Balun at
2.5 GHz.** The simulation and measurement results are
consistent with each other. The proposed out-of-phase
BPS shows the widest and highest SIC characteristics
among all of the circuits. The ring hybrid shows high
cancellation characteristics only in the narrowband

248 2.50 2.52 2.54 2.56 2.58

Freq (GHz)

244 2.46 2.60

because it has the 0°/180° phase splitting characteristic at
the center frequency. Microstrip wideband Balun shows a
relatively wider cancellation bandwidth than ring hybrid,
but its cancellation is inferior to the proposed out-of-
phase BPS. Therefore, the proposed out-of-phase BPS is
considered suitable for implementation of the broadband
SIC circuit.

2.3.2 | Magnetic-free IBFD RF front-end
In order to verify the proposed magnetic-free IBFD RF
front-end, the IBFD RF front-end was implemented at
2.5 GHz WiMax frequency band. The proposed IBFD RF
front-end was fabricated on an RT/Duriod 5880 substrate
PCB obtained from Rogers, Inc. with a dielectric constant
(e,) of 2.2 and thickness (h) of 31 mils. The used hybrid
couplers is SO3A2500N1 of ANAREN. As mentioned in
the mathematical analysis, the return loss due to the
impedance variation of the antenna can affect the SIC
characteristics. To minimize this effect, the MAF94028 of
Laird antenna with more than 15 dB return loss at the
operating frequency was used.

Figure 12 shows a photograph of the fabricated
magnetic-free IBFD RF front-end using out-of-phase BPS.
The circuit size is 10 x 9 cm? Figure 13 shows the inser-
tion loss of two Tx paths and the return losses at the
Tx/Rx ports. As a measurement result, the insertion
losses of both Tx paths are 3.337 + 0.058 dB in the
200 MHz bandwidth. Considering the transmitted power
of two Tx paths, the total insertion loss of the output is
0.34 dB at f,, and all the Tx power is radiated by two Tx
antennas. It shows that the proposed IBFD RF front-end
removes the 3 dB insertion loss of the previous IBFD RF
front-end circuits. Return losses at Tx and Rx ports are
measured more than 18.7 dB in all 200 MHz bandwidth.
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path. In the 200 MHz bandwidth, the noise figure is Freq (GH2)
0.6 + 0.1 dB. fg)
When multiple antennas are used, the SIC character-
istics can be changed by the arrangement and distance of  FIGURE 13  Measurement results of A, insertion losses at two

the antennas.®® To obtain the high SIC by the minimizing
cross-coupling among Tx and Rx antennas, the proposed
circuit is used the antenna diversity technique. To take in
account of effect of antenna arrangement, the SIC varia-
tions measured according to distance d with cross-shaped
arrangement. Figure 15 shows the antenna setup block
diagram used for SIC measurements. The proposed IBFD
RF front-end uses two antennas each in Tx and Rx paths,
respectively. Accordingly, the SIC characteristics can be
changed due to the position and distance of the antennas.
Tx and Rx antennas are arranged on the + y-axis and the
+ x-axis with distance d from the center, respectively.
Figure 16 shows the simulated radiation patterns of
the dipole antennas using the high-frequency structure
simulator of ANSYS. The maximum gains are 6.2, 5.1 and

transmitter (Tx) paths and B, return losses at Tx and receiver
(Rx) ports

4.1 dB when d is 15, 30 and 45 mm, respectively. Among
the d variations, the maximum gain is obtained at
d = 15mm which is a quarter of wavelength distance
between antennas at 2.5 GHz.

Figure 17 shows the measured Tx-to-Rx SIC charac-
teristics of the proposed magnetic-free IBFD RF front-
end according to the d. When the antenna ports are ter-
minated at 50 Q (without antennas), the 60 dB SIC band-
widths is 190 MHz (2.37-2.56 GHz). In the case of
without antennas, there is no cross-coupling among the
antennas, so only the first leakage pair signals are
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FIGURE 15 Block diagram of antennas setup for self-

interference cancellation (SIC) measurement

cancelled out at the Rx port. Therefore, the SIC charac-
teristic without antennas is better than SIC with
antennas.

The 60 dB SIC bandwidths using four commercial
dipole antennas are measured as 80 MHz (2.464-
2.544 GHz) and 113 MHz (2.446-2.559 GHz) when d is
30 and 45 mm, respectively. When d is 15 mm, the
amount of the coupling between the Tx and Rx antennas
is large, therefore, 60 dB SIC characteristics cannot be
obtained. The 50 dB SIC bandwidth and maximum SIC
with d = 15mm are 70 MHz (2.46-2.53 GHz) and
59.5 dB, respectively. The return loss characteristics of
the proposed structure are changed due to the variation
of the resonance characteristics of the antenna by d.
Therefore, the return losses of the proposed structure are
measured more than 12, 17 and 26.5 dB when d is
15, 30 and 45 mm, respectively. Table 2 shows a compari-
son of the electrical performances among the state-of-art

180
z-y plane

(B)

FIGURE 16
according to d: A, x-y plane and B, z-y plane

Simulation results of 2.5 GHz radiation patterns

IBFD RF front-ends. The proposed magnetic-free IBFD
RF front-end has the widest SIC bandwidth and the best
SIC characteristic among the works using antennas and
RF front-end SIC circuits.

3 | CONCLUSION

In this article, a design of magnetic-free IBFD RF front-
end with antenna balancing structure is demonstrated. In
order to realize the broadband SIC characteristics, the
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-10 ] I I FIGURE 17 Measured self-
20 \ —v— W/O Ant.s interference cancellation (SIC)
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TABLE 2 Electrical performances comparison with State-of-art IBFD RF front-ends
Return loss Magnetic
Ref. Jo[GHz] SIC BW [MHz] inSICBW FBW [%] device Structure Antenna
17 2.4 50 @ 60 dB >10dB 2.08 Magnetic-free Antenna SIC 3-port patch antenna
(1-Tx & 2-Rx)
18 4.6 300 @ 50 dB >13 dB 6.52 Magnetic-free Antenna SIC 2 patch antennas
(1-Tx & 1- Rx)
26 0.914 26 @ 45 dB non 2.84 Circulator RF front-end SIC circuit Dual-feed circularly
polarized antenna
(1-Tx & 1- Rx)
19 24 10 @ 45 dB non 0.4 Magnetic-free RF front-end SIC circuit 2 dipole antennas
(1-Tx & 1- Rx)
21 2.5 80 @ 60 dB non 3.2 Magnetic-free RF front-end SIC circuit 3 dipole antennas
(1-Tx & 2-Rx)
22 1.95 100 @ 52 dB non 5.13 Circulator RF front-end SIC circuit 2 dipole antennas
with balanced structure (Tx & Rx common)
This work 2.5 210 @ 50 dB, >19 dB 8.4.4.52  Magnetic-free RF front-end SIC circuit 4 dipole antennas
d =45 mm. with balanced structure (2-Tx & 2-Rx)
113 @ 60 dB,
d =45mm

Abbreviation: IBDF, in-band full-duplex; Rx, receiver; SIC, self-interference cancellation; Tx, transmitter.

broadband out-of-phase BPS and balanced structure are
proposed and verified. In the proposed structure, the SIC
characteristics of the leakage signal pairs due to the bal-
anced structure and cross-couplings among the antennas
are described. Accordingly, the mathematical analysis
with various leakage signal conditions is expressed to
achieve consistent calculated cancellation performances
with practical circuits.

The fabricated IBFD RF front-end characteristics are
measured using commercial dipole antennas. The simu-
lation and measurement results are consistent with each
other. Based on the measurement results, the proposed

magnetic-free IBFD RF front-end achieved 60 dB SIC
characteristics over the wide frequency band and a better
SIC characteristic than those of the conventional works.
Moreover, the proposed magnetic-free IBFD is possible to
implement and integrate in RF and microwave frequency
bands. Therefore, the proposed circuit is suitable for
implementing a broadband full-duplex system.
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