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ABSTRACT As the transmission power increases for high-power full-duplex (FD) communications, the
nonlinear effects of the transmit chain become more significant, resulting in severe nonlinear
self-interference (SI) at the receiver of the FD transceiver and hence demodulation performance degradation
for the desired signal from a remote user. In this paper, a blind nonlinear ST cancellation method, which con-
sists of a cancellation stage and a recovery stage, is proposed to cancel the nonlinear SI along with the linear
SI signal for an orthogonal frequency division multiplexed (OFDM)-modulated FD transceiver. By taking
the advantage of two symbols on adjacent subcarriers received in one OFDM symbol, the cancellation stage
cancels both the linear SI and its nonlinear SI components of the received signal without estimating the
transmitter nonlinearity as well as the SI channel response. Subsequently, the recovery stage is performed
on the resulting signal of the cancellation stage to eliminate any impacts on the desired signal. Simulations
are performed on a nonlinear model extracted from a practical class AB power amplifier with transmission
power ranging from 10 to 30 dBm to demonstrate different nonlinear distortions. The effectiveness of the
proposed nonlinear cancellation method is verified in terms of the computation complexity, the cancellation
capability for the SI signal, and the bit error rate of the desired signal.

INDEX TERMS Blind cancellation, full-duplex communication, power amplifier nonlinear distortion,

self-interference cancellation.

I. INTRODUCTION

Full-duplex (FD) wireless communication is technology that
enables a radio frequency (RF) transceiver to simultaneously
transmit and receive signals using the same carrier frequency
thus has gained much attention both in academia and indus-
try [1], [2]. By applying this technology, the spectrum effi-
ciency of a communication system is dramatically improved,
and can even be doubled in theory [3], [4]. However, one of
the biggest challenges to apply FD technology in practice
is to cancel the self-interference (SI) signal introduced by
the transmitted signal at the local receiver [5]. For instance,
for an FD transceiver of 20 MHz bandwidth, the SI signal
at the local receiver would be 100 dB above the receiver
noise floor when transmitting at 20 dBm, due to the limited
propagation isolation between the local transmit and receive
antennas (e.g., 15-20 dB isolation for a single-antenna FD

transceiver using a circulator or 2040 dB for a dual-antenna
FD transceiver with limited distance between the transmit and
receive antennas [7]-[11]).

For typical FD communication scenarios with low
transmission power, some successful strategies have been
employed to suppress the SI close to the receiver noise floor,
demonstrating good cancellation performance in theory and
in laboratory experiments [8]—[12]. In these scenarios, an ana-
log cancellation and a digital cancellation are performed
in a consecutive manner to achieve a maximum amount of
cancellation for the SI signal. The analog cancellation is
usually deployed at the receiver front end to first mitigate
the strong SI signal to prevent saturating the analog-to-
digital converter (ADC) of the local receiver and ensure the
desired signal from a remote user could be captured by the
local receiver. Subsequently, in the digital domain, the digital
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SI cancellation scheme is deployed to further suppress the
residual SI to close to the receiver noise floor and ensure
the desired signal can be effectively demodulated without
performance degradation.

However, in practice for high-power FD applications,
the cancellation amount (cancellation capability) needed
to realize FD communications becomes even larger, and
hence requirement for each cancellation SI stage becomes
more stringent. Particularly, for high-power FD transceiver,
the inherent nonlinearity of the power amplifier (PA) intro-
duces strong nonlinear distortion for the SI signal. As a
consequence, the SI signal usually consists of the linear
components (i.e., the delayed and attenuated copies of the
transmitted signal) and the nonlinear components introduced
by the power amplifier (PA) nonlinear distortions [3], [13].
As the transmission power further increases, the nonlinear
effects of the transmitter becomes even more significant, thus
the nonlinear SI components becomes more severe and no
longer ignorable [14], [15]. As stated in work [13], even
after the analog and digital SI cancellations, the power of
the nonlinear SI components can still be 20 dB above the
desired signal. Therefore, the nonlinear SI signal needs to be
seriously considered and effectively suppressed.

To account for the nonlinear distortion, recently, some
PA modeling-based nonlinear cancellation methods are pro-
posed [13]-[17]. In [13], [15], and [16], the authors use a gen-
eral model to approximate the non-linear function with Taylor
series expansion. While in [17], the authors use a parallel
Hammerstein for discrete-time baseband modeling of the
nonlinear PA model instead. These methods require an extra
training process to estimate the PA nonlinear coefficients
before performing digital SI cancellation. High computation
complexity would be included to the training process for coef-
ficients estimation (e.g., using least-square (LS) algorithm
for model estimation) [18]. Additionally, this training process
also requires adaptation capability to cope with the variation
of the PA nonlinear behavior, which is sensitive to the statis-
tics of the transmitted signal, the working temperature of the
environments, and the supply voltage variations, resulting in
complicated structure for implementation.

Motivated by these issues above, in this work, a sim-
ple architecture based on blind cancellation is pro-
posed for an orthogonal frequency division multiplexed
(OFDM)-modulated FD transceiver experiencing nonlinear
distortions without any training process. This architecture
first uses a simple cancellation process to cancel both the
linear and nonlinear SI components by combining the con-
secutively received symbols on adjacent subcarriers in one
OFDM symbol. Subsequently, to eliminate the impacts of the
cancellation process on the desired signal, a recovery process
is deployed on the resulting signal of the SI cancellation
stage. During the cancellation and recovery processes, it is not
required to estimate the linear SI channel response and the PA
nonlinear model coefficients, resulting in low computation
complexity and simple structure for implementation, which
is the core contribution of this approach. To the best of our
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knowledge, this is the first work to cancel the nonlinear SI
components with such blind cancellation approach in FD
systems.

In order to assess the validity of this approach, simulations
using parameters extracted from practical RF devices of a
real FD transceiver are explicitly performed. The computa-
tion complexity, the cancellation capability of the SI signal,
and the bit error rate (BER) of the desired signal are com-
pared with the conventional linear SI cancellation [12] and
nonlinear SI cancellation [13]. With excellent cancellation
capability for the SI signal, the residual SI power after the
proposed blind cancellation approach is shown to be quite
close to the receiver noise floor. While the BER of the
desired signal after blind cancellation approach is shown
to be close to the ideal case without any linear or non-
linear SI signals, indicating that the impacts of the blind
cancellation on the desired signal is ignorable. The BER,
the cancellation capability on the SI signal and the residual
SI power are all comparable to the conventional nonlinear
SI cancellation method of high computation complexity [13].
Differently, as the proposed blind cancellation approach does
not need to estimate the nonlinear PA model coefficients
and the linear SI channel response, it demonstrates much
lower computation complexity and simpler structure for
implementation.

The remainder of this paper is organized as follows.
In Section II, the signal model of the considered FD system
is introduced. In Section III, the proposed blind SI cancel-
lation scheme is presented, where the SI cancellation and
recovery processes are presented in Section III.A and IIL.B,
respectively. Performance analysis on the nonlinear order to
be cancelled and the computation complexity are presented
in Section IV. Simulation and discussions are presented in
Section V. Finally, Section VI concludes this work.

Il. SYSTEM MODEL

A. SIGNAL WAVEFORM

An OFDM-modulated FD transceiver employing analog can-
cellation and digital nonlinear cancellation to suppress the
SI signal is shown in Fig. 1. Let us consider a regular
OFDM transmitter with N subcarriers of frequencies sepa-
rated by Af. The complex envelope of the transmitted OFDM
waveform is given as [19]

N—1
1 .
x(t)=—= Y X[kl 0<t<T, 4))
N k=0

where T = 1/Af is the useful symbol length, j = /—1,
and X[k] is the transmitted symbol on the k-th subcarrier
exp{j2rk Aft}. In order to build the OFDM waveform x(¢),
we take an N-point inverse discrete Fourier transform (IDFT)
on the N x 1 signal vector [X[0], X[1],---, X[N — M7 to
generate the baseband waveform x(7) in time domain, before
the digital-to-analog converter (DAC).
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FIGURE 1. Full-duplex transceiver with nonlinear cancellation architecture.

B. PA NONLINEARITY

After OFDM waveform generation, x(¢) is then fed to a
PA for signal amplification before transmitting over the air.
To address the nonlinearity of the transmitter, a memoryless
model (MLM) is used here to represent the PA as [20]

M
YO = armp X" x (1), )

m=0
where x(¢) and y(¢) are the input and output of the PA,
respectively, as;,+1 1S the coefficient of the (2m + 1)-th order
of nonlinearity, and (2M +1) is the maximum nonlinear order.
Notice that during the development of our cancellation
algorithm, we only considered a PA model with third-order
nonlinearity for simplicity, thus transmitted signal is given as

3

A more general case with higher nonlinear orders will be
discussed in the next section.

(1) = arx(t) + aslx(0)*x(2).

C. SI CHANNEL
The channel impulse response between the transmit and the
receive antennas, i.e., the SI channel impulse response, is usu-
ally given as [6]

L
h(t) =) hid(t =), @)
i=1
where L is the total number of multi-path components, 4; is
the channel gain for the i-th multi-path component, and
8(t — 7;) is the continuous-time unit impulse function (also
known as delta function) with transmission delay ;. After
propagation through the SI channel, the transmitted signal
y(t) becomes an SI signal r;(¢) at the receiver RF front-end as

L
ri(t) =y(6) x h(t) =Y hiy(t — 17),

i=1

&)

where (%) denotes convolution operation.
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Let us consider a single-antenna FD transceiver (or dual-
antenna FD transceiver of closely spaced transmit and receive
antennas) located in wide open space with few weak reflec-
tions. For instance, in a ground-to-air uplink, as the atti-
tude of the unmanned air vehicle allows the transceiver to
stay above the ground-based shadowing and obtain line-of-
sight (LOS) or near LOS communication channels over a
large area [21], [22]. The SI path is the direct leakage path
of the circulator (or the clear LOS path between the transmit
and receive antennas), while the space multi-path SI paths are
much weaker [21]. For simplicity, the associated SI channel
between the transmit and receive chains is then characterized
as a simple block fading channel. Accordingly, the SI signal
at the receiver RF front-end is given as

ri(t) = hy(t — 1)

= haix(t — 1) + haz|x(t — 1)]*x(t — 7),  (6)
where & and T represent the gain and delay of the SI channel,
respectively. It has to be noticed that we neglect the space
multi-path SI signals only during the developments of the
cancellation algorithm. However, numerical analysis is per-
formed using both strong LOS SI signal and weak multi-path
SI reflections.

D. ANALOG CANCELLER MODEL

As the SI signal r;(¢) is much stronger than the desired
signal, it would saturate the ADC of the receiver chain and
prevent the desired signal from entering the digital domain.
Thus, an analog canceller is usually deployed before the ADC
sampling process to first reduce the strength of the SI signal.
According to the SI channel in (4), the analog canceller is
usually composed of multiple taps to account for different
multi-path components [12], [13], each of which consists of
a fixed delay line, a variable attenuator, and a phase shifter
for amplitude and time alignments. In the considered sce-
nario, we only used a single-tap analog canceller for proof-
of-concept illustration. The cancelling signal is then simply
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FIGURE 2. Coverage of the full-duplex transceiver with D; =Dy +n x ¢ x Tcp,
free space.

given as
(N

where y, a, and ¢ represent the delay of the canceller, the gain
of the variable attenuator, and the phase value of phase shifter,
respectively. w = a exp(j¢) is the equivalent complex coeffi-
cient of the analog canceller.

After choosing the delay line y to ensure y & t and tuning
the variable attenuator and phase shifter to ensure w ~ —h,
the cancelling signal z(¢) becomes a copy of the SI signal
r(t), except with a 180-degree phase shift. As shown Fig. 1,
the SI signal can be mitigated by using an adder, which is
typically implemented by a RF power combiner.

21) = ay(t — y)e? = wy(t — y),

E. DIGITAL SI CANCELLATION MODEL
At the local receiver chain, the received signal after analog
cancellation is given

®)

where 7n(¢) is the noise of the receiver. With the assump-
tion of symbol level synchronization [23]-[25], the received
sequence can be written as

nc)=r@) —z@t) =r(t) + ry@) + n@) — z(),

C))

where B = h — w is the joint impulse response including
the SI channel and analog cancellation [4], and Ba1x(n),
Bas |x(n)|2x(n), ry(n), and n(n) are the time-domain linear
SI, nonlinear SI, signal-of-interest, and receiver noise, respec-
tively. After DFT operation on (9), the received symbols in
the frequency domain {R[k]}f(vz_ol (N is total number of usable
subcarriers) are expressed as

r(n) = Baix(n) + Bas|x(n)*x(n) + ry(n) + n(n),

R[k] = BaiX[k] + BasX3[k] + Rylk] + N[k], (10)

where Rylk] is the desired signal and N[k] is the
receiver noise in frequency domain. Ba;X[k] and BazX3[k]
(with X3[k] being the resulting signal of DFT operation on
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where c is the velocity of electromagnetic wave (light) propagation in

{1x(n)|2x(n)}) are the frequency-domain linear SI and nonlin-
ear SI signals to be cancelled.

Note that as the local receiver receives a superposition of
the SI signal and the desired signal, the symbol synchroniza-
tion is guaranteed by the cyclic prefix (CP) insertion. In this
considered FD application, it is assumed that the overall
relative transmission delay difference between the SI signal
r7(¢) and desired signal ry(¢) (denoted as A7) is within the
CP length, i.e.,

mod (Ar, Ts) < Tcp, (11)

where mod (Ar, Ts) is the remainder when A7 is divided
by Ts; Ts = (Ncp + N)/(AfN) and Tcp = Ncp/(AfN)
denote one OFDM symbol duration and the CP duration,
respectively. This assumption is widely used in current litera-
tures on FD communications, such as [24]—-[27], and holds
in the following two scenarios. In one scenario, both the
local transmitter and the remote user transmit simultaneously
towards the local receiver [25], [27]. As shown in Fig. 2,
the coverage radius of the FD transceiver d of this scenario is
obtained from (11) as

Do+nxcxTep<d<Dog+(n+1)xcx Tcp, (12)

where c is the velocity of electromagnetic wave (light) prop-
agation in free space and Dy is the distance between the local
transmit and receive antennas. For instance, in a 20-MHz
LTE system with N = 2048 and Af = 15 kHz, the nor-
mal CP length is chosen to be N¢p 144 (corresponding
to Tcp = 4.7 us) to cover a range of miles, most suit-
able for FD applications in urban areas. While the extended
CP length is chosen to be N¢p 512 (corresponding to
Tcp 16.7 us) to cover wider ranges, most suitable for
FD applications in suburb areas [18]. In the other scenario,
by taking advantage of the uplink synchronization technique
(which ensures all active users arrive at the base station
synchronously) [28]-[30], the desired signal from the remote
user and the SI signal from the local transmitter could arrive at
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the local receiver synchronously. The design of the CP length
and synchronization process are out of the scope of this work
and thus are omitted.

IIl. BLIND NONLINEARITY CANCELLATION SCHEME
In the digital cancellation, the transmitted symbol X [k] and
its 3rd-order nonlinear distortion in frequency domain X3[k]
(both signals are known to the local receiver of the FD
transceiver) are used to cancel the linear and nonlinear inter-
ference signal in R[k]. In the considered FD scenario, the SI
channel between the local transmit and receive antennas is
block fading (i.e., the SI channel response typically remains
almost the same for any two adjacent symbols [31]) while
the transmitter response (i.e., the PA nonlinearity) remains
unchanged within one OFDM symbol. Based on these two
consideration, we can derive a new method to cancel both the
linear and nonlinear SI components in the received symbol
R[k] by using symbol on the adjacent subcarrier R[k — 1],
given R[k] and R[k — 1] share the same SI channel response
h and the same PA nonlinear coefficients within one OFDM
symbol.

This method consists of two steps: 1) cancel the linear SI
BaiX[k] and nonlinear SI Sa3zX3[k] in (10), and 2) recover
the signal-of-interest Ry [k].

A. INTERFERENCE CANCELLATION

Two steps are deployed consecutively to cancel the linear SI
Ba1X[k] and nonlinear SI BazX3[k] in (10).

1) LINEAR SI CANCELLATION
In linear SI cancellation step, we use the transmitted symbol
X[k] and the received symbol R[k] to build a cancelling signal
C|[k] for the linear SI as:

Cilk] = X[k] R[k

T X -1

where K < N is the processing length. By subtracting Cy[k]
from R[k], the linear SI is cancelled and a resulting signal is
given as

1], 2<k <K, (13)

Z[k] = R[k] — Ci[k]

= Baz x Alk] + Rylk] + N[k]
XIk] (Rylk — 11+ N[k - 1], 14
Xk—11"Y ’
where Basz Alk] represents the overall nonlinear effect intro-
duced by the two adjacent symbols with A[k] defined as

X[k]

Alk] = X3[k] — X[k — 1]

X3k —1]. (15)
2) NONLINEAR SI CANCELLATION

One can see from the cancellation result in (14) that the
linear SI component Ba;X[k] is cancelled after the linear
SI cancellation step, however, the nonlinear SI components

BazX3[k] and BazX3[k — 1] remain in the resulting signal
Z[k]. Thus, in order to cancel these nonlinear SI components,
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a nonlinear SI cancelling signal is built as

Cslk] = Alk] Z[k —1]

T A — 1 ’

Subsequently, Baz A[k] is cancelled by subtracting C3[k]
from Z[k] as

3<k<K. (16)

Ziinlk] = Z[k] — C3[k]
= Rylk] + N[k] + i[k], a7

where i[k] is the residual interference signal after SI cancel-
lation given as

XK A
Mh] = (G + Rtk = 114 NIk 1)
X A
XM ARL ek =214+ Nk —2]). (18)

X[k —1]1A[k — 1]

We can see from the cancellation result in (17) that the
received signal becomes a composite signal consists of three
components, i.e., the desired signal Ry [k], the noise signal
N[k], and the residual interference signal i[k]. Therefore,
by applying the two consecutive cancellations on the received
signal R[k], both the linear and nonlinear SI signals are effec-
tively cancelled. However, as observed from the definition
of i[k] in (18), the signal-of-interest Ry [k] is also interfered
by Rylk — 1] and Ry[k — 2], which are introduced from
the cancellation process above. Thus, a recovery process is
needed to recover Ry [k] from Zj;,[k] to eliminate the impacts
of the cancellation process.

B. SIGNAL-OF-INTEREST RECOVERY
To recover Ry [k] from Zj;,[k], we first rewrite Zj;,[k] as

Zjinlk] = Blk] — ﬂB[k -1, 3<k=<K, (19)
Alk — 1]
where B[k] is defined as
Blk] = Ry[k] + N[k] — Lk](RU[k — 11+ N[k —1]).
X[k —1]

(20)

In (19), B[k] is an intermediate variable that has an identical
form as Zj;,[k]. Thus, to eventually obtain Ry[k] from the
cancelling result Zj;,[k], two similar estimation steps are
deployed, i.e., 1) estimate B[k] from Zj;,[k] by performing
a recovery operation on (19) and estimate Ry [k] from B[k]
by performing a similar recovery operation on (20).

1) RECOVERY OF B[K]
Firstly, we can build a signal z[k] from Z;;,[k] in (19) as

K] = ZiinlK],  fork =K, (2D
[k] = z[k + 1] A[K]Z- (k]
Z =zlk + +m lin
A[K]B[k — 1]

— A e

where the construction of z[k] is performed in the descend-
ing order of index k, i.e., k is varying from K — 1 to 3.

for3<k<K—1, (22)
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Then, from (21) and (22), the estimate of B[K] is obtained
by averaging the K — 2 symbols {z[k]},'f:_31 as

K
= 2 2kl
k=3

where w[K] is the residual interference, introduced to the
K-th symbol by this recovery step, given by
AK1 %23 Bl

wK]=———- —. (24)
(K —2) & Al

BIK] = = B[K] + w[K], (23)

By substituting (23) into (22), we can obtain an estimate
of B[k] as
Blk] = Alk ](B[K] — z[k + 1)

A[K]
= Blk]+wlk], 2<k <K. (25)

where w[k] is the residual interference, introduced to the
k-th symbol by this recovery step, given by
K—1
A[K Bli
wlk] = AIKT ﬂ (26)

(K 2) A[z]
Thus, B[k] is estimated from s1gna1 Zinlk], which accom-
plishes the first recovering step.

2) RECOVERY OF Ry[K]
Similarly, in this recovery step, we build b[k] from (23)
and (25) as

b[K]ZE[K]ZRU[K]+N[K]+W[K], fork =K
(27)
— X[K] 4
blk] = b[k+1]+—X[k]B[]
_ X[K]wli]
= RylK]+ N[K]—|—Z e
-~ K (Rylk—11+N[k—=1]), 2<k<K -1
Xlk—11"Y » 2sk= ,
(28)

where the construction of b[k] is also performed in the
descending order of index k, i.e., k is varying from K — 1
to 2. Then, the estimate of RU[K ] is obtained by averaging
the K — 1 symbols {b[k]}k _, as

A 1
RulK) = — Zb[k]
k=2

where notation v[K] is the residual interference, introduced
to the K -th symbol, calculated as

= Ry[K]+N[K]+V[K], (29)

VIK]=

X[K] RU[l]-HV[l] X[K] W[l]
K—IX; X[i] Z(’_l X[il

1=
Finally, by substituting (29) into (27), the estimate of Ry[k]
is obtained as

X[k] A

X[K] ———(Ry[K]—blk + 1)

= Rylk] + N[k] +v[k],1 =k =K —1, (30)

Rylk] =
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where notation v[k] is the residual interference, introduced to
the k-th symbol, calculated as

vik] = [] VK] - X[k] Z W[’

1<k<K-1,
[ _k+l

which also represents the overall effect of the residual inter-
ferences of the proposed cancellation and recovery approach.
Therefore, at this stage, the desired signal Ry [k] is recovered
as i?U[k] and can be fed to a conventional demodulator for
further data processing.

IV. PERFORMANCE ANALYSIS

A. NONLINEARITY ORDER FOR CANCELLATION

It should be noted that during the development of this can-
cellation algorithm, we only considered a PA model with
third-order nonlinearity for simplicity. Actually, this cancel-
lation algorithm could be easily extended to cover a more gen-
eral PA model with higher nonlinear orders. Notice that as the
cancellation is operated in a totally blind manner, we do not
have any prior information about the nonlinear characteristics
of the PA. However, we can still reasonably assume knowl-
edge of the maximum nonlinear order, M, as did in many liter-
atures on PA modeling [6], [34] and linearization [20], [35].
Accordingly, we can perform interference cancellation for
each potential nonlinear order of the PA in a successive way
by using (16) and (17). For instance, for a PA of the maximum
nonlinear order M = 5, an extra cancelling signal Cs[k] for
the fifth-order nonlinear SI is constructed in a similar way
as Cs[k] using (16). Subsequently, Cs[k] is subtracted from
the resulting signal of the third-order nonlinear cancellation
in (17) to cancel the fifth-order nonlinear distortion.

B. COMPUTATION COMPLEXITY

It is worth noting that the complexity of the proposed blind
cancellation approach is quite low due to the fact that it is
not required to estimate the SI channel or the PA model
coefficients. For the linear SI cancellation process, which is
similar as the work in [36], the computation complexity is
quite low, as analyzed in [36]. While for the nonlinear SI
cancellation process, each nonlinear distortion of the PA is
first transformed into a linear operation between the unknown
nonlinear coefficients and the known transmitted signal in
frequency domain as shown in (10). The associated computa-
tion complexity is also low and quite close to that of the linear
SI cancellation process. Specifically, for the SI cancellation
process in (14) and (17), only two multiplication and two
addition processes are needed for the k-th symbol. For the
recovery stage for the desired signal in (25) and (30), only
four multiplication and four addition processes are needed for
the k-th symbol. Also note that, as X [k]/X[k—1], X[k]/X[K],
Alk]/Alk—1], and A[k]/A[K]in these processes are known to
the local receiver, they can be pre-computed to reduce the cal-
culation burden of the proposed approach. Thus, on average,
only six multiplication and six addition processes are needed
for each symbol.
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V. VERIFICATIONS

A. SIMULATION CONDITION

For proof-of-concept evaluation, the effectiveness of the blind
nonlinear SI cancellation is verified in terms of the computa-
tion complexity, the cancellation capability for the SI signal,
and the BER of the desired signal. The cancellation capability
is defined as

Py —i—a]\z,

G= >
P, + oy

€1y}

where P;, P, and 01\2, are the powers of the received SI,
the residual SI and the receiver noise, respectively. The sim-
ulation parameters are chosen from typical FD transceiver
designs as shown in Table 1. At the transmitter side of the FD
transceiver, the transmitted waveform is a 20-MHz OFDM
signal composed of N = 1200 subcarriers with 16-QAM
modulation. During the waveform generation, the N trans-
mit symbols {X[k] }k —o» are padded with a total number
of 848 zeros to take advantage of the fast Fourier trans-
form (FFT), as typically used in Long-Term Evolution (LTE)
systems. Accordingly, the sampling rate of the transmitted
waveform is (1200 + 848) x 15000 = 30.72 Msps.

TABLE 1. System level parameters of a full-duplex transceiver.

Simulation Parameter Value

Signal bandwidth

20 MHz

Modulation scheme OFDM + 16QAM

Transmission power 10 dBm - 30 dBm

PA OIP3 40 dBm
Transmitter SNR 60 dB
Antenna isolation 30dB

Analog cancellation 40 dB
ADC effective number of bits 11.5 bits

Desired signal power —75dBm

Receiver noise floor —95 dBm

Subsequently, the generated waveform is first up-sampled
by a factor of 8, with the sampling rate being increased
to 245.76 Msps, to account for the seventh-order nonlinear
distortion of the PA, which expands the bandwidth of the
transmitted waveform to 140 MHz for a 20-MHz signal.
The waveform is then sent to a PA model and amplified to
power levels ranging from 10 dBm to 30 dBm to demonstrate
different nonlinear distortions. The PA model used here is an
MLM with a maximum nonlinear order of 7, whose nonlinear
coefficients are extracted from a practical class-AB PA with
a third-order intercept point (OIP3) of 40 dBm. Thus, ide-
ally, the transmitter produces different nonlinear distortions
ranging from —50 dBm to 10 dBm. The extracted MLM
coefficients are listed as follows:

a; = 1.073 4 0.067j,
as = —0.573 4 0.064j,

a3 = 0.191 — 0.440j,
a7 = 0.043 + 0.027].
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At the receiver side of the FD transceiver, the antenna isola-
tion is configured to 30 dB due to the propagation attenuation
between the local transmit and receive antennas, which is also
a typical value considered in FD applications [5], [24], [32].
The SI channel and the channel between local transceiver and
the remote transceiver are considered as single-path Rayleigh
fading for simplicity. According to current FD transceiver
designs [12]-[14], [33], the analog cancellation capability
and the receiver noise floor used in the simulations are chosen
to be 40 dB and —95 dBm, respectively. As analyzed in
Section II, the analog cancellation process is simply modeled
as an attenuation on the transmitted signal, which is a linear
process on both the linear SI and nonlinear components as
well as the transmitter noise. Thus, the linear SI, the nonlinear
SI, and the transmitter noise are all attenuated by 40 dB.
Accordingly, SI signal is within the dynamic range of ADC of
the local receiver and can now be captured and processed in
digital domain. However, even after the analog cancellation
process, the nonlinear distortion would be still obvious as
the transmission power increases. As shown in Fig. 3, when
the transmission power increases to 30 dBm, the nonlinear
distortion component of the residual ST will reach —60 dBm
which is 35 dB above the receiver noise floor and 15 dB above
the desired signal.

B. PROCEDURE

In the digital domain of the receiver, the received signal is first
filtered by a low-pass filter whose bandwidth is chosen to be
30 MHz to mainly account for the in-band nonlinear distor-
tions. The filtered signal is then down-sampled to 30.72 Msps
before being aligned with the transmitted signal x(n) FFT is
then performed on the received sequence {r(n)} 0 ! to obtain
the symbols in the frequency domain (RIKT}Y - t—0 » Which will
be processed by the proposed blind cancellation approach to
obtain the desired signal. To cancel the 7-order PA nonlin-
ear distortions, a maximum order of 7 is considered during
the proposed blind nonlinear SI cancellation, which per-
forms four rounds of cancellation and recovery operations in
total.

As comparisons, the conventional linear and nonlinear SI
cancellations are also demonstrated, which are accomplished
by three steps [12], [13]:

S1 Estimating the linear SI channels and the nonlinear

PA model coefficients in time domain;

S2 Reconstructing the SI signal from the estimated SI

channel and PA model;

S3 Subtracting reconstructed SI from the digital

received signal.
In the conventional nonlinear cancellation method, three
groups of time-domain samples of different length L
(L = 10, 100, and 1000, respectively) are used to estimate the
SI channel and the PA coefficients with different estimation
accuracies and complexities. During the training process the
conventional nonlinear cancellation method, the SI channel
and the PA nonlinearity are simply combined and modeled as
an MLM, whose nonlinear order is also chosen to be 13 to
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FIGURE 3. Power levels of different components of the received signal before digital nonlinear SI cancellation.

provide a fair comparison with our method as well as some
redundancies for nonlinear model identification.

In our approach, the processing length K used in (14), (17),
(25), and (30) is set to K = N = 1200. In the following,
signal-to-noise ratio (SNR) is defined as the power ratio of
the desired signal to the noise. As analyzed in Section II, both
the SI signal r;(n) and the desired signal ry(n) are synchro-
nized with the transmitted baseband signal x(n), thus the CP
insertion and removal processes are omitted for simplicity.

C. RESULTS FOR FREQUENCY FLAT CHANNEL

In this section, the performances of different SI cancellation
methods are compared in terms of the computation complex-
ity, the cancellation capability for the SI signal, residual SI
power, and the BER of the desired signal.

1) COMPUTATION COMPLEXITY
In this simulation, the computation complexity is evaluated
by the average time consumed to cancel the linear and nonlin-
ear SI components within each symbol/sample of the received
signal. For each SI cancellation method, the associated calcu-
lations are simulated to run over 10,000 symbols/samples to
obtain the average time consume on each symbol/sample.

For the step S1 of the conventional method, the nonlinear
model identification is implemented by using the LS algo-
rithm. In this simulation, the LS algorithm involves some
complicated calculations [18]. In the case of frequency flat SI
channel model, matrix multiplication between a 4 x L matrix
and an L x 4 matrix and matrix inversion of a 4 x 4 matrix
are required.

As shown in Table 2, the computation complexity of the
proposed blind nonlinear cancellation method is quite low
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TABLE 2. Time consumptions of different Sl cancelation methods under
frequency flat channel.

Cancelation Method | Configuration Time Consumed (ps)
S1with L =10 21.569
Conv. nonlinear S1 with L = 100 26.359
method S1 with L = 1000 32.794
S2+8S3 0.032
Prop. method Cancelation & recovery 0.019

and is even less than the step S2 and step S3 of the con-
ventional nonlinear method. The computation complexity of
the training process (model identification) of the conventional
nonlinear SI cancellation method is extremely high and is
at least 1,000 times over the proposed blind cancellation
method. Thus, the computation complexity of the proposed
blind nonlinear cancellation method is ignorable compared to
the model identification process of the conventional nonlinear
SI cancellation method, demonstrating stronger adaptation
capability over the conventional method.

2) CANCELLATION CAPABILITY FOR THE SI

The cancellation capability comparisons between different
cancellation methods are shown in Fig. 4. The cancella-
tion capability of the linear method first raises linearly to
31 dB, then slightly raises to 34 dB, and eventually drops to
19 dB. When the transmission power ranges from 10 dBm
to 15 dBm, the associated nonlinear SI is within the range
from —120 dBm to —105 dBm at the receiver thus ignor-
able compared with the receiver noise floor of —95 dBm.
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However, as the transmission power reaches 18 dBm, the non-
linear SI becomes —96 dBm and is comparable with the
receiver noise floor, which shows some impacts on the linear
cancellation capability. As the transmission power reaches
30 dBm, the nonlinear SI becomes —60 dBm, which is 35 dB
above the receiver noise floor. As a consequence, the linear
cancellation method fails to work properly and the cancella-
tion capability dramatically drops to 19 dB.

The conventional nonlinear cancellation method [13] char-
acterizes both the nonlinearity of the PA model and the SI
channel response to mitigate the nonlinear SI, demonstrat-
ing good cancellation capability even when the transmission
power reaches 30 dBm. During the nonlinear cancellation,
a model identification process is required to extract both the
SI channel response and the nonlinear coefficients, which
requires L (processing length) samples to perform the LS
algorithm. For the case with processing length L = 10,
the processing length is too short to provide stable and effec-
tive estimation of the nonlinearity, resulting in poor cancel-
lation of the SI signal. As the processing length increases to
L = 1000, the cancellation capability significantly increases.
However, more calculation complexity is introduced for
implementing step S1 of the conventional nonlinear cancel-
lation method, as listed in Table 2.

Alternatively, our blind nonlinear cancellation method,
provides good cancellation performance for all the considered
transmission power levels, which is even comparable to the
conventional nonlinear cancellation method with high com-
plexity (i.e., the case with L = 1000). Differently, the pro-
posed method can be easily implemented with only a few
multiplications and additions, as mentioned in Section III,
given operations X[k]/X[k — 1], X[kI/X[K], A[k]/
Alk — 1], and A[k]/A[K] in (14), (17), (25), and (30)
of the proposed approach are known to the local receiver
and can be pre-computed to further reduce the calculation
burden.

3) BER OF THE DESIRED SIGNAL

Fig. 5 shows the BER comparisons between the three dif-
ferent SI cancellation methods, where the ideal BER of the
case without SI is also shown for comparison. The BER
of the conventional linear cancellation degrades fast with
the increase of transmission power as expected, due to the
presence of PA nonlinear distortion in the transmitter. The
conventional nonlinear cancellation method with L = 100
and L = 1000 perform well with BER close to the ideal case
without SI. For the particular configuration with L = 10,
the processing length of the nonlinear model identification
is too short to provide effective model identification results,
thus fails to work properly.

For each power level, the BER of the proposed blind non-
linear cancellation is very close to that of the case without
SI and keeps nearly unchanged with the transmission power.
This trend indicates that the residual SI and the introduced
interference by the proposed blind nonlinear SI cancellation
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method are small enough and thus would not degrade the
decoding performance for the desired signal.

D. RESULTS FOR FREQUENCY SELECTIVE CHANNEL

In this section, the performances of different SI cancellation
methods are compared under two frequency selective SI chan-
nels. The first SI channel (SI channel I) has 0.9 ns, 20 ns,
50 ns, 100 ns, and 200 ns delays with path loss being —30 dB,
—75 dB, —85 dB, —95 dB, and —100 dB, respectively. While
the second SI channel (SI channel II) has the same delays
with path loss being —30 dB, —65 dB, —70 dB, —90 dB, and
—100 dB, respectively. In these two SI channels, the path with
0.9 ns delay corresponds to the LOS SI path, while the others
corresponds to the space multi-path reflections. These two
power delay profiles are modified from the measurements
in [6] and [37] to fit better the considered FD scenario with
one strong LOS ST and few weak reflections.

TABLE 3. Time consumptions of different SI cancelation methods under
frequency selective channels.

Cancelation Method | Configuration Time Consumed
S1 with L =10 2.631 ms
Conv. nonlinear S1 with L = 100 3.789 ms
method S1 with L = 1000 6.782 ms
S2+8S3 0.779 ps
Prop. method Cancelation & recovery 0.019 pus

1) COMPUTATION COMPLEXITY

For conventional SI cancellation, more taps are used to model
the frequency selective SI channel. In this simulation, the total
number of the taps is chosen to be 50 to cover the maximum
delay of the two SI channels. As a consequence, the total
number of the nonlinear coefficients becomes 4 x 50 = 200.
Accordingly, the LS algorithm needs to perform matrix multi-
plication between a 200 x L matrix and an L x 200 matrix and
matrix inversion of a 200 x 200 matrix, which significantly
increase the computation complexity. As shown in Table 3,
the consumed time of the step S2 and S3 of the conventional
nonlinear method is increased to be over 30 times than that of
the proposed blind nonlinear cancellation method.

2) CANCELLATION CAPABILITY FOR THE Sl

Fig. 6 shows the cancellation capability of the proposed blind
nonlinear cancellation method under two frequency selec-
tive SI channels. The conventional linear method and the
conventional nonlinear method with two different processing
lengths (i.e., the cases with L = 100 and L = 1000) are
also illustrated for comparisons. For different SI channels,
the conventional linear and nonlinear methods demonstrate
similar performances, thus, only the capabilities for SI chan-
nel I are illustrated for simplicity. By comparing Fig. 4
and Fig. 6, one can observe that the conventional nonlinear
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FIGURE 4. Cancellation capabilities of the SI signal for different Sl cancellation methods.
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FIGURE 5. BERs of the desired signal from a remote user after different Sl cancellation methods.

method demonstrates only a slight performance degradation
of up to 2.4 dB in frequency selective channel.

While for the proposed blind nonlinear cancellation
method, one can observe obvious performance drops of 5 dB
and 10 dB for SI channel I and SI channel II, respectively.
This is because when the SI channel becomes frequency
selective, B in signal model (10) would become {8 [k]}kN:0
denoting the joint frequency response of the SI channel and
analog cancellation for the kth-subcarrier. Then simply using
symbol on adjacent subcarrier R[k — 1] to cancel the SI within
R[k] would introduces an cancellation degradation due to the
difference between B[k — 1] and B[k]. However, the pro-
posed blind nonlinear cancellation method could still provide
effective cancellation for both the linear SI and the non-
linear SI. Particularly, under SI channel I (frequency selec-
tive SI channel with one strong LOS component and weak
space multi-path reflections), the proposed blind nonlinear
method still outperforms the conventional nonlinear method
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of processing length L = 100, for all the considered power
levels.

3) BER OF THE DESIRED SIGNAL

Fig. 7 shows the BER comparisons between the three dif-
ferent SI cancellation methods, where the ideal BER of the
case without SI is also shown. For conventional nonlinear
method, only the cases with processing lengths L = 100
and L = 1000 under SI channel I are illustrated for
simplicity.

From Fig. 5 and Fig. 7, one can see that the proposed blind
method suffers performance degradations as the frequency
selectivity of the SI channel increases, which is consistent
with the trend observed from Fig. 4 and Fig. 6. However,
the proposed blind method can still provide good BERs under
the two frequency selective SI channels. Particularly under
SI channel I, the proposed blind method provides even better
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under frequency selective SI channels.

BERs compared with the conventional nonlinear method of
processing length L = 100.

VI. CONCLUSION

In this work, a novel nonlinear SI cancellation method is
proposed for high-power FD transceivers experiencing strong
nonlinear distortions. This method consists of an SI cancel-
lation process and a recovery process for the desired signal.
The SI cancellation process uses the received symbols on two
adjacent subcarriers in one OFDM symbol to cancel both the
linear and nonlinear SI components without any estimation
process. Subsequently, the recovery process is performed on
the resulting signal to recover the desired signal and mitigate
any impacts introduced by the nonlinear SI cancellation pro-
cess. To the best of our knowledge, it is the first work to cancel
the nonlinear SI signal without estimating the coefficients
of the PA nonlinear model and the SI channel response.
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By employing this method, the SI is suppressed to near the
receiver noise floor, and the BER of the signal-of-interest is
close to that of the ideal case without SI, even under strong
nonlinear distortions. Particularly, as no estimation process is
required, this method demonstrates much lower computation
complexity and simpler structure for implementation com-
pared with conventional nonlinear SI cancellation method
based on model estimation.

This proposed method provides a promising alterna-
tive solution for digital SI cancellation, particularly for
high-power FD applications where the PA of the transmitter
experiences strong nonlinear distortions. Future works will be
performed to develop a more generalized algorithm to cover
signals of wider bandwidth and PAs demonstrating strong
memory effects, under frequency selective SI channels of
strong space multi-path reflections. Testbed will be designed
and experiments will be performed to verify its effectiveness.
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