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ABSTRACT

Cancellation of self-interference (SI) arising due to hardware nonidealities is a key issue in the de-
sign of mobile-scale full-duplex devices in future full-duplex (FD) communications. To efficiently address
this issue in the baseband, we propose a cost-effective adaptive digital SI cancellation scheme for FD
direct-conversion transceivers (DCTs) in the presence of major circuit imperfections, such as frequency-
dependent I/Q imbalance, power amplifier (PA) distortion, thermal noise and quantization noise. This is
achieved by employing a recent complex dual channel estimation (CDC) framework which offers low
computational complexity in the widely nonlinear model fitting task which underpins this problem, to
yield a dual channel nonlinear complex least-mean-square (DC-NCLMS) based SI canceller. For rigor, a
unified theoretical evaluation is further performed to illustrate the second order performance optimality
and low computation requirements of DC-NCLMS in both the transient and steady state stages. Further,
for enhanced convergence, the proposed SI cancellation structure is equipped with an affine projection
based scheme and a prewhitening procedure. Simulations in practical FD DCT settings, compliant with

Widely linear complex LMS (WL-CLMS)

orthogonal frequency division multiplexing (OFDM)-based IEEE 802.11ac standard, support the findings.

© 2018 Elsevier B.V. All rights reserved.

Notation

Lowercase letters denote scalars, a, boldface letters column vec-
tors, a, and boldface uppercase letters matrices, A. An N x N iden-
tity matrix is denoted by Iy. The superscripts (-)*, (-)T, (- ) and
()1 denote respectively the complex conjugation, transpose, Her-
mitian transpose and matrix inversion operators. The operator
Tr{-} returns the trace of a matrix, while the symbols %, ®, ||-||
respectively denote the convolution, Kronecker product and Eu-
clidean norm operators. The statistical expectation operator is de-
noted by E[-], matrix determinant by det[-], while the operators
R{-} and 3{.} extract respectively the real and imaginary parts
of a complex variable and j = +/—1. Matrix vectorization is des-
ignated by vec{ -}, which returns a column vector formed by stack-
ing the successive columns of matrix, while its inverse operation,
which restores the matrix from the its vectorized form, is denoted
by vec—1{.}. The extraction of matrix diagonal elements into a vec-
tor is denoted by diag{-}. The operator Amax|[-] returns the largest
positive eigenvalue of a matrix.
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1. Introduction

The exponential growth in the number of wireless devices and
mobile data usage poses critical challenges to the next generation
communication relates to both large capacity enhancement and
improvements in the spectral and energy efficiency [1]. To this end,
the full-duplex (FD) technology, which aims to achieve a doubled
radio-link data rate by transmitting and receiving simultaneously
and bidirectionally at the same center frequency, has recently re-
ceived plenty of attention [2,3]. A major challenge in the design of
a full-duplex transceiver is the attenuation of the self-interference
(SI), a strong transmit signal coupled into the receiver (Rx) path.
Since the transmitter (Tx) and Rx chains are closely intertwined at
an FD transceiver node, the SI power leakage from the Tx chain
can be even 50dB to 110dB higher than the Rx sensitivity level in
either the WiFi or cellular scenarios [4].

Recent successful experimental demonstrations [5-12], based
on the wireless open access research platform (WARP), have
opened the possibility for a practical realisation of FD technology,
however, these contributions, such as full-duplex relaying tech-
niques [8,9], primarily focus on the backhaul nodes in FD networks.
Given that both base stations and far-end devices running in FD
mode are essential for the exploitation of the full available degrees
of freedom in FD technology [13], more attention has been paid to
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the design of mobile-scale FD devices [14]. A popular hardware so-
lution in wireless devices in the half-duplex era is the well-known
direct-conversion-transceiver (DCT) architecture [15,16]. However,
due to the stringent constraints imposed by mobile devices, e.g.,
small size, low cost and low power consumption, employing DCTs
in FD mobile devices would fail to meet the requirements of SI
cancellation challenge.

Existing solutions [5-7,10-12,17] typically achieve the mitiga-
tion of SI in both the analog and digital stages, so as to attain
a sufficient signal-to-interference-plus-noise-ratio (SINR). The pur-
pose of analog cancellation is to prevent the SI power from the
saturation area of the Rx low-noise amplifier (LNA), and at the
same time, to ensure the power difference between the SI residual
and the received signal of interest does not exceed the dynamic
range of the analog-to-digital converter (ADC) [18]. Further digi-
tal baseband cancellation is the next imperative, as the residual SI
components and radio-frequency (RF) circuit nonidealities, includ-
ing power amplifier (PA) distortion, I/Q imbalance and phase noise,
reduce the degree of the desirable SI attenuation. To this end, our
focus in this work in on improving digital SI cancellation for FD
DCTs

The digital SI cancellation problem in FD DCTs, in the context
of main RF front-end nonidealities, such as PA nonlinearity and 1/Q
imbalance, has just emerged in the literature [19-22]. Impact of
these imperfections on digital SI cancellation are studied in [19],
where a widely linear (WL) digital SI canceller [23,24] was de-
veloped for this purpose and its parameters were estimated us-
ing block-based methods which take into account of the original
SI component, and its image byproduct resulting from Tx and Rx
frequency-dependent I/Q imbalance. Upon realizing that in practice
adaptive estimation algorithms have key advantages over block-
based ones, in [20] the augmented complex least mean square
(ACLMS) adaptive filtering algorithm [25-27] was employed within
a DSP-assisted analog SI cancellation process, and its theoretical
SI cancellation capability in the presence of Tx and Rx IQ imbal-
ance was evaluated. However, neither the result in [19] nor that in
[20] was able to achieve the optimal solution in the presence of
nonlinear higher-order intermodulation (IMD) interference, for ex-
ample when the transmit power of the FD DCT is high. To address
this issue, our previous work [28] introduces an augmented non-
linear CLMS (ANCLMS) based SI canceller for a joint cancellation of
both the linear and nonlinear SI components, achieved by virtue of
widely nonlinear model fitting. This proof of concept strictly pro-
duced a rigorous theoretical framework but without consideration
of computational complexity.

Independently, in adaptive filtering literature, a cost-effective
complex dual channel (CDC) estimation framework was recently
proposed in [29,30] which reduces computational complexity of
ACLMS by exploiting the duality between complex-valued signal
representations and their bivariate-real counterparts [31]. Here we
embark upon this possibility of computationally efficient WL mod-
elling and proceed to introduce a novel framework of understand-
ing the FD DCT SI cancellation task from a bivariate-real per-
spective. This is achieved by proposing a dual channel nonlin-
ear complex least-mean-square (DC-NCLMS) canceller and a con-
venient factorisation of the mean square error (MSE) function used
in the ANCLMS based SI canceller [28], followed by two low-
computational cost independent optimisation processes. Rigourous
mean and mean square convergence and steady state performance
evaluations are next conducted, to ensure a second order optimal-
ity and low computational complexity of the proposed canceller
in the context of widely nonlinear modeled SI cancellation for FD
DCTs. To further speed up convergence of the proposed DC-NCLMS
SI canceller, both an affine projection based adaptive scheme and
a data prewhitening one are provided. Simulations in practical FD
DCT settings validate the theoretical results.

2. Baseband modelling of FD DCTs

Fig. 1 shows a typical FD DCTs architecture. In the FD mode
of operation, one common antenna is shared by both Tx and Rx,
and a circulator is employed to isolate the transmitting signal path
from that received from the far end. This structure is designed
to provide a certain amount of passive isolation between the Tx
and the Rx paths, and hence, it is regarded as a cost-effective and
energy-saving way to design mobile FD transceivers. However, the
effects of leakage of the circulator, single-path reflection from the
antenna, and multi-path interference from surrounding environ-
ment introduce a large amount of residual self-interference, which
requires further mitigation. This mitigation is usually achieved by
two consecutive modules - RF cancellation circuitry and digital
baseband SI suppressor. The RF canceller, as shown in Fig. 1, re-
constructs and cancels the received SI by taking the output of the
power amplifier (PA) as a reference, prevents over-saturation of the
Rx low-noise amplifier (LNA), and relaxes the dynamic range re-
quirements for the receiver ADC [18]. In order to further mitigate
SI residuals in the output of the RF canceller, a digital SI canceller
is also compulsory. Given that low-cost components are preferable
for mobile DCTs, the key to the digital SI cancellation control lies
in a precise baseband-equivalent system model that incorporates
these prominent nonidealities within the RF circuit. Furthermore,
oversampling is usually applied to the original waveform before
digital-to-analog conversion (DAC) to attenuate these nonidealities
[19,21,32]. Correspondingly, a timing recovery process is also re-
quired after ADC in order to convert the digitised data to its orig-
inal sampling rate. In Fig. 1, the baseband equivalent discrete-time
SI signal, x(n), which is also the input of the digital SI canceller, is
assumed to be critically sampled, for the simplicity of the analysis.
In this sense, x(n) can be modeled as an i.i.d. proper (second-order
circular) Gaussian random variable with variance o2 [33], and is
inherently known to the receiver. Due to the above-mentioned im-
perfections, the SI signal x(n) couples into to the receiver path, and
after the analog SI cancellation at the RF end, at time instant n, the
observed signal d(n) in the baseband can be expressed in a widely
nonlinear relation with x(n) as [19]

d(n) = h*"x(n) +g°x* (n) +h Ximp (1)
+ g Xivp (M) +xso1 (1) +v(n) +q (1) 1)

where x(n) =[x(n),x(n—1),....x(n—M+1)]T is the SI vec-
tor, Xpvp(n) = [Ximp (), Ximp (M — 1), ... xpup(n = N+ 1)]T  repre-
sents the third-order intermodulation (IMD) SI vector introduced
by PA distortion, and M <N. The element x;yp(n) in the IMD SI
vector Xpyp(n) is defined as [19]

ximp (1) = k32 [x(m) [*x(n) (2)
where krq is the transmitter mixer gain'. From (2), observe that
xmvp(n) is a zero-mean proper but non-Gaussian process, for which
variance can be obtained through the Gaussian fourth order mo-
ment factorising theorem as

2
O = Ellxip (n)|°] = 6k3;007¢ 3)

IMD

The length-M channel impulse response (CIR) vectors h° and g° in
(1) model respectively the overall impacts of the transmit and re-
ceive frequency-independent I/Q imbalance, PA memory and resid-
ual of RF cancellation on the SI component x(n) and its im-
age x*(n). In a similar way, the CIRs for the IMD SI component

T Although there exist distortion components beyond third-order [32], for sim-
plicity, we here consider the third-order distortion, since in practice, it is always
the strongest nonlinearity source at the PA output [19]. This is also confirmed in
the manuals of commercial products in this area [34,35].



6 Z. Li, Y. Xia and W. Pei et al./Signal Processing 158 (2019) 4-14

N PA Mlxer . o Data In x(n)
o \ | | B .
OJ-J<—Q<<— LPF 4— DAC «— O« l
[ A
= J
X0 (1) pry -
SOl o ) o
PN % - Digital’
BPF ) = (") RFLO 2
b {zirculator & T CarliLaeiller
7
0} O—I_‘ i i | . \ 4
| - A | Timing 1| Y -
_— | % LPF ADC | Recovery d i 4 ( ) 0ut'for
e(n
LNA Mixer () detection

Fig. 1. The architecture

Xvp(n) and its image Xj,,(n) are represented by the correspond-
ing length-N filter coefficients hj},; and gf,,. The symbol v(n) de-
notes thermal noise, q(n) quantization noise, which both assumed
to be proper white Gaussian random process with the correspond-
ing variances o7 and 0.

3. Adaptive nonlinear SI cancellation

From (1), the aim of an accurate digital SI cancellation process
is to find an estimate of the total SI component, xs;(n), in the form
(28]

xs1(1) = h°x(n) +g°"x* () +hi{ iy Ximp () + & Xiwp (1) (4)

Note that Eq. (4) contains the original SI component, x(n), and its
image, x*(n) introduced by the Tx and Rx frequency-dependent 1/Q
imbalance, as well as the IMD SI component, Xyp(n) and its im-
age interference, Xj;,(n), which are joint consequences of the Tx
PA distortion and Rx frequency-dependent I/Q imbalance for high
transmit powers. It is well understood that the powers of the IMD
SI components Xyvp(n) and Xj,;,(n) may exceed the noise floor,
that is, the sum of powers of the thermal noise v(n) and the quan-
tization error g(n), or may even become larger than the power of
the signal of interest, xsq;(n) [19,28,36]. Such scenarios result in bi-
ased CIR estimates when using the conventional widely linear esti-
mation framework, which is employed by current block-based and
adaptive SI cancellation methods [19,20], this is due to insufficient
degrees of freedom owing to the use of only the first two terms
in (4). To address this issue, an augmented nonlinear CLMS (AN-
CLMS) based adaptive SI canceller has been recently proposed in
[28], which employs the exact widely nonlinear estimation frame-
work described in (4), to simultaneously suppress the SI and IMD
SI components in a unified and rigorous way. It is important to
note that this SI canceller attains the optimal theoretical solution
but is computationally suboptimal as it is essentially overparame-
terised, and requires twice the number of coefficients compared to
the complex dual channel (CDC) framework [29]. To this end, after
a brief review on the original ANCLMS SI canceller, we here pro-
pose a dual-channel nonlinear CLMS (DC-NCLMS), and show that
it is statistically optimal for the widely nonlinear SI cancellation
paradigm, but comes with a reduced computational complexity,
thus facilitating its practical applications in FD DCTs.

3.1. Original ANCLMS based SI canceller

The ANCLMS algorithm, introduced in [28], considers both the
PA nonlinear distortion and frequency-dependent image interfer-
ence within its estimation framework, in order to achieve a suffi-
cient amount of SINR improvement when the nonlinear SI is not
negligible. To further illustrate this idea, consider the concatena-
tion of the SI vector x(n) and its higher-order interference Xjp(n),
to form a joint (M + N) x 1 vector x,(n), given by

Xu(n) = [x (), Xjyp (W] (5)

of a shared-antenna FD DCT.

In this way, the total SI component xg;(n) in (4) becomes
xs1(n) = hgx, (n)+g5x;; (n) (6)

where h§ = [h°T h¢T |7 and g = [g°T, g0l 1™

Eq.(6) represents a widely nonlinear auto-regressive (AR) model
with a zero-mean non-Gaussian regressor, X,(n), and an improper
output xg(n). Upon introducing a (2M +2N) x 1 augmented col-

umn vector,

X, (1) =[x (n), x{{ (n)]" (7)
Eq. (1) can be rewritten as
d(n) = wx,(n) + v(n) + q(n) (8)

where w° = [h9T, g9T]". Compared with (1), the signal of interest
Xsoi(n) is not included in (8) for the simplicity of the analysis. Oth-
erwise, this term would have been considered by the proposed SI
canceller as an additional noise source which would increase its
estimation variance [32].

The ANCLMS then estimates the set of system parameters, w°,
by recursively minimising the mean square error (MSE) cost func-
tion J(n), defined as

J() = Elle(m)[*] = E[e(n)e" (m)] 9)
where e(n) is the instantaneous output error, given by
e(n) = d(n) —w'(n)x,(n) (10)

and the augmented weight vector of ANCLMS, that is,

w(n) = [h](n). gh ()"

is updated as

w(n+1) =w(n) + pue*(n)x,(n) (11)
with p being the step-size.

3.2. Proposed DC-NCLMS based SI canceller

It was recently shown that augmented (widely linear) adap-
tive filtering algorithms are second order optimal for widely linear
modelling scenarios [26,37,38], however, their implementations are
over-parameterised. Indeed, widely linear adaptive filters can be
equivalently implemented by a combination of two strictly linear
complex-valued filters within a framework referred to as complex
dual channel (CDC) estimation, which exhibits reduced computa-
tional complexity [29,30]. Motivated by the requirement of low
complexity computation and considering that the baseband repre-
sentation of the digital SI cancellation in the presence of PA dis-
tortion in (8) results in a widely nonlinear processing framework
for the SI vector x(n), in this subsection, we next propose a novel
dual-channel nonlinear adaptive digital SI canceller.

To this end, rewrite first e(n) in (10) in terms of its real and
imaginary components as e(n) = R[e(n)] + j3[e(n)]. Accordingly,
the MSE J(n) in (9) can be decomposed as

J(n) = E[|e(n)|*] = E[e(n)e* (n)]
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=E[(S)i{e(n)})z]+E[(S{e(n)})2] (12)

Jr(m) Ji(m)
where 9%{e(n)} and I{e(n)} can be further expressed as
fl{e(n)}=n{d(n)—w"(n)x,(n)}
=%{d(n) —hj (n)xu(n) - g, (Mx; (n)}
=9{d(n)} - (% {hy (n) + gu(n)}) 9 {xu (1)}
+(3{hy(n) — gu(m)}) 3 {xu(n)} (13)

and
S{e(m)} = 3{d(n) —w (n)x,(n)}
=3{d(n)—hj (n)xy(n) — g (N)x; (n)}
=3{d ()} — (3{hu (1) +gu (n)}) "R {xy (n)}
— (9{hy(n) —gu(M)}) "3 {x, (n)} (14)

Remark 1. The real and imaginary parts of the instantaneous error
e(n) of ANCLMS in (10) can be considered as outputs of two indi-
vidual adaptive filters in (13) and (14), whereby the weight vec-
tors for the direct and image CIRs, i.e., hy(n) and g,(n), are half
the length of w(n) used in ANCLMS in (10), but provide the same
number of degrees of freedom.

Now, by minimising the two cost functions J.(n) and J;(n) in
(12) independently, we can find the estimate of the summed SI
signal xg;(n). For a more comprehensive understanding of each in-
dividual estimator, a new pair of optimal weights wg, and wg; is
first introduced to equivalently represent the end-to-end CIRs h{
and gg in (8), given by

w, = hf + g7’ (15)

wg = hy — g7 (16)

Taking (15) and (16) back into (8), the observed signal d(n) can be
rewritten as

Wgﬁ + on on _ on

5 x,(n) + %x;(n) +v(n) +qn)

= MWl xu (M)} + j3 WXy (M)} +v(n) +q(n) (17)

which gives the widely nonlinear SI cancellation model within the
CDC framework.

We can now use the two weight vectors, we(n) and wg(n), to
track the corresponding w¢ and w?,, so as to decouple 9t{e(n)} and
3{e(n)} in (13) and (14), to give

d(n) =

ff{e(n)} = w{d(n)} — R{wt (n)x,(n)} (18)
S{e(n)} = 3{d(n)} — S{w (m)x,(n)} (19)

The proposed DC-NCLMS SI canceller is then formed by performing
two independent gradient descent weight update processes, de-
noted as NCLMSr and NCLMSi, simultaneously. The NCLMSr aims
to minimise the MSE cost function J,(n) along the real error chan-
nel, and is defined as

Jr(n¥E[(Rf{e(n)})?]
=E[(R{d(n)} — R{WE (m)x, (M) })?] (20)

The weight update is found based on the conjugate derivative
Vi (n) = 0Jr(n) /9w (n). given by [39],

NCLMSr @ Wer(n+ 1) = Wer (1) + udi{eq (n) }xy (n) (21)
where

ecr(n) = d(n) — wi (n)x, (n) (22)

In a similar way, within NCLMSi, the MSE cost function J;(n) in the
imaginary error channel can be derived from (12) and (14) as
JTi¥E[(S{e(m)})?]

£[(3{d(n)} — {wg )%y (n)})?] (23)
and its minimisation can be recursively performed based on the

conjugate derivative VJ;(n) = 9j;(n)/0w(n), to update its weight
w(n) as

NCLMSi: wei(n+1) = wg(n) + juS{eq(n)}xy(n) (24)
where
ei(n) =d(n) — wi(nx,(n) (25)

By combining together the real part of the output of NCLMSr and
the imaginary part of the output of NCLMSi, the instantaneous out-
put of the proposed DC-NCLMS is obtained as

DC — NCLMS :  e(n) = %t{ec(n)} + j3{eq(n)} (26)

Remark 2. The proposed DC-NCLMS based SI canceller is obtained
by minimising the cost functions J,(n) and J;(n) in (12) separately
but simultaneously. Upon comparing (18) with (22), and (14) with
(25), we observe that the complex-valued output error e(n) of AN-
CLMS is made up of the real part of the NCLMSr output ec(n), that
is, M{ecr(n)}, and the imaginary part of the NCLMSi output eg(n),
that is, 3{e.(n)}. Note that both ec(n) and e(n) are also complex-
valued and different from e(n) in (10). Although the proposed DC-
NCLMS exhibits a similar form to that of DC-CLMS [29], its input
Xy(n) is now a nonlinear augmented regressor due to the presence
of the nonlinear SI components Xyvp(n) and X}y, ().

4. Performance analysis of the proposed DC-NCLMS based SI
canceller

In this section, we provide a comprehensive mean and mean
square convergence analyses of the proposed DC-NCLMS based
SI canceller for FD DCTs in the presence of major circuit imper-
fections, such as frequency-dependent Tx and Rx I/Q imbalance,
PA nonlinearity, thermal noise and quantisation noise. A unified
framework to theoretically quantify its SI cancellation capabilities
in both the transient and steady state stages is also provided.

4.1. Mean convergence analysis

Based on (21) and (24), the two (M + N) x 1 weight error vec-
tors of DC-NCLMS are given by [40,41]

‘Tvcr(n) = Wcr(n) - Wgr (27)
and
Wi (1) = wei(n) —wg (28)

so that the real part of the filter output error within NCLMSr, that
is, R[ec(n)] in (22), becomes

Recr (M} = R{v(n) +q(n)} — R{WE(M)xu (n)} (29)
In a similar way, from (25), we have
Sea(n)} = 3{v(n) +q(n)} — S{WE ()x, (n)} (30)

Now, upon substituting (27) and (29) into (21), the weight error
update in NCLMSr becomes

Wo(n+1)= (IM+N— % 1% ()X (n))\Tvcr(n)

3 X XL (W () + R () g () (31)
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Similarly, by taking (28) and (30) into (24), we have
~ 1 ~
Wi (n+1) = (v = 5 10 (X () ) i ()

+%qu(n)xﬂ(ﬂ)‘Tvéi(ﬂ)+J'M3{U(n)+Q(n)}Xu(n) (32)

Upon applying the statistical expectation operator, E[-], to both
sides of (31), and considering the statistical independence among
v(n), q(n) and xy(n) [42,43], the evolution of W (n + 1) is governed
by

e+ )] = (Ten — 4Ry Eler ()] (33)

where R, = E[x,(n)x{ (n)] is the input covariance matrix, which,
according to (5), can be further expanded as

o2l Q'
Ru:E[xu(n)X’J(”)]z[ SZM 5"%1Q‘7X61N] o

Next, using the Gaussian fourth order moment factorising theorem,
matrix £ can be further evaluated as

= [E[xg (X (M] Oy ]
= [Zk%/éa;‘ Iy oNx(M—N)]

where x4(n) = [x(n),x(n—1),...,x(n—N+1)]" consists of the
first N elements of the SI vector x(n).
In a similar way, for the NCLMSi process, we have

W1+ 1] = (T — 5 2Ry ) Elg (1) (35)

Observe from (33) and (35) that both the real and imaginary chan-
nels share an identical transition matrix in their weight error vec-
tor evolution. Therefore, the unified bound on the step-size u to
guarantee the mean convergence of the proposed DC-NCLMS stems
from [40]

)1_%M)‘k‘<1 k=1,... M+N (36)

where A is the kth eigenvalue of Ry.
On the other hand, by applying the standard eigenvalue decom-
position to Ry, we have

R, = UAU" (37)

where U is a unitary matrix, and A is a diagonal matrix composed
of the eigenvalues of Ry,.

By further solving det[R, — Aly,n] =0, and after a few alge-
braic manipulations, we arrive at

AeE[x() ] = o2
M%{E[|x<n>|21+k%]QE[|x(n>|61

5 (ELR D1+ LX) °1)2 g (EL ) ]2

02+6l3,,08 02 \/ 1-2K3,4074+36k8, 08
- 2

where the algebraic multiplicities of A, A, and A3 are respectively
(M —N), N and N. Since it is easy to verify that Ay, > A1 >A3>0,
the bound on the step-size i which preserves the mean stability
of the proposed DC-NCLMS based SI canceller, now becomes

(38)

4

O<pu< X 4 RO =
max[R’] J,?+6]<%QJX6+G,?\/1—2](%1Q0f+36k%QaX8

(39)

Remark 3. The upper bound on the step-size u of the proposed
DC-NCLMS based SI canceller is exactly twice that of its ANCLMS
counterpart [28], implying that DC-NCLMS theoretically converges
twice as fast as ANCLMS. It is also worth noticing that the eigen-
values of the covariance matrix R, are the same as those of the in-
put covariance matrix of ANCLMS, but with halved algebraic mul-
tiplicities. This is because the input SI vector Xx,(n) of DC-NCLMS,
defined in (5), is of half the length of its augmented counterpart
Xp(n) within ANCLMS in (7).

4.2. Mean square convergence analysis

From (26), the MSE J(n) of DC-NCLMS can be further evaluated
as

J(n) = E[le(n)*] = E[(M{ecr (M })?] +E[(3{eq(m)})?] (40)
Jar(n) Jai(n)

By using the standard independence assumptions, Jer(n) and J(n),
we next arrive at

Jer () =E[(fﬁ{v(n)+q(n) ~ Wi (n)Xy (n)})z]

_ %a,,z 4 %aqz 4 %E[(\Tv’g’r(n)xu(n) +\Tvg(n)x;(n))2]

1 1 1 -~ _
= 500 + 500 + ZE[Wﬁ(n)xu(n)X’J(n)wcr(n)

+ WE (mx; ()X} (MW () ]
= %oﬁ + %oqz + %Tr{Ru[Kcr(n) +K; (]} (41)

and

Ja () =E[ (3to(m)-+q(m) ~ & (mxa(m)})?

2 271 4

1, 1, 1 EleH Hoyonre
= 507 + 507 + ZE[Wi (M (Mx;] (n)Wei (n)

+ W (m)x; (m)xg, ()W (n)]

1 1 1
= 507 + 507 + 7 Tr{RulKa(n) + K5(m)]} (42)
where K (1) = E[Wer (n)WH. ()] and K (n) = E[Wg (n)WH (n)] are
the respective covariance matrices of the weight error vectors
Wer(n) and W, (n). Therefore, the MSE of DC-NCLMS in (40) can
now be expressed as

= 101,2 + 12, 15[(\7\/5 (M)xu(n) + WL (n)xﬁ(n))z]

](n):JUZ + O’qz + %TI‘{RU[K@(”) + l(ir(n) +Ki(n) + Kzi(n)]}
(43)

The convergence behaviour of J(n) follows from that of K (n) and
K.(n), as well as their conjugates. We shall first consider conver-
gence of the NCLMSr, which can be evaluated by applying the Her-
mitian transpose operator (- )" to both sides of (31), to give

Wt (14 1) =W ) (s 0 (X )

LT (s (Xt (n) 4 (s (v(n) +q(n)) (44)

Upon multiplying both sides of (44) with (31), and applying again
the statistical expectation operator E[ -] and the standard indepen-
dence assumptions, we have

1 1
Ko(n+1)=Iy.n— 5,uRchr(n) - Eul(cr(n)Ru

+ %MZE [Xu ()XY (n)Wer ()WE (n)x, (n)xE (n)]
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3 HEDX (M]3 () E () () )
+%,u2(0,,2 + DRy (45)

Remark 4. Since x,(n) contains higher-order moments which are
non-Gaussian, the conventional Gaussian fourth order moment fac-
torising theorem used in [26,43] is no longer applicable to evalu-
ate the fourth and fifth terms of the right hand side of (45). We
therefore resort to matrix vectorisation instead of matrix diago-
nalisation to evaluate the mean square convergence behaviour of
NCLMSr [44].

The following matrix vectorisation lemma for arbitrary matrices
{A, B, C} [44]

vec{ABC} = (CT @ A)vec{B}

applied to Eq. (45) now yields a recursion for the vector vec{Kc(n)}
in the form

1 1
vec(Ker(n + 1)) = <IM+N— SHS+ Zule)vec{Kam)}

1 1
+7 w2Tyvec{K: (n)}+ i“z (07 + 07 )vec{Ry}

(46)
where
S =Iyyn ® Ry + Ry @ Iy (47)
T = E[ (x(x (m) @ (x,(mx (m) | (48)
T, = E[(x(n)xg(n)) ® (x; (mx! (n))] (49)

Observe from (46) that both vec{K(n)} and its conjugate
vec{K? (n)} are now involved, and are concatenated to form an
augmented column vector k¢ (n), given by

ter () = [ (vec{Ker M), (vec(Ker(mPH]' (50)

By considering both the expression in (46) and its complex conju-
gate, we arrive at

1 1 1
Kee(n41)= (IZM+2N_ FHS+ ZMZT) 'Ccr(n)-i-jli2 (0] + 0Ty

Fer

(51)
where
s 0
S:[o s}
T, T
T:[T; Tﬂ
and
ru = [(vec{Ry})", (vec(Ru})"]' (52)

The condition on the step-size p to guarantee the mean square
stability of the NCLMSr channel now follows from |Amax[Fer]l < 1.
According to the analysis in [44], for positive definite matrices Ry
and S, and a nonnegative definite matrix T, this condition is valid
as long as u satisfies

1
0 =min { , } 53
== Homax Domax[STT]" Amax[L] 3)
where
: 3
L= 54
|:I(2M+2N)2 0 j| (>4)

On the other hand, within the NCLMSi channel, upon applying the
Hermitian operator (- ) to both sides of (32), we have

Wil (n+1)=wgi(n) (IM+N— %qu (n)X’J(n))

() S (O )+ O+ g} (55)

In a similar way, by multiplying both sides of (32) with (55) and
taking the statistical expectation E[ -], the evolution of the weight
error covariance matrix of NCLMS], that is, K(n), can be analysed
from

Ka(n+1)=Iyn— % URK () — % WK (n)Ry
3 HEDR (X () s ()2 ), () ()]
g TR (] () (0O, ()%, () )
+%,u2(0,,2 +0)Ry (56)

Remark 5. Observe that K(n) in (56) now shares the same recur-
sion form as K¢(n) in (45), which indicates that the only difference
between K (n) and K (n) stems from their initialisations Kc(0)
and K;(0). Therefore, the condition on the step-size j to ensure
the mean-square stability of the NCLMSi channel is the same as
that of its NCLMSr counterpart in (53). In other words, the mean
square convergence of the proposed DC-NCLMS based SI canceller
is guaranteed if the step-size w satisfies (53).

4.3. Steady state analysis

After choosing a step-size pu according to the range in (53),
when n— oo, the steady state MSE, J(co), can be evaluated from
(40) as [45,46]

J(00) =Jer (00) +Jci (00)

:Jvz—l—oqz—&-%Tr{Ru[l(cr(oo)—|—K§r(oo)+l(d(oo)+I(zi(oo)]} (57)

From (51), the steady state value of k.(n) is given by

1
Ker(00) = iﬂz (07+07) (Iomson—Fer) 711y (58)

Recall from (50) that, vec{Kc(o0)} is the first half of the entries of
Kcr(oo), so that

K (00) = vec! {Kcrl (OO)} (59)

where k1(o0) is a column vector composed by the first half of
the entries of k- (oo). Also note that according to Remark 5, the
convergence of K¢(n) and K(n) differs only in their initialisations,
so that at the steady state, K¢ (00) = K (o). Keeping this in mind
and upon inserting (59) into (57), we have

J(c0)=02 + 0} +Tr{Rum{vec‘1{lccr1 (oo)}}} (60)

To find a more analytically interpretable expression for J(oo), first
observe that matrices T; and T, in (46) are multiplied by w2, so
that it is reasonable to omit these terms for a sufficiently small
step-size p. With that, considering the standard eigenvalue decom-
position of R, in (37), from (45), we now have

~ ~ 1 1 ~ 1 -~
Ker(n+1) =Ker (n) + 5,“/2 (01;2+6512)A_ jﬂAKcr(n)_ EH/Kcr(n)A
(61)

where lN(cr(n) = U"K(n)U, and when n — oo, this yields

- 1
Ker(00) = 5 1(07 + 0 uen (62)
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Since Rcr(m) is real-valued and fici(oo) = l~(cr(oo), the steady state
MSE J(o0) in (57) can now be approximated by

Jap(00) =02 +02 +Tr{UAKc (00) U™}
02+ 02)Tr{A
:af+aqz+—ﬂ( 2 +2") (A}

M 2
:(03+o;)[u< ;’X +3NI<-?—IQUX6>+1i| (63)

By definition, the steady state MSE of the LMS-based adaptive al-
gorithm is described by [47]

J(00) = Jmin + Jex(c0) (64)
where in our case
Jmin = 0-1;2+O-qz (65)

and Jex(oo) is the steady state excess MSE (EMSE), which can be
obtained from (63) as

Mo}
2

Jex.pc-Ncims (00) = IL(%Z-*‘%Z)( +3Nk%q(7x6) (66)
For comparison, the steady state EMSE of ANCLMS is given by
(28]

Jexancims (00) = (07 +07 ) (Mo +6Nk3,,0) (67)

Remark 6. From (66) and (67), observe that for the same step-
size, u, the steady state EMSE of the proposed DC-NCLMS is half
that of ANCLMS. This conforms with the analysis in Remark 3 that
ANCLMS converges twice as fast as DC-NCLMS. In other words, to
ensure equivalent transient and steady state performance between
DC-NCLMS and ANCLMS, the step-size p chosen for DC-NCLMS
should be twice that of ANCLMS [31].

5. Further convergence speed improvement of the proposed
DC-NCLMS SI canceller

In the presence of the third-order intermodulation SI compo-
nents in xu(n), LMS-like adaptive filters are subject to slow con-
vergence due to the large condition number of R, [48]. In the
literature, there are several approaches to enhance the conver-
gence speed of adaptive SI cancellers [28,49]. In this section, to
address this issue, two variants of the DC-NCLMS based SI can-
celler are introduced, which are respectively named as the dual-
channel nonlinear complex affine projection (DC-NCAP) and the
data prewhitening assisted DC-NCLMS (DPA-DC-NCLMS).

5.1. DC-NCAP Based SI canceller

Compared to other established adaptive filtering algorithms,
such as normalised LMS and recursive least squares, the affine pro-
jection algorithm exploits the affine subspace projections to up-
date the weight vector on the basis of both past and current in-
put vectors, and in this way exhibits a desirable trade-off between
the computational complexity and the convergence rate. The aug-
mented AP algorithm for the processing of both circular and non-
circular signals was proposed in [49]. Inspired by this approach,
we again make use of the duality between the complex and real
domain in the affine subspace, to introduce the DC-NCAP based SI
canceller. Based on the dual-channel SI cancellation model in (17),
the vector of observed signals, d(n), from K most recent observa-
tions, can be represented as

d(n) = R{X{ (MWera (M} + J3{XY (MWeia (M)} + V(1) + q(n) (68)

where dy(n) =[dn-K+1),..., d(n)]" is the K x 1 vector of ob-
served signals, Xy(n) =[xy(n=K+1),...,x,(n)]" is the (M+

N) x K matrix in the filter memory, Wcra(n) and wg,(n) are the
two weight vectors in the DC-NCAP canceller which track the cor-
responding system coefficients, wg, and w?,, while v(n) = [v(n -
K+1),..., v(m]" and q(n) =[q(n—K+1),..., q(n)]" respectively
represent the Kx 1 thermal noise and quantisation noise vectors.
The proposed DC-NCAP SI canceller is then formed by splitting its
MSE into two parts and performing two independent gradient de-
scent weight update processes. Similar to the derivation of the DC-
NCLMS in (21) - (26), the final weight update process of the pro-
posed DC-NCAP is given by

Wera (11+ 1) = Wera (1) + X () (XE ()X, (1) + X[ ()X, (n)
+81) "9t {eca ()} (69)

ecra(n) = d(n) - Xg(n)wcra (Tl) (70)

Weig (1 + 1) = Wia (1) + uXu () (X} () Xu (1)

+ X)X (n) + 81) ' 3{ecia (n)} (71)
ecia(n) = d(n) — Xt ()we;, (n) (72)
e(n) = S)t{ecra(n)} + js{ecia (Tl)} (73)

where § is a positive constant introduced to avoid singularities due
to the inversion of a rank deficient matrix [31].

5.2. Data prewhitening assisted DC-NCLMS based SI canceller

Within the context of FD transceiver systems, the closed-form
expression for Ry is readily available at the receiver. By virtue of
this convenience, a data prewhitening scheme was proposed in
[28] to stabilize the eigenvalue spread of the input covariance ma-
trix of ANCLMS. Embarking upon this result, before performing the
proposed DC-NCLMS digital SI cancellation, from the eigenvalue
decomposition in (37) we can conduct a whitened input vector
Xp(n) as

Xp(n) = ®x,(n) (74)

where @ = [A]*%UH. In this way, a data prewhitening assisted
(DPA)-DC-NCLMS based SI canceller can be introduced as

Werp (N4 1) = Werp () + udi{eap (1) }xp(n) (75)
ecrp(n) = d(n) — Wi, ()%, (1) (76)
Weip (N4 1) = Weip (n) 4 juS{ecp (n)}xp(n) (77)
ecp(n) = d(n) — wh (m)x,(n) (78)
e(n) = 9ifecp(m)} + j3{ecip(n)} (79)

5.3. Computational complexity of the ANCLMS and the proposed SI
cancellers

We next compare computational complexities of the original
ANCLMS and the proposed dual channel based SI cancellers. Their
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Table 1
Computational requirements per iteration of the considered SI cancellers,
where M is the length of SI components and N the length of IMD SI com-

ponents.
SI Canceller Real Multiplications
ANCLMS [28] 0(16(M+N) +2)
DC-NCLMS 0(8(M+N) +2)

DPA-ANCLMS [28]
DPA-DC-NCLMS
DC-NCAP

0(16(M + N)? + 16(M + N) +2)
0(4(M + N)2 +8(M+N) +2)
0(4K? (M + N)2 + 12K(M + N) + K> + 4K? + 4K)

computational load is measured based on the number of real-
valued multiplications required at each iteration?, and is sum-
marised in Table 1. Observe that the complex dual channel (CDC)
processing framework requires roughly half of the load required by
the original widely nonlinear processing framework. This is mainly
because ANCLMS uses an augmented (2M + 2N) x 1 regressor vec-
tor, Xp(n), while DC-NCLMS uses a half-length regressor vector,
Xy(n). This computational efficiency is more pronounced when the
data prewhitening is employed, since the size of the whitening
matrix @ in (74) is one quarter of its counterpart used for AN-
CLMS. The required multiplications of DC-NCAP largely depend on
the matrix inversion operation in each iteration, as evidenced in
(69) and (71), resulting in a much higher computational complex-
ity than other schemes.

6. Simulations

Numerical examples were conducted in the MATLAB program-
ming environment in order to evaluate the theoretical findings for
the proposed DC-NCLMS based SI cancellers. The typical FD DCTs
baseband equivalent channel impulse responses (CIRs) in (1) are
given by [19]

h® = g/ kpakina f1.r (1) % f1,1 (1) free (n) (80)

g° = apy/ kBBkLNA(fl.R(“)*fz.T(”)+f2,R(n)* ff_T(”))*fEFE(n) (81)

hiyp = o1+/ kegkina f1,r(M) * free (1) (82)
8ivio = @1/ keskina fo.r (1) * free (1) (83)
v(n) =/ kppkina f1.r(1) * Vi (1) (84)

where the variable fgpg(n) represents the residual effect of an im-
perfect analog SI cancellation procedure, involved in all the coeffi-
cients h°, g°, h{ ; and gf,. In our simulations, frre(n) was subject
to a 3-tap static Rayleigh distribution justified in [17]. The consid-
ered FD DCT had a reasonable analog SI cancellation level at 45 dB.
The variables f; (n), f5, 1(n), f1, r(n) and f,, g(n) are respectively the
frequency-dependent mixed CIRs for the direct and image chan-
nels in both the Tx and Rx within the FD DCT, all modeled as 2-tap
static FIR filters [50]. As a result, the length of the end-to-end CIRs,
h° and g°, was M = 5, while the length of the CIRs for the higher-
order IMD SI components was N = 4. The variable kgg denotes the
gain of the varying gain amplifier, for which the full description
can be found in [28]. Other system parameters used in (80)-(84)
are explained in Table 2. The power of quantisation noise q(n), de-

2 One complex multiplication requires four real multiplications and two real ad-
ditions. Since the covariance matrix, R,, is assumed to be known to the receiver,
the computation of the matrix inversion operation in data prewhitening schemes is
required in their initialisation only.

Table 2
System parameters in practical FD DCTs.

System parameters Notation  Value

Receiver Sensitivity Dsen -89dBm
SNR requirement SNRyeq 10dB
Thermal noise floor oz -104dBm
TX mixer gain krig 6dB
Rx mixer gain kriq 6dB
Total RF attenuation k‘"'ok”z 45dB
TIQKRIQ
PA gain ol 25dB
PA 1IP3 aopfoy 18 dBm
LNA gain Kina 25dB
Dynamic range of ADC Dapc 7dB
Peak-to-average-power ratio ~ PAPR 10dB
ADC bits B 12

Table 3
Parameters of the OFDM waveform used
in simulations .

Parameter Value
Constellation QPSK
Number of carriers 64
Number of null carriers 14
Length of cyclic prefix 16
Bandwidth 20 MHz
OFDM symbol period 4 s
Number of OFDM symbols 800
Oversampling factor 4
NS o sl ©-06 -6 -0- 0-90-6 f)
—6—1Image SI
-A IMD o—6—6—6—6—6—6—0
-20 r |—&—Image IMD o=
- -0 Thermal Noise a-&”
uEJ _40® |8 Image Thermal Noise e a” i
z Quantisation Noise | 5 = A
o} —+—Signal of Interest panlt- N L
2 604 =
o
o
-80
-100

-5 0 5 10 15 20 25
Transmit Power (dBm)

Fig. 2. Power comparison among different signal components in a representative
FD transceiver, before digital SI cancellation and against different levels of transmit
powers.

noted by o2, is computed as [51]

DPapc
04 = {08034 76-FAPRITO (85)
Physical meanings of parameters papc, B and PAPR are provided in
Table 2. Throughout the simulations, the transmit SI signal, x(n),
and the received signal of interest, xso(n), were both compliant
with OFDM-based IEEE 802.11ac standards, and the key transmis-
sion parameters are listed in Table 3. Such a waveform conforms
with the assumption made for the SI signal x(n), i.e., it is a zero-
mean proper Gaussian process.

Using typical system parameters in Table 2, a comparison of the
powers of different signal components in a representative FD DCT
is illustrated in Fig. 2. Observe that, apart from the original SI com-
ponent, X(n), the image SI, x*(n), which results from I/Q imbal-
ance, was also dominant in the entire transmit power range. When
the transmit power exceeded above 9dBm, the IMD SI compo-
nent, Xpp(n), which origins from PA distortion, became stronger
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L T NCLMSr (Simulation)
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Number of iterations (n) x10*

Fig. 3. Transient MSE performance of the real and imaginary branches, NCLMSr and
NCLMSi, within DC-NCLMS. The transmit power of the considered FD DCT was set
to 20dBm.

@ ------ ANCLMS (Simulation)
0’ DPA-ANCLMS (Simulation) |1
- ~——DPA-DC-NCLMS (Simulation)
-10 DC-NCAP (K=1,Simulation)
=+ DC-NCAP (K=2,Simulation)
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w -30
(2]
= 40
-50
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-70

Number of iterations (n) x10%

Fig. 4. Transient MSE performance of all the considered SI cancellers. The transmit
power of the considered FD DCT was set to 20 dBm.

than the noise floor. Furthermore, the image IMD SI, x},,,(17), a
joint product of I/Q imbalance and PA distortion, linearly increased
to become another major interference when the transmit power
became even higher. These simulation results again motivate the
need for the proposed DC-NCLMS canceller to simultaneously sup-
press the SI, image SI and IMD components, especially when the
FD DCT operates in the high transmit power range.

Fig. 3 compares the theoretical and simulated transient MSE
performance of the NCLMSr and NCLMSi channels within the pro-
posed DC-NCLMS based SI canceller. The step-size ©+ was chosen to
be 0.0414pax, Where wyax is the upper bound which guarantees
the mean square stability of DC-NCLMS, given in (53). The theo-
retical MSEs of NCLMSr and NCLMS;, that is, Jcr(n) and J(n), were
respectively evaluated using (41) and (42), with their weight error
covariance matrices recursively obtained using (45) and (56). The
theoretical results accurately demonstrated the desired properties
of DC-NCLMS, although the NCLMSr and NCLMSi channels had dif-
ferent MSE initialisations, they arrived at the identical steady state
MSE as that of ANCLMS. This is consistent with Remark 6 because
both channels share the same recursion form for the evolution of
their respective weight error covariance matrices. Fig. 4compares
the MSE evolution of all the considered SI cancellers. The step-
size ; for ANCLMS, DC-NCLMS and DC-NCAP was respectively cho-

Table 4

Comparison of the steady state EMSEs
of ANCLMS, DC-NCLMS and DC-NCAP. The
transmit power of the considered FD DCT
was set to 20dB

Step-size p 0.05max
ANCLMS (Simulation) 4.904 x 108
ANCLMS (Theory) 4.810 x 108
DC-NCLMS (Simulation) ~ 2.402 x 108
DC-NCLMS (Theory) 2.389 x 108
DC-NCAP (K=1) 4.640 x 108
DC-NCAP (K=2) 9.281 x 1078
2000
—=— ANCLMS L
—6—-DC-NCLMS

—+—DPA-ANCLMS

DPA-DC-NCLMS
—A—DC-NCAP (K=1)
DC-NCAP (K=2)

1500

1000

500

Number of real multiplications

0 2 4 6
Length of filter CIRs (M+N)

[oe]
Y
o

Fig. 5. Number of multiplications against the length of the CIRs.

sen as 0.05upax, 0.1umax and 0.1uypax, while for DPA-ANCLMS
and DPA-DC-NCLMS, it was respectively set to 0.05 and 0.1. Sev-
eral interesting observations can be drawn from Fig. 4. Firstly, an
excellent agreement between the simulated MSE of the proposed
DC-NCLMS and its theoretical evaluation in (43) can be observed
in both the transient and steady state stages. Secondly, owing to
the improvement on the condition number of the input covariance
matrix, the data prewhitening scheme significantly accelerated the
convergence of both ANCLMS and the proposed DC-NCLMS, and
alleviated their performance discrepancy related to different in-
dependent initialisations in the transient stage. This is because a
smaller eigenvalue spread within the input covariance matrix in-
curs a lower gradient noise. Thirdly, since DC-NCAP updates the
weight vector on the basis of both past and current input vec-
tors, it is expected to converge faster than DC-NCLMS, especially
when the number of observations K becomes larger. This improve-
ment is, however, achieved at the cost of a heavier computational
burden, as discussed in Section 5.2, together with a higher steady
state excess MSE (EMSE), as evidenced by quantitative results in
Table 4. Finally, when the step-size © in DC-NCLMS was set to be
twice that of ANCLMS, those algorithms exhibited similar transient
and steady state behaviour. The same situation was present when
their data prewhitening schemes were employed. Besides, as dis-
cussed in Remark 6, when the original ANCLMS and the proposed
DC-NCLMS SI cancellers employed the same step-size w, the steady
state excess MSE (EMSE) of DC-NCLMS was half that of ANCLMS.
This phenomenon is further quantified by Table 4.

While similar results produced by DC-NCLMS and ANCLMS have
been observed in Fig. 4, the complex dual-channel (CDC) frame-
work inherently requires lower computational burden, as discussed
in Section 5.2. This is further illustrated in Fig. 5, where the com-
putational requirements of all the considered SI cancellers are
compared in terms of the number of real-valued multiplications
per iteration. It can be observed that the numbers of multiplica-
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A Dig. Att. of DC-NCLMS p=0.05puwax (Simulation)
# Dig. Att. of DC-NCLMS p =0.2uwax (Simulation)
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Fig. 6. Steady state performance of the proposed DC-NCLMS canceller and its
ACLMS counterpart [20], measured in terms of the digital attenuation ratio, against
different transmit powers of FD DCTs.

tions in DC-NCLMS and ANCLMS were both linear in the length
of the CIRs to be estimated. The DC-NCLMS required approxi-
mately half the computational load of ANCLMS, and this computa-
tion efficiency inherent to DC-NCLMS was even more pronounced
in the data prewhitening schemes, mainly because the size of the
data whitening matrix ® used in the proposed DPA-DC-NCLMS is
a quarter of its counterpart for DPA-ANCLMS. The computational
complexity of DC-NCAP, on the other hand, was severely influenced
by the number of observations, K, mainly because its required mul-
tiplications grow cubically with K, as evidenced by Table 1.

In the final set of simulations, we considered digital SI atten-
uation capabilities of the proposed DC-NCLMS SI canceller, in the
steady state stage. Fig. 6 illustrates the digital SI attenuation ra-
tio achieved by DC-NCLMS against different transmit powers. The
digital attenuation ratio is a measure of the amount of SI interfer-
ence before and after applying a canceller, defined as the power
ratio between the observed signal d(n) and its output error e(n)
[19]. The step-size u was set to 0.05/upax and 0.2upax, respec-
tively. For comparison, the simulations results for the conventional
ACLMS canceller [20] with same step-sizes are also provided. Both
the considered cancellers exhibited very similar performance when
the transmit power was below 10dBm. However, as the transmit
power became larger, the performance advantages of DC-NCLMS
over ACLMS were much more obvious. This is because both the
nonlinear SI component, Xp(n), and its image became the dom-
inant interference in the high transmit power range, and these
were not considered within ACLMS for implementation simplic-
ity. However, due to the inherent consideration for these compo-
nents within the underlying estimation framework, the proposed
DC-NCLMS SI canceller was still able to achieve a sufficient degree
of SI attenuation, and its accurate theoretical performance evalua-
tion against different transmit powers can also be observed.

7. Conclusion

A novel dual channel nonlinear complex least-mean-square
(DC-NCLMS) based digital self-interference (SI) canceller has been
proposed for full-duplex direct-conversion transceivers (FD DCTs)
in order to jointly suppress the SI component and its image in-
terference, as well as their nonlinear effects due to major cir-
cuitry imperfections, such as frequency-dependent I/Q imbalance
and nonlinear power amplifier (PA) distortion. By virtue of the re-
cently introduced complex dual channel (CDC) framework, the pro-
posed DC-NCLMS SI canceller has been established by performing

two independent optimisation processes, while still achieving op-
timal digital SI cancellation performance, but with reduced com-
putational complexities as compared with the augmented nonlin-
ear complex least-mean-square (ANCLMS) digital SI canceller. Com-
prehensive convergence and steady state performance evaluations
of the proposed DC-NCLMS SI canceller have been conducted and
have established second order optimality of DC-NCLMS in this con-
text. To further speed up its convergence, both an affine projection
based scheme and a data prewhitening one have been introduced.
Simulations in practical FD DCT settings, compliant with orthog-
onal frequency division multiplexing (OFDM)-based IEEE 802.11ac
standards, have validated the theoretical findings and have demon-
strated the remarkable SI attenuation capabilities of DC-NCLMS.
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