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Abstract As the impairments of hardware circuits, such as the nonlinearities of power amplifiers (PAs),
limit the self-interference suppression performance in full-duplex systems, nonlinear self-interference can-
cellation (SIC) has attracted much research attention. According to some existing studies, nonlinear SIC
in full-duplex systems can be implemented with either nonlinear modeling or radio frequency (RF) signal
feedback. However, to the best of our knowledge, there is no theoretical analysis and comparison of the
cancellation performance with the two methods. In this paper, the performance of the digital nonlinear SIC
with RF signal feedback and nonlinear modeling is analyzed and compared for the first time. The theoretical
SIC capabilities of the two methods are derived, and the closed-form solutions are obtained. The factors
affecting the performance of the two methods are discussed with the theoretical analysis. Then, by simula-
tions, the theoretical results are verified and the performances of the nonlinear SIC with the two methods
are compared in different environments.
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1 Introduction

Driven by the accelerating process of informatization, researches on sixth generation (6G) wireless com-
munication networks have begun, in which enhanced spectral efficiency is an important performance
metrics [1]. In recent years, in-band full-duplex technology has received extensive attention and been a
focus of research in the wireless communication domain [2-23], as it is capable of improving the spectrum
efficiency and flexibility [2,3]. The self-interference (SI) signal generated by simultaneous transmission
and reception at the same frequency, generally composed of linear and nonlinear components, is the
main factor hindering full-duplex communication, and effective suppression of the SI is the basis of the
implementation of full-duplex technology [2,3]. A three-stage self-interference cancellation technique is
usually adopted in typical duplex systems [3], which involves the cancellation in propagation domain [4,5],
analog domain [6,7] and digital domain [9-22], and high cancellation capabilities without consideration
of nonlinear ST have been achieved in existing researches [4-7]. However, in high-power communication
systems, the nonlinear SI components, including phase noise, in-phase/quadrature (IQ) imbalance and
power amplifier (PA) nonlinearity, are the main factors causing a technical bottleneck for full-duplex SI
cancellation (SIC), and the impact of PA nonlinearity is the largest [8]. Research shows that when the
transmit power is 25 dBm and a total of 60 dB of cancellation capability is provided in the propagation
and radio frequency (RF) domains, the power of the rest of the SI nonlinear components is still approx-
imately 41 dB higher than the noise floor after digital SIC [8]. Therefore, nonlinear SIC has attracted
much research attention, and some nonlinear SIC methods have been proposed [9-22], among which the
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SIC with RF signal feedback and that with nonlinear modeling are the two main methods for nonlinear
SIC in existing researches.

The SIC with RF signal feedback uses a feedback channel at the end of the RF transmission link,
through which the transmission signal including impairments of the RF circuits, such as the nonlinearity
in the PA, can be transmitted back to the digital domain as a reference signal and then convolved with
the SI channel estimation result so that the SI can be reconstructed and canceled. With the help of the
feedback channel, Refs. [9-11] achieved a nonlinear SIC performance of 0-3 dB above the noise level at
a transmit power of 20-30 dBm and a bandwidth of 20-100 MHz. The SIC with RF signal feedback
does not need to consider the complex characteristics of nonlinearity. However, additional hardware costs
are introduced, and some hardware imperfections in the feedback channel will affect the cancellation
performance.

The SIC with nonlinear modeling uses the baseband signal as a reference signal, models the nonlinear
SI, and estimates the model parameters from the received SI to reconstruct the SI and cancel it in the
presence of nonlinearity. Refs. [12-22] used different nonlinear models to achieve a simulated nonlinear
SIC performance of 0—4.3 dB above the noise level at a transmit power of 10-30 dBm and a bandwidth
of 10-80 MHz. SIC with nonlinear modeling does not require the assistance of RF circuits but relies on
appropriate nonlinear modeling and has a high computational complexity. Generally, only odd and low-
order components in the nonlinearity are considered, as they have larger power and smaller separation
in the spectrum from the intended signal, making them difficult to filter out. However, for broadband
signals, high-order nonlinear components are also difficult to remove with a filter. Moreover, as the
transmit power increases, the power of high-order components will grow faster than that of low-cost
components according to the nonlinearity model [24]. When the order of the nonlinear components
higher than the noise floor in the SI is greater than the modeling order, the SIC with nonlinear modeling
cannot guarantee sufficient SIC performance.

To further guide engineering practice, investigations into the performance bounds and influencing
factors of nonlinear SIC with these two methods are needed. However, to the best of our knowledge,
most of the current researches have focused on the explanation and implementation of nonlinear SIC
methods and lack a corresponding theoretical analysis and comparison of the cancellation performance.
In this paper, we analyze the theoretical performance and influencing factors of nonlinear SIC with RF
signal feedback, which is significant as a reference for the analysis and selection of nonlinear SIC methods
in engineering. The main contributions are summarized as follows.

e First, we consider the main relevant impairments of RF circuits, including PA nonlinearity, and ana-
lyze the performance of nonlinear SIC with RF signal feedback and nonlinear modeling. After derivation
in details, the closed-form solutions of the cancellation capabilities with two methods are obtained which
have not been proposed in existing researches. It is shown that the cancellation capabilities with the two
methods have the same upper bound, but are limited by different factors.

e Then, based on the closed-form expressions of the cancellation capabilities with two methods, we
discussed the factors affecting the performance of the two methods for the first time, respectively. We
compare the two SIC methods in terms of SIC performance, hardware cost and computational complex-
ity. Some suggestions of which method should be used under different conditions are provided for the
implementation of full-duplex engineering for the first time.

e Finally, by simulation, the theoretical results are verified, the performance of nonlinear SIC with
the two methods are compared in different environments. The results have certain reference value to
engineering practice.

The rest of this paper is organized as follows. In Section 2, the model of SI including nonlinearity is
provided. Sections 3 and 4 introduce the principles and analyze the theoretical cancellation performance
of the SIC with RF signal feedback and nonlinear modeling, respectively. Section 5 first analyzes the pros
and cons of the two methods from a theoretical point of view and then shows the numerical results under
different parameter environments. Finally, Section 6 summarizes the full text and gives conclusion.

Notations. The following notations are used in this paper. Matrixes and vectors are denoted as
bold capital letters and I is the identity matrix. (-)T, (-)!, and (-)* are the transpose, the conjugate
transpose, and the complex conjugate, respectively. E[-] means the statistical expectation and ® denotes
the convolution. Tr[-] and ||-|| are the trace and the F norm of a matrix, respectively.
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Figure 1 Block diagrams of systems using nonlinear SIC with (a) RF signal feedback and (b) nonlinear modeling

2 SI model and cancellation capability

2.1 SI signal model

Figure 1 depicts the architecture of the full-duplex systems using nonlinear SIC with feedback from an RF
signal and nonlinear modeling. As shown in Figure 1(a) and (b), after the baseband signal is upconverted
to the RF domain, nonlinear components such as the phase noise, 1Q imbalance, and PA nonlinearity
are introduced. By denoting the digital baseband signal as x, the local transmission signal that includes
nonlinearity at the end of the transmission link can be expressed as

o7 (n) =21 (n) + 281 (n) +wT (N), (1)

where 1, (n) and any, (n) are the linear and nonlinear components, respectively, and wr (n) is the noise
of the transmission link with variance U%yw.

The combination of linear and nonlinear components can be described by the memory polynomial
model [24], which is given by

Pni ML

w1 (n) = faefe ()] +wr ()= Y Y fombpm [z (n)] +wr (n), (2)
p=1 m=0

pisodd

where fxi, (+) is the transfer function of the nonlinear process, Pyy, is the maximum order of the nonlin-
earity, Myt, is the memory depth, 1, ., is the coefficient of order p and delay m, and

Ypom [2 ()] = 2 (n = m) |z (n —m)|"". (3)

After the local signal is transmitted and propagates through the SI channel, SI is introduced into the
receiving antenna. Suppose that the response of the SI channel is hgr; then, the received SI signal is

yr (n) = hsi (n) ® z1 (n) +wg (n) | (4)

where wg is the noise of the receiving link and has variance O’%{ w-
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Since the reference signal is drawn from the end of the transmission link, analog SIC can simultaneously
suppress the linear and nonlinear SI components. Suppose that the response of analog SIC is hagic; then,
the SI signal reconstructed in the RF domain is

yasic (n) = hasic (n) @ z (n) . (5)

After the analog SIC in the RF domain, quantization noise is introduced into the SI during quantization.
Unless otherwise specified, all the SI mentioned in the following text refers to the SI signal received in
the digital domain, which is given by

ys1 (n) = yr (n) — yasic (n) + qr (n)
= [hst (n) —hasic (n)] @ zr (n)+wg (n)+qr (1) (6)
= hgr (n) ® zr (n) + wr (n) + gr (n) ,

where
hst (n) = hsi (n) — hasic (n) (7)

is the response of the SI channel after RF domain SIC, and gg (n) is the quantization noise. In this paper,
the quantization noise is regarded as Gaussian noise independent of the signals, and it is established for
uniform quantization and general bandpass signals [25]. Suppose that the variance of the quantization
noise is ‘7121, o the signal transmit power is Ps, and the total gain of the SI channel after RF cancellation
is Pp; then, the interference-to-noise ratio of the receiving channel is given by

P.P,
=,
OR

(8)

R

where O’%{ = cf%w} + aﬁ,q + Phogf’w and P, = G}, /GRrpr is determined by the SI channel gain Gy, the total
SIC capability in the propagation domain and RF domain Ggrg. The SIC in the propagation domain
and RF domain is usually realized by physical isolation, beamforming, SI reconstruction with RF circuit,
etc. [3]. Here, we ignore the specific method in the propagation domain and RF domain, and only give a
reasonable assumption used in [8] that the total SIC capability in the propagation domain and RF domain
Grr ~ 60 dB. Generally, the SI channel gain G}, is small so that P, < 1. Thus, of = 03 ,, + 0g , i
established, and the influence of the transmission link noise in the received SI signal can be ignored.

2.2 Cancellation capability

In this article, the relative power ratio of the SI signal to the residual SI and noise is used to evaluate
the nonlinear SI digital cancellation performance, and the SIC capability is defined as

Ps1
=10lg =t
P OgPe, 9)

where Pgy is the power of the received SI signal, and P. is the power of the residual SI and noise after
SIC. Then, the performance of the SIC with RF signal feedback and nonlinear modeling is defined as

pFB =10lg %, (10)
and

™M =101g %, (11)
respectively.

The following two sections introduce the principles of the SIC with RF signal feedback and that with
nonlinear modeling and analyse their theoretical cancellation performance and influencing factors.
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3 SIC with RF signal feedback

The idea of nonlinear SIC with RF signal feedback is to couple the signal at the end of the transmission
link back to the digital domain as a reference signal. Since the reference signal contains nonlinear
components, the nonlinear SI can be canceled with only channel estimation and linear reconstruction.
However, quantization noise and thermal noise are introduced into the reference signal in the feedback
channel; thus, the reference signal obtained in the digital domain is not an ideal local transmission signal,
which affects the cancellation performance. In this section, the expressions of related signals in the
cancellation process are given first, and then, the theoretical cancellation performance is derived and
analysed.

3.1 Models of related signals

Suppose that the feedback response is F' (-); then, the actual reference signal is xy (n) = F [z1 (n)], which
can be expressed by

zp (n) = F (vr (n)) = 21 (n) + wr (n) + gr (n), (12)
where wy (n) is the thermal noise of the feedback channel with variance 0'12;,1” and gr (n) is the quantization

noise of the feedback channel with variance 0%7 - Then, the signal-to-noise ratio of the feedback channel

can be given by
Py
NF = —5 (13)
oz’
where 0f = op , + 0%, + 07 -
After the transmitted signal is fed back to the digital domain as a reference, it is used to estimate
the SI channel together with the received SI signal and then convolved with the estimated SI channel

response to reconstruct the SI, namely,
yrst (n) = higr (n) @ 2 (n), (14)

where hEE; is the channel estimation result (SI reconstruction response function) and ykg; (n) is the
reconstructed SI signal.
Then, the residual SI can be given by
"B (n) = ys1 (n) — ypg; (n)
= [hs1 (n)@ar (n)—hpg; (n) © e (n)] +wr (n)+gr (n) (15)
— [hst ()~ REE; ()] @1 (n) + 21 ()~ BEE; (W) @22 (n)
where
zr (n) = wr (n) + qr (n), (16)
2r (n) = wr (n) + qr (n). (17)
3.2 Analysis of the cancellation capability

Eq. (15) shows that the power of the residual SI is determined by the channel estimation error, thermal
noise and quantization noise of the receiving and feedback channels. We can write (15) in vector and
matrix form with a number of samples N and channel length L:

e"® = ysi—yis = X (hsi—his)) — Zrhis + 2x, (18)

where "B, ygr, ygg’l and zR are vectors composed of N samples of e8| yqr, yll;:g’I and zg, respectively, hgy

and hEE; are vectors of SI channel and reconstructed SI channel with the channel length L, respectively,

z1 (0) T (—1) cee X7 (—L+1)
z1 (1) xT (0) cee T (—L+2)

:ET(]\./vfl) xT(J\.fo) :ET(]\/ifL)
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ZF (0) ZF (71) cee ZF (7L+1)
zr (1) zr (0) coozp (=L +2)

ZF(N—l) ZF(N—Q) ZF(N—L)
The least-squares method is adopted for channel estimation, and the result is given by
-1
hRg = (X2XP) xRyl

—1

= (x2"XP) X" (XPRG + 2R) (21)

-1 —1

= hg+ (XPUX) XR"aR - (XRUXR) XM ZRR:

In practical communication, channel estimation is performed with the pilot symbols in a frame. In the
above equation, the superscript 0 is used to indicate that the vectors and matrix are of pilot symbols.
The channel estimation result is used for cancellation in a coherent period, and the SI channel can remain
approximately unchanged in a coherent period.

After some derivation and approximation (as shown in Appendix A), the power of the residual SI and
noise can be obtained as

PeFB = EHeFBH2 a2 N(U%{—I—P}ldfﬂ) (1 + Nﬁ L) . (22)

We transform the above expression to obtain the relative energy (power) ratio between the SI signal
and the residual SI, which can be used to evaluate the nonlinear SI digital cancellation performance. The
SIC capability is defined as

s
(mr +nr) 1+ 727)

Pgy
P8 = 101g g ~ 101g
(23)

L
=10lgnr + 101gne — 101g (nr + 7r) — 101g (1+ NL) :

where Ps; = P Py is the power of the received SI signal.

The above equation indicates that the cancellation performance is related to the interference-to-noise
ratio of the receiving channel, the signal-to-noise ratio of the feedback channel, the number of sampling
points used for estimation and the number of paths in the SI channel. The larger the number of channel
paths and the smaller the number of sampling points used for estimation, the worse the SIC performance
is. Generally, the number of sampling points used in channel estimation is much larger than the number
of paths in the SI channel, that is, N > L; thus,

P ~ 101g R + 101gnp — 101g (nr + 7r) - (24)

Therefore, in general, the cancellation performance is limited only by the interference-to-noise ratio of
the receiving channel nr and the signal-to-noise ratio of the feedback channel ng. Let us consider the
extreme cases first to obtain an intuitive conclusion. Two situations arise, as shown below:

FB { 101g77R) Uiy > R, (25)

101gnr, nr > nF.

For np > nr, the SIC capability is infinitely close to the interference-to-noise ratio of the receiving
channel, which means that the SI is almost completely canceled; for ng > np, the SIC capability is
approximately the interference-to-noise ratio of the feedback channel. Based on the above, the upper
bound of the SIC capability is the smaller of ng and ng in the extreme cases, and noise in the feedback
channel will cause the SIC capability to be lower than the interference-to-noise ratio of the receiving
channel.
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Assuming that the same devices are used in the receiving and feedback channels, the noise floors of the
two can be regarded as consistent. However, since the intended signal and SI exist in the receiving channel
at the same time, the dynamic range cannot be fully used as in the feedback channel during quantization,
so the interference-to-noise ratio of the receiving channel will be lower than the signal-to-noise ratio of
the feedback channel. Generally, nr < nr holds. Specifically, the feedback channel is generally higher
than the receiving channel by approximately 10 dB or more in engineering practice. Therefore, we have

PP ~ 101gnr + 101gne — 101g (nr + ) = 101gnr + 101g

nr/nF +1 (26)
1 P
> 101gn + 101g 5 = 10137 — 3 = 101g%R —101g 2PSIR,

where P, r is the power of the noise of the receiving channel. The above inequality indicates that the SI
can be canceled to less than 3 dB above the signal-to-noise ratio of an ideal full-duplex system through
SIC with RF signal feedback when nr < nr holds. The residual SI level is equal to the noise level of the
receiving channel when the equation is established; that is, the SI is canceled to the noise floor. Generally,
in actual engineering applications, it is enough that the SI is suppressed to below the noise floor.

In conclusion, the range of the capability of SIC with RF signal feedback is
101gnr — 3 < p"B ~ 101gnr + 101gnr — 101g (nr + nr) < 101gnR. (27)

For ngr = nr, the equal sign on the left holds, and the power of the residual SI is equal to that of the
noise of the receiving channel, with a 3 dB loss of the signal-to-noise ratio at the receiver; as g — ng
increases, the SIC capability p tends toward the interference-to-noise ratio ng. For ng > nr, the SI is
almost completely canceled.

4 SIC with digital nonlinear modelling

In nonlinear SIC with nonlinear modeling, the baseband signal is used as the reference signal, i.e.,
MM (n) = 2 (n), and the memory polynomial model is used to reconstruct the SI including nonlinearity.
After the signal is received in the digital domain, the reference signal is used together with the received SI
signal to estimate the model coefficients, and the SI is reconstructed with the memory polynomial model.
The SIC with nonlinear modeling does not need the assistance of additional RF circuits but requires the
model to have a higher fitting degree to the actual nonlinearity; otherwise, nonlinear components that
cannot be canceled will exist. In addition, the computational complexity of this method is relatively high.
In this section, the expressions of related signals in the cancellation process are given first, and then, the
theoretical cancellation performance is derived and analysed.

4.1 Models of related signals

Suppose that the transfer function of the nonlinear SI reconstruction process is fRar (+); the reconstruction
signal can be expressed by

Prst  Mpst

st () = fRstle )] = Y- > R m¥pm [z (0)] +wr (n), (28)
p=1 m=0
pisodd

where ), n, is defined in (3), gé\?p’m is the polynomial coefficient of the nonlinear SI reconstruction

process, PRNSI\fI is the maximum polynomial order of the reconstruction, and Mgé\{[ is the reconstruction
memory depth.
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Then, the residual SI of the final output is
eNM (n)

— ysi (n) -y ()
— hsi (n) ® xpa (n) — FAY (@ () + 2 (n)

L Py ML PRSI MRt
=> hst) D Y fomtpmle(n—1)] Z Z R pyn Up.m [ ()] + 2R () (29)
=0 P is:odd - plS odd
Py Myxp+L [min{L,m} PReT MRSt
= > > S hst() fomt | Cpmlr ()] = D Y RSy mtpm [ (0)] + 21 (n),
= =0 =0 p=1 m=0
pisodd pisodd
where
zr (n) = wr (n) + qr (n) . (30)

According to the above formula, the joint response of the nonlinear process and the SI channel can be
expressed by a memory polynomial model with the same basis functions, same order and increased mem-
ory depth. The coefficients become the convolution of the original memory polynomial coefficients and
the SI channel coefficients. Therefore, the entire SI transfer process can be directly modeled, estimated
and reconstructed with memory polynomials. However, as the transmit power increases, the high-order
nonlinear power that was originally lower than the noise floor will gradually increase until it affects the
receiving end, which may cause the nonlinear modeling order in practical applications to be less than
the actual order, resulting in the inability to completely cancel the SI. Since the memory depth of PAs
is often limited, the memory depth considered in the SIC with nonlinear modeling can be assumed to
be sufficient, that is, Mgrsr = My, + L. For the convenience of expression, the follow-up is performed
after satisfying this assumption, and the order and memory depth of the SIC with nonlinear modeling
are recorded as P and M + L. Then,

M+L min{L,m}

Z Z > hst() fom-t | = RSy | Ypm (@ (1)) + 210 (n) + wr (n) + gr (n),

=0
p1s odd

(31)
where zpo is the high-order nonlinearity that cannot be canceled due to insufficient modeling order,
which can be expanded as

Py M+L [min{L,m}

zHo (n) = Z Z Z hst (1) fpm—1 | Ypm (2 (n)). (32)

p=P+2 m=0 =0
pisodd

4.2 Analysis of the cancellation capability

Eq. (31) shows that the residual ST of the digital modeling method depends on the reconstruction order
P, actual order Pyi,, reconstruction memory depth M, actual memory depth Mnt,, and estimation error
of the polynomial coefficient fgé\?p’m. It can be written as the vector or matrix form of the corresponding
signal formed by N sampling points, that is,

e=ysi—yrs1 = ¥ (f — fRa1) + 2r + 20O, (33)
where
P1,0((0)) P3,0(x(0)) - Ppm4r(x(0))
1,0(z(1)) P3,0(x(l)) - Ypmirn(x(l))
v = . . .

L w10(@(N=1)) ¥s.0(@(N=1)) - $paiz{e(N-1) ”
z(0) z(0)|z(0)[? z(—M)|z(-M—-L)|"~" ( )
z(1) z(1)|x(1)]? z(1-M)|z(1-M—L)|"~*

La(N=1) a(N=1)[x(N=1)]2 - a(N—1—M)s(N—1—M—L)|P~!
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is the memory polynomial matrix of the baseband signal,

f= [fLo fig oo fP,M}T (35)

and -
NM _ | NM NM . gNM (36)
RSI RSI11,0 JRSI1,1 RSIP,M+L

are the memory polynomial coefficients obtained during the actual transmission and the estimation (the
model of the convolution of the PA response and the channel response), and

T
210 = | 210 (0) 210 (1) - 210 (N 1) | (37)

Same as Subsection 3.2, the subscript 0 indicates that the vectors and matrix are of pilot symbols, and
the least-squares estimation is used; then,

—1
Ret = ()T ()Y

— [(w")e") w

With some derivation and approximation in Appendix B, the power of the residual SI and noise can

be expressed as
M+L+1

kT |[RY - (Ry) |
M+L+1)(P+1)
N

The power ratio of the SI and residual SI p is used to evaluate the nonlinear SIC performance, namely,

PYM = 02 + Pgo +
: (39)
~ |14+

} ot + Puo.

Es1

NM
PRSI

™M =101g

NP Py
[N+ (M+L+1)(P+1)/2N]c% + Puo

M+L+1)(P+1
101%77R+101gnH0101g{<1+( tL+D)(P+1)

=10lg

ON >77R+77HO}7

where npo = 5L is the power ratio between the total SI and residual high-order nonlinear SI components.
Puo

The above formula shows that the cancellation performance of the SIC with nonlinear modeling is related
to the interference-to-noise ratio of the receiving channel, the power ratio between the total SI and residual
high-order nonlinear SI components, the number of sampling points used for estimation, the number of
channel paths, and the order and memory depth of the nonlinear modeling. Generally, the number of
sampling points used for estimation can be sufficiently large, that is, N > (M + L+ 1) (P + 1)/2; then,

(M+L+1)(P+1)
2N

p"M = 101gnr + 101gnHo — 101g [(14— )77R+77HO]

(41)
~ 101gnr + 101gnuo — 101g (nr + nuo) -

The cancellation performance of the SIC with nonlinear modeling is limited by the interference-to-noise
ratio of the receiving channel and the ratio of the SI to residual high-order nonlinear SI components. The
residual high-order nonlinearities mainly depend on the transmit power and the modeling order. As the
transmit power increases, the power of high-order nonlinearities gradually increases, and when this power
approaches or exceeds the noise floor, the performance of the receiver will deteriorate. Therefore, the
nonlinear order of which nonlinear components actually affect the performance of the receiver increases
with the transmit power. If the modeling order was greater than the maximum order of actual influ-
ential nonlinearities, then no residual high-order nonlinearities would exist. Therefore, the cancellation
capability of the SIC with nonlinear modeling will be

p"M = 101g ng; (42)
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Table 1 Comparison of the SIC with nonlinear modeling and the SIC with RF signal feedback

SIC with nonlinear modeling SIC with RF signal feedback

Upper-bound
of SIC capability

Interference-to-noise ratio Interference-to-noise ratio

Hardware impairments in the feedback
High transmit power and deficiency
Affected factors channel and 0~3 dB signal-to-noise ratio
of the modeling order
loss for general devices

Computational complexity O[[(P+1)(M+ L+1) /2] O (L?)

Hardware cost No need for additional hardware A complete feedback channel

that is, it will be equal to the interference-to-noise ratio of the receiving channel, which can be regarded
as the SI being canceled completely. However, if the modeling order was less than the maximum order
of actual influential nonlinearities, then residual high-order nonlinearities would exist that could not be
effectively canceled, thereby reducing the nonlinear SIC capability. Due to the lack of understanding of
the statistical characteristics of high-order nonlinearities with changing transmit power, specific mathe-
matical expressions regarding this issue are not presented in this article and will observe it in subsequent
simulations.

5 Comparison and discussion

Sections 3 and 4 introduce the two main nonlinear SIC methods and derive their theoretical cancellation
capabilities. In this section, the performances of the two methods are compared based on the above
derivation results, and the analysis results are verified through simulation. The two methods will be
compared from four aspects, which are shown in Table 1.

5.1 Theoretical analysis and comparison

Egs. (24) and (41) give the theoretical performance expressions of the two nonlinear cancellation methods.
Comparing the two, the SIC capabilities of the two nonlinear SIC methods are similar in the structure
of the theoretical expressions but are limited by the feedback channel noise and residual high-order
nonlinearity, respectively.

The SIC with nonlinear modeling is not affected by the additional noise in the feedback channel.
However, the order of the nonlinear components that actually deteriorate the performance of the receiver
increases with increasing transmit power, and if the modeling order was less than the actual order, then
the performance of the receiver would be affected because the nonlinear components with higher order
could not be effectively canceled by the SIC with nonlinear modeling. Therefore, to ensure an effective
SIC, the SIC with nonlinear modeling should increase the modeling order as the transmit power increases.
When the modeling order is sufficiently large, the SI can be completely canceled.

The SIC with RF signal feedback directly returns the local transmitted signal containing nonlinearity
to the digital domain; thus, it is not influenced by the specific nonlinear characteristics, but the feedback
process will introduce some noise. If the signal-to-noise ratio of the feedback channel was close to or
even smaller than the interference-to-noise ratio of the receiving channel, then the noise introduced in
the feedback channel would result in a decrease in the SIC capability. The SIC with RF signal feedback
requires a larger dynamic range and quantization of the devices of the feedback channel. Generally, in
engineering, the feedback channel has a higher signal-to-noise ratio than the receiving channel, which is
sufficient to ensure that SI is canceled close to the noise floor with a 0~3 dB signal-to-noise ratio loss.

In addition to the SIC performance, the SIC with nonlinear modeling has a higher computational
complexity, which is O[[(P + 1) (M + L + 1) /2]*], while that of the SIC with RF signal feedback is only
O(L?). According to the above analysis, high-transmit-power communication systems often require a
higher modeling order P, which leads to a further increase in the computational complexity.

Hardware cost is also a consideration in engineering practice. Compared with the SIC with nonlinear
modeling, the SIC with RF signal feedback will introduce additional hardware costs, especially in FD-
MIMO communication systems. In practical engineering, there is an independent power amplifier on
each antenna branch. Therefore, each antenna branch needs a feedback channel to get the different PA
nonlinearities in each branch back to digital domain. It means that the additional hardware costs are
proportional to the number of antennas for the SIC with RF signal feedback.
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As higher computational complexity is more likely to accept than more hardware costs, we think the
SIC with nonlinear modeling is a better choice for engineering in most cases. However, if the FD radio
works under a rapidly time-varying environment, real-time parameter estimation is necessary to obtain
enough SIC capability. For this scenario, the SIC with RF signal feedback has superiority because lower
computational complexity means less parameter estimation delay.

5.2 Simulation results and discussion

In this section, the capability of SIC with RF signal feedback and only a linear process is simulated
with MATLAB under different parameters. In the simulations, the transmitted signal is modulated by
quadrature phase shift keying (QPSK), with a bandwidth of B = 200 MHz and a carrier frequency of fc
= 20 GHz. The PA has a gain of 25 dB and an input third-order intercept point (ITP3) of 15 dBm, and
the memory polynomial model is used for modeling and for simulation of the PA with a maximum order
of P =9 and a memory depth of M = 5. The model TDL-D in the 3Rd Generation Partnership Project
Technical Report (3GPP TR) 38.901 is used as the SI channel, and the amounts of SI suppression in the
propagation and RF domains are set to 30 and 20 dB, respectively, which are easy to implement with
existing research [26]. The characteristics of the SI channel and the PA are assumed to be stable in an
estimation period. The nonlinear SI digital cancellation capability is evaluated by the power ratio of the
SI and residual SI, which is defined in (9).

Figure 2 shows the SIC capability p with respect to np under different nr values. The results indicate
that the theoretical results of the cancellation performance are in good agreement with the simulation
results when np is greater than 10 dB. However, when ng is smaller, some deviation is observed between
the simulation results and the theoretical curve. This deviation is due to the assumption that ng is
sufficiently large, which is used in the derivation of the theoretical performance and is reasonable for
engineering applications.

In addition, as shown in Figure 2, the SIC capability exhibits a logarithmic increase with ng, which
conforms to the mathematical relationship shown in (24). For ng < ngr, the low signal-to-noise ratio of
the feedback channel is the main reason for the poor SIC performance, and the SIC performance increases
almost linearly with increasing np. For np = nr, the cancellation performance is approximately 3 dB
lower than ng, which means that the SI is suppressed to the noise floor; for ng > nr, the SIC capability
continues to approach the interference-to-noise ratio, ensuring almost complete SIC. In addition, for
nr = nr + 10dB, the difference between the SIC capability p and the interference-to-noise ratio nr can
be largely ignored, which means that the condition for complete SIC can be relaxed in actual engineering
implementation.

In Figure 3, the capability of SIC with RF signal feedback under different ngp values and that of
SIC with only a linear process versus ng are compared. SIC with only a linear process does not use
the feedback channel for assistance but uses the baseband signal as a reference signal and performs
SIC through only linear operations. In the simulation, the transmit power is set to 30 dBm, and the
nonlinear component (approximately 9.81 dBm) is approximately 20 dB lower than the linear component
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(approximately 29.95 dBm). When np is less than 20 dB, the noise of the receiving channel is greater
than the nonlinear component of the SI, and the nonlinear component may hardly affect the operation
of the receiver. Therefore, the capability of SIC with only a linear process is close to that of SIC with
RF signal feedback for np = 40,+00 dB and is even higher than that of SIC with RF signal feedback
for yp = 10,20 dB. When ng is greater than 20 dB, the nonlinear component starts to degrade the
performance of the receiver, and the capability of SIC with only a linear process is lower than that of
SIC with RF signal feedback for np = 40, +00 dB. The simulation results show that the upper bound
of the linear cancellation performance is approximately 26.6 dB, which is greater than the power ratio
of the linear SI component to the nonlinear SI component of 20 dB, indicating that linear cancellation
can cancel some parts of the nonlinear component, but its cancellation capability is limited. When the
signal-to-noise ratio of the feedback channel is much greater than the power ratio of the linear component
to the nonlinear component of the SI, SIC with RF signal feedback can be guaranteed to be better than
SIC with only a linear process.

Figure 4 simulates the performance of the SIC with nonlinear modeling with changing interference-to-
noise ratio of the receiving channel under the condition that the transmit power is 25 dBm, the nonlinear
modeling order is P = 9, and the memory depth is M = 5. The results show that under the set parameters,
the performance of the SIC with nonlinear modeling based on the memory polynomial model increases
with increasing signal-to-noise ratio (interference-to-noise ratio) of the receiving channel, and the SI can
be canceled to the noise floor within the range of 0-30 dB. In addition, when N = 160, the simulation
result is significantly lower than the theoretical performance, up to 2 dB, which is due to the error caused
by the smaller number of sample points for estimation, consistent with the analysis in Section 4. With an
increasing number of sampling points for estimation, the degree of fitting between the simulation results
and theoretical performance gradually improves. For N = 1600, the fit to the theoretical performance
has basically been achieved. In actual engineering, the number of sampling points required for estimation
is not difficult to achieve.

In the scenario of a receiving channel interference-to-noise ratio of 30 dB and three different PAs,
Figure 5 compares the cancellation performances of the SIC with RF signal feedback under different
signal-to-noise ratios of the feedback channel, the SIC with nonlinear modeling under different modeling
orders, and the only linear SIC. For the same transmit power, when the gain and IIP3 of the PA are
smaller, the power of nonlinear SI components is greater, and the nonlinear SI components in the three
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scenarios shown in Figure 5 above gradually increase in sequence. Figure 5 shows that in the three
scenarios shown in (a)—(c), when the transmit power is greater than 20, 15, and 5 dBm, respectively, the
capability of the only linear SIC begins to drop significantly, as the nonlinear components begin to be
higher than the receiver noise floor. In addition, the capability of the only linear SIC is close to 0 dB when
the transmit power is 30, 25, and 15 dBm in the three scenarios because the nonlinear components with
higher power are difficult to cancel and affect the channel estimation accuracy. This result shows that for
a full-duplex communication system with high transmit power, only linear SIC can hardly address the SI
effectively, and nonlinear SIC is necessary to ensure normal communication.

In the three scenarios in Figure 5, the SIC with nonlinear modeling has the best cancellation perfor-
mance at low transmit power, which is almost equal to the interference-to-noise ratio in the receiving
channel of 30 dB. However, as the transmit power increases, the high-order nonlinearities under the noise
floor at low transmit power become larger and in turn deteriorate the performance of the receiver, and an
insufficient modeling order will lead to a decrease in the cancellation performance. The performance of
the SIC with nonlinear modeling of P = 3 has the fastest decline. In scenarios (a)—(c), when the transmit
power is greater than 20, 15, and 5 dBm, the performance begins to decrease. In (a), when the transmit
power is 30 dBm, the performance is still 18.8 dB, and in (b) and (c¢), when the transmit power is greater
than 30 and 15 dBm, the cancellation capability is almost 0 dB. The capability of the SIC with nonlinear
modeling of P = 5 begins to decrease when the transmit power is greater than 25, 20, and 5 dBm in
scenarios (a)—(c), respectively. When the transmit power is 30 dBm, the capability is approximately 19.9,
24.7, and 2.1 dB, respectively. The SIC with nonlinear modeling of P = 7 in (a) shows effective cancel-
lation capability in the range of 0-30 dBm transmit power. When the transmit power is 30 dBm, the
performance reaches a minimum of 29.1 dB. In scenarios (b) and (c¢), when the transmit power is greater
than 25 and 10 dBm, the performance begins to significantly decrease, and when the transmit power is
30 dBm, the performance drops to approximately 24.7 and 21.3 dB, respectively. For the situation of a
PA with high transmit power, low gain and low IIP3, the SIC with nonlinear modeling needs a higher



Hu N Z, et al. Sci China Inf Sci  November 2022 Vol. 65 212301:14

modeling order to ensure effective cancellation capability. The SIC with RF signal feedback is almost
unaffected by the changes in the transmit power and PA parameters. The capability remains stable in
the range of 0-30 dBm with the three PAs. It is only limited by the signal-to-noise ratio of the feedback
channel. When the ratio is 20, 30, and 40 dB, the cancellation performance is approximately 19.6, 27.0,
and 29.6 dB, respectively.

For high-power full-duplex communication systems, the digital modeling cancellation method requires
a higher modeling order to achieve effective cancellation, but when the order is sufficient, its cancellation
performance is optimal, which can be regarded as complete cancellation. The RF feedback SIC method
is only limited by the noise of the feedback channel. When the feedback channel is in good condition,
the performance is stable, and an increase in power will not decrease the performance. However, its
extreme performance requires the feedback channel signal-to-noise ratio to be extremely high, which
makes achieving complete SIC difficult. The only linear cancellation method has an excellent linear SIC
ability when low transmit power and nonlinearity have not begun to cause the signal-to-noise ratio to
decrease, but as the transmit power increases, the nonlinear component power in the SI increases, and
only linear cancellation can no longer meet the needs of SIC.

6 Conclusion

This paper mainly analyzes the theoretical cancellation performances of nonlinear SIC with RF signal
feedback and nonlinear modeling and simulates the nonlinear SIC under different environmental param-
eters. The theoretical derivation shows that the performances of the above two methods have the same
upper bound. Sufficient sampling points are needed for parameter estimation to ensure excellent SIC
performance close to the upper bound, especially for the nonlinear modeling SIC method which has more
parameters to estimate. In addition, the performance of the RF signal feedback SIC method is greatly af-
fected by the noise of the feedback channel, while that of the nonlinear modeling SIC method is affected
by the power of the nonlinearities with a higher order than the modeling. Moreover, the calculation
complexity of the nonlinear modeling SIC method is relatively high while the RF signal feedback SIC
method will introduce additional hardware costs, especially in FD-MIMO communication systems. As
higher computational complexity is more likely to accept than more hardware costs, we think the SIC
with nonlinear modeling is a better choice in engineering. By simulations, the theoretical cancellation
performances are verified. The results show that the RF signal feedback SIC method has better perfor-
mance than the nonlinear modeling SIC method with a low modeling order under the situation of high
transmit power and low IIP3 of PA; conversely, the nonlinear modeling cancellation method performance
is better since the noise of the feedback channel limits the performance of the nonlinear SIC with RF
signal feedback.
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Appendix A

In appendix A, the power of the residual SI and noise of SIC with RF signal feedback is derived. As zg, zOR and Zy are composed
of thermal noise and quantization noise, they can be regarded as completely independent and as following a Gaussian distribution.
Therefore, with (18) and (21), the power of the residual SI and noise can be given by

PFB _E HeFB”2 =E [Ty (eFBeFBH)] = No2 + NPyo2 + (0?{ T Pha;i) E [Tr [Re [XFHXF (XOFHX%)A}H
(A1)
—9E {Ty [Re [XF (xngg)*lxgHzgth(thgI)Hm .

To further simplify (A1), by expanding the fourth term of the above formula, the below equation can be obtained from the
matrix inversion lemma.
0H 0\ ! 0H 0 o \H
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The condition number can be used to measure the error of the matrix inversion. When the matrix has a small perturbation d A,
the relative deviation between the matrix inversion result and the real inverse matrix is as follows:

la~' — (a+8a)7t|| _ cond(a) 7Y

[
— = SA|
(A= 1 — cond (A) H

(A3)

From the above formula, the inversion error can be regarded as small when the condition number is close to 1 and the perturbation
8 A is small relative to the matrix A. Therefore, when adding a small perturbation to the matrix Z%il, which is a Gaussian
covariance matrix with a condition number of 1, the error of the inversion result can also be considered small. When np is large,
the elements in X%71 are much smaller than the elements in Z%71 and Z$, so (Z%71 + X%71)71 ~ Z% is established. Therefore,

E [Tr [Re [xegflzgth (zpth)H}H ~E [T [Re [Puop X7 20 x5 7" 28| ~ 0. (A4)

With the above approximations, when the return signal noise is relatively large, the following approximation can be considered
valid.
2 _ _
PFP = EHeFBH ~ N (0% + Puop ) + (0% + Puop) - B [Tr [Re [ X277 xe " xe x0 7']]] (A5)

where X follows a Gaussian distribution with mean 0 and variance 012?4 Thus, Xr™ Xp follows a noncentral Wishart distribution
with N degrees of freedom, mean X% X1 and covariance matrix P, + a%IL, and (X%HX%)71 follows a noncentral inverse Wishart
distribution. Since the mathematical expectation of a noncentral Wishart inverse distribution has no general exact solution,
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we assume here that the signal for the channel estimation follows a Gaussian distribution, that is, X% ~ N(0, Ps), and thus,
X% ~ N(0,Ps + o). Therefore, (X%HX%)’1 follows a central inverse Wishart distribution with N degrees of freedom and
covariance matrix (Ps + <712?)IL7 the mathematical expectation of which is given in the paper shown in the footnote™. As Xp and
X% are signals with different periods, the two can be assumed to be independent; thus,

-1 1 NL
E |Tr |Re | Xp" Xp (x27 X0 =Tr|Re |(NopI + Xp"Xr1) o IL| | = ‘ A6
[r[e[ F F( F F) r |Re ( ol + X1 T)(N_L)(PSJ’_O_%)L NI (A6)
Substituting (A6) into (A5), the residual SI and noise’s power can be obtained:
FB FB||? 2 2 L
P! =EHe || ~ N (of + Puot) (1+N7L>. (A7)

Appendix B

In Appendix B, the power of the residual SI and noise of SIC with nonlinear modeling is derived. According to (38), the coefficient
estimation error is only caused by noise, which is recorded as

Af = f - frat
0\Hg,0] = /g 0\H 0 (B1)
:[(\1:) \p] (B2
Then, the cancellation error can be written as
NM _ NM
e = YSI — Yrs1
=Wf— WP + 2 (B2)
=WAf + 2zr + znoO-
Its energy can be calculated by the following formula:
1 2 1
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where Pyo is the power of residual high-order nonlinearities.

The relevant results are estimated by least squares, and the error covariance matrix is E[AfAfH] = o2 [(T°)" ¥ 7. Then,
the residual ST is

1 2
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To further consider the magnitude of the residual SI without affecting the calculation results, the polynomial matrix is
written as
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[z (n=m)*  Jz(n-—m)* - |z (n—m) 7T
Notl fz(n=m)|t Jz(n=m)|® e o (n—m)| PP
Vi 'V = VEAV, = > ‘ , ‘ . : (B7)
n=0 : : : :
Lz (n = m)| P o (n = m)[PF2 oz (n = m) 1?7

1) Maiwald D, Kraus D. Calculation of moments of complex Wishart and complex inverse Wishart distributed matrices. In:
Proceedings of IEEE International Conference on Acoustics, Speech, and Signal Processing, Munich, 1997. 3817-3820.
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When N is sufficiently large, the above matrix elements can be approximated to the moments of the baseband signal . Suppose
that the signal is a stationary process; then, the value of V;,"V,, is unrelated to m and can be approximated as

(%) (@Y - (@7
(@) @%) - (@)
Vi 'V, & N . ‘ =Ry, Ym=0,1,..., M. (B8)
(@P+1y (@PF3) ... (2?F)
Thus, the polynomial matrix can be expanded into
votvo vollvi o wevayg
. vifly vilyy VlHV]\/I+L
= . . . . = Rv ® Rpulse, (BQ)
Vi L"Vvo VgL vi - vt B v

where Rpyu1se is the autocorrelation matrix of the pulse waveform, expanded as follows:

Rpulse (0) Rpulse(—=1) -+ Rpylge(=M—L)
Rpuise (1) Rpulse(0) < Rpylge(1—M—L)
Rpulse = . . . . i (BlO)
Rpulse (M+L) Rpyige(M+L—1) - Rpulse (0)

where Rpyise is the autocorrelation function of the pulse waveform, and the matrix size is determined by the memory depth M + L.
For common pulse waveforms, the matrix is deterministic and invertible.
Substituting the above formula into (B4), we have

2
lo2 -1
PR = 0f + Pro + 2T [\I’H\P(\IIOH\IIO) ]

2
g —
= 0%+ Pio + "2 Tr [RY © Rywee(Ry @ Rpuiee) |
N (B11)

2
2 o 0 —1 —
=0ORr + PHO + J\l;{ Tr {RV(RV) ® (RpulseRpulse 1)]
M+ L+1 _
= 0% + Piio + ————0RTr [RY (Rv) 7]

Generally, the statistical characteristics of the baseband signal x are unchanged during the estimation period and the cancellation
period; thus,

C € R Ca)

. @) @) - @)
Ry, ~ Ry = N . , Vm=0,1,...,M + L. (B12)

(.’,CP+1) (xP+3) (.’,C2P)

Thus, the theoretical expression of the residual SI and noise’s power is

MA+L+1 ~
PR = o0& + Puo + ———— 02Ty [R?/.(RV) 1]

B13
(M+L+1)(P+1) (B13)

2N

Q

[1+ ] U§{+PHO-
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