IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 16 February 2024, accepted 26 February 2024, date of publication 8 March 2024, date of current version 21 March 2024.

Digital Object Identifier 10.1109/ACCESS.2024.3374118

== RESEARCH ARTICLE

Joint Channel Estimation, Data Decoding, and
Group-Sparse Impulsive Noise Estimation

for Slowly Time-Varying Single Carrier
Underwater Acoustic Communications

MINHAO ZHANG 123 JIANG ZHU 2, (Member, IEEE), YIFAN WANG!23, YANBING FU'-2:3,
YAN WEI™123, (Member, IEEE), XINGBIN TU”123, (Member, IEEE),
AND FENGZHONG QU “'234 (Senior Member, IEEE)

Key Laboratory of Ocean Observation-Imaging Testbed of Zhejiang Province, Zhejiang University, Zhoushan 316021, China

2Qcean College, Zhejiang University, Zhoushan 316021, China

3Engineering Research Center of Oceanic Sensing Technology and Equipment, Ministry of Education, Zhejiang University, Zhoushan 316021, China
4Hainan Institute, Zhejiang University, Sanya 572025, China

Corresponding author: Yan Wei (redwine447 @zju.edu.cn)
This work was supported in part by the Key Research and Development Project of Hainan Province under Grant ZDYF2023GXJS010, and

in part by the Science and Technology Projects of Zhoushan Municipal Science and Technology Bureau for Zhejiang University under
Grant 2023C81002.

ABSTRACT The Gaussian noise assumption is usually made for slowly time-varying underwater acoustic
communication (UWAC) systems, which is entirely adequate for most cases. However, certain human
activities such as geophysical surveys, multi-beam echosounders and iceberg breakup generate impulsive
noise. Consequently, the impulsive noise degrades the designed receiver based on the Gaussian noise model
significantly. An optimization formulation which takes the slowly time-varying channel impulse response
(CIR), the group-sparse impulsive noise and the encoder structure of the data symbol into account is
proposed. To tackle the optimization problem, we propose a joint channel estimation, data decoding and
impulsive noise estimation (JCDI) algorithm consisting of two modules named module A and module B,
where module A performs the joint channel estimation, data estimation and impulsive noise estimation,
while module B uses the low density parity check (LDPC) decoder to decode the encoded data symbols.
In particular, the block coordinate descent (BCD) algorithm is proposed, and a smoothed fast iterative
threshold soft algorithm (FISTA) is proposed to estimate the group-sparse impulsive noise. Substantial
numerical simulations and real experiments are conducted to show the effectiveness of JCDI under impulsive
noise, i.e., JCDI achieves lower coded BER than conventional receivers.

INDEX TERMS Block coordinate descent, group sparse, underwater acoustic communications, impulsive

noise.
I. INTRODUCTION underwater vehicles [1]. However, due to the propagation
Underwater acoustic (UWA) communications is vital to var- characteristics, underwater acoustic channels are considered
ious commercial and scientific research activities in oceans to be one of the most challenging communication channels.
and has many applications such as military, oceanographic, In particular, the low propagation speed and the reflection
commercial shipping, offshore oil and gas industry and of acoustic wave from surface and bottom of the ocean,
along with the refraction caused by nonuniformity of sound
The associate editor coordinating the review of this manuscript and speed in the water, result in significant multipath delay
approving it for publication was Yougan Chen . spread, which leads to severe inter-symbol-interference (ISI)
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especially in high symbol rate single-carrier system. Besides,
due to the low speed of sound, coupled with the motion of
transceiver platforms as well as the fluctuation of propagation
medium, Doppler effect [2] is almost inevitable in UWA
communication, which results in time-varying channel. There
are different modulation techniques for underwater acoustic
communications including direct sequence spread spectrum
(DSSS), frquency shift keying (FSK), phase shift keying
(PSK) and so on. They all have pros and cons. For exam-
ple, DSSS and FSK are suitable for low date rate and high
reliable communications and coherent modulation like PSK
and orthogonal frequency division multiplexing (OFDM) [3]
is suitable for high date rate communications. In this paper,
we focus on the single carrier PSK modulation which faces
the challenge of ISI.

To address the challenge of ISI, there are mainly
two categories of approaches, i.e., channel estimation
(CE)-based approaches and direct adaptive (DA) approaches.
The CE-based approaches such as the minimum mean square
error (MMSE) decision feedback equalizer (DFE) [4], the
iterative block DFE in the frequency domain (IB-DFE) [5]
and the frequency domain generalized approximate message
passing (FD-GAMP) [6] need to acquire channel informa-
tion first. To get precise channel information, complicated
algorithms are usually involved. The DA approaches are
more computationally efficient. The mostly widely used DA
approaches include the least mean square (LMS) equalizer [7]
and the recursive least squares (RLS) [10] equalizer. There are
various variants of the LMS equalizer such as the normalized
LMS (NLMS) equalizer [8] and the sparsity-aware improved
proportionate NLMS (IPNLMS) equalizer [9]. They only
require linear time complexity. Compared with the LMS
equalizer, the RLS equalizer has faster convergence but
requires more complexity. To address the Doppler, multiple
methods such as direct resampling, phase locked loop (PLL)
[7] and joint carrier frequency offset, gridless channel estima-
tion and data detection (JCCED-VALSE) [11] are proposed.
In[12] and [13], Gaussian Markov model is used to model the
time-varying characteristic of channel in two adjacent sub-
blocks. In [14], the RLS predictor is adopted to track the
delay-Doppler spreading function block by block.

The underwater ambient noise also has great effects on
communication systems. The approaches mentioned above
all assume that the noise obeys Gaussian distribution. How-
ever, such an assumption is not always hold in UWA channels.
Many UWA environments have impulsive noise sources [15],
including human industrial activities, marine life noise, heavy
rain, strong winds [16]. In such a scenario, many assump-
tions held in the above approaches are no longer true, thus
leading to performance degradation. The impulse noise is
typically modeled by the following model: (1) student ¢ dis-
tribution [17], (2) symmetric alpha-Stable distribution [16],
[18], (3) Gaussian mixture model (GMM) [19], (4) sparse
vector [20], [21], [22], (5) Bernoulli-Gaussian hidden Markov
model (BGHMM) [23]. With respect to these noise models,
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various approaches have been proposed. One is to use a
simple threshold test, usually used in OFDM system, since
the time-domain OFDM samples can be modeled as i.i.d
Gaussian. This approach pre-processes the received signal via
clipping or blanking techniques [24]. In [25], recursive least
sign algorithm (RLSA) using the /1-norm of the estimated
error is applied to construct a robust estimator in impulsive
environment. However, it only considers the channel esti-
mation. Thus, it is expected that their method is effective
for data decoding only when the impulsive noise is absent.
Besides, there are approaches that can perform joint symbol
detection and impulsive-noise estimation, usually based on
Bayesian algorithms. In [26], sparse Bayesian learning is
used to estimate and subtract the noise impulses in powerline
communications. In [23], a near-optimal yet computationally
tractable approach combing generalized approximate mes-
sage passing (GAMP) with soft-input soft-output decoding
is proposed for OFDM transmissions in impulsive noise
environments. For deep-sea vertical underwater acoustic
communications, an enhanced iterative receiver based on
vector approximate message passing is proposed to suppress
the loud impulsive noise [19].

This paper utilizes the sparse and group sparse property of
the impulsive noise and proposes a receiver which aims to
maximize a posteriori probability of symbols, channel and
impulsive noise. The contributions of this paper are listed
as follows: Firstly, a joint channel estimation, data decoding
and impulsive noise estimation receiver (JCDI) is proposed.
The joint optimization problem is approximately solved
by alternatively optimizing symbols, channel and impul-
sive noise. Secondly, for the impulsive noise, an efficient
smoothing fast iterative soft threshold algorithm (S-FISTA)
is proposed exploiting the sparse and group sparse property
of the impulsive noise. In addition, we adopt the efficient
majorization-minimization (MM) algorithm to estimate the
symbol with constraint. Finally, numerical simulations and
experiments are conducted to demonstrate the effective-
ness of the proposed receiver. Compared with conventional
receivers, the proposed receiver achieves lower coded bit
error rate (BER) under impulsive noise.

The following notations are adopted. The superscript T and
H indicate transpose and conjugate transpose, respectively.
|lx|| and ||x]|; indicate /,-norm and /{-norm of the vector x,
respectively. | X || indicates spectral norm of the matrix X. C*
and C*? denote a a x 1 dimensional complex vector space
and a a x b dimensional complex vector space, respectively.
R**} denote a a x b dimensional real vector space. x (a)
indicates the a-th element of the vector x. x (a : b) indicates a
new vector whose elements take values from the a-th element
to the b-th element of the vector x. X(:, a : b) indicates a
new matrix which takes column vector from the a-th column
vector to the b-th column vector of the matrix X. Zx denotes
the phase angle of the complex variable x. sign {-} is a sign
function. min {a, b} returns the minimum value of a and b.
M {x} and I {x} output the real and imaginary part of x,
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FIGURE 1. The received data block divided into several sub-blocks.

respectively. Italics denotes variable and bold denotes vectors
or matrices. j denotes /—1. V denotes the gradient operator.
{a1, a2, -+, apy}N denotes a N dimensional vector space, the
element of which takes the value from ay, as, -+ ,ay.a 2 b
denotes that a is defined as b. CN(u, 6) denotes complex
Gaussian distribution with expectation of y and covariance
matrix of 6.

Il. SYSTEM MODEL

Let the vector b € {0, 1} be the transmitted (equi-probable)
information bits. These bits are coded by a rate-R encoder to
get the length-Ny, /R vector ¢ = C(b), where C : {0, 1} —
{0, 1}™/R s a coding function which is a low density parity
check (LDPC) code in this paper. Let M : {0,1}¢ — A
denote the 22-ary mapping, where A is the quadrature phase
shift keying (QPSK) alphabet in this paper. The data block
contains N, training symbols denoted by x, and Ny data
symbols denoted by x.

In the following, we establish the system model and present
the problem formulation. We divide Ny data symbols into /
sub-blocks. There is an overlap between adjacent sub-blocks.
The length of the overlap is Ly, — L;, where Ly, is the length of
each sub-block and L; is the interval between adjacent sub-
blocks, see Fig. 1 for an illustration.

The channel is assumed to be slowly time-varying. Define
hi = [hi(0), hi(1),--- , hi(Lc — 1)]T where h; (I) denotes
the /-th tap of the channel impulsive response (CIR) of the
i-th sub-block and L. is the length of the channel.! We assume
that the channels between the adjacent sub-blocks follow the
Gaussian-Markov chain assumption, i.e.,

hi = Olihi_] +wi, i= 1, 2’ e ’NSba (1)

where Ng, is the number of sub-blocks and h; € Cle is
the CIR within the i-th sub-block, which is assumed time-
invariant. «; is the first-order autoregressive (AR) coefficient,
w; is the white Gaussian noise and kg is the channel esti-
mate using the training symbols. The received signal of the
i-th sub-block under the time-invariant channel is modeled as

Le—1

yitn) = D i () xi(n = D)+ (i = DLi +n)
1=0
+o((—DLi+n),n=12,---,L 2

TA more detailed modeling of the channel can be done using physical
underwater acoustics theory. However, the channel modeling based on phys-
ical underwater acoustics theory is out of the scope of the paper. Since this
paper focuses on the impulsive noise, further research which includes under-
water environment and underwater propagation models will be investigated
in the future.
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where the subscript i denotes the i-th sub-block, n denotes
instant, x;(n) denotes the n-th transmitted symbol in the
i-th sub-block, v denotes the additive white Gaussian noise
(AWGN) and o denotes the impulsive noise. The impulsive
noise often has the sparsity and group sparsity [25], i.e., most
elements of the impulsive noise and the elements of the first
order difference of the impulsive noise are nearly zero. The
heavy tails of the Laplace distribution make it well-suited
for modeling sparse distributions, as it allows for a higher
probability of small values and occasional large values. Here
we exploit the sparsity of signals by assuming a Laplacian
prior on the signal coefficients, similar to the least absolute
shrinkage and selection operator (LASSO) or basis pursuit
does. By imposing an additional Laplacian distribution on the
first order difference of the impulsive noise, the sparsity both
at the individual level and group level is promoted, and finer
control over the sparsity pattern is allowed. In this way, the
distribution of the impulsive noise is supposed to follow

p(0) e~ Atllolli=Az2[Dolly i 3)

where A1 and )\, are the known parameters of the distribution
and D € RWatLle=2)xWatLle—1) jg defined as

—1 1 o -~ 0 0
o -r 1 -~ 0 O

D=| . . N “
0 o o --- -1 1

It is worth noting that the distribution (3) also generalize the
sparse impulsive noise case by setting A, = 0.
Define

xi—1 (Li — Le +2)
Xi—1(Li — Le +3)

Lo—1
Xi—1,tail = € CH"". 5)

xi—l.(Li)

Note that in order to cancel the ISI between adjacent sub-
blocks, x;_1 i1 is assumed known when we detect the
i-th sub-block.

Define

yi=Di(),yi ),y e Ch, ©6)
xi=[x(1),xQ2), -, x L] e Ch, 7
o(i—1DLi+1)
o(i—1Li+2)

0; = : e Ch, 8)
0= DLi+Ly)

X = [x?,xg, e ,x%sb]T e CMa, )

o= [a1,a2,~-~ ,ostb]T e CNs, (10)

Xie = [xl»T_Ltail,xiT]T e Clotle—l (11)

Given the above system model, the posterior probability
density function (PDF) of the data symbol, the channel and
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the impulsive noise is
p(xahlvhza“' ahNSb?o |y;0{)
«p(x.hihy, - hyy. 0.y; )
ZpWix.hiha, - hyy.0)p®)
Xp(hlahZa e 5hNSb; a)p(o)

b
Zp(Ix ki hy, - hy,, 0)px)
Nsb
x| |p il hi_1;a)p(0)
i=1
Nsb Ngp
= HP (yi |xi,evhi,0i)P(X)Hp(hi | hi—1; ai) p (0),
i=1 i=1
(12)

where = is due to the independence of the symbol x,
the channel A and the impulsive noise o, L is due to
the Gaussian-Markov chain assumption of the channel in
all the sub-blocks shown in (1) and = approximately holds as
the overlap length of each sub-block Ly, — L; (in our setting,
Ly — L; = 9) is small.

Define h = [hy, h2, - - - , hy, ]. Consequently, taking the
logarithm of (12), the maximum a posteriori (MAP) estima-
tion of the data symbol, the channel and the impulsive noise
can be formulated as

Nsb
max. Zl Inp (v; | *ie, i, 0) +Inp (x)
1=
Nsb
+D Inphi | hii;a) +Inp).  (13)

i=1

The above optimization problem (13) is difficult to solve due
to the non-convex structure. In fact, the explicit expression of
the priori distribution p(x) is hard to obtain due to the encod-
ing structure of the data symbols. This also increases the
difficulty of solving the optimization problem. In the ensuing
section, we propose a tractable scheme to jointly perform
the channel estimation, symbol detection and impulsive noise
estimation.

IIl. THE JOINT CHANNEL ESTIMATION, DATA DECODING,
AND IMPULSIVE NOISE ESTIMATION ALGORITHM
In this section, we propose an algorithm named JCDI which
solves (13) approximately. The algorithm consists of two
modules named module A and module B as shown in Fig.2,
where module A performs the joint channel estimation, sym-
bol estimation and impulsive noise estimation, and outputs
the soft information, i.e., the log-likelihood ratio (LLR) of
the data symbols to feed into the module B. The module B
is a LDPC decoder which performs symbol decoding and the
decoded symbol is fed into the module A. The two modules
iterate until the decoded symbol is error-free or the number
of the maximum iterations is reached.

For module A, we drop the prior distribution Inp(x)
in (13) but incorporating the constraint of the symbol x,
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signal symbo.l, 4 LLR Decoder
channel estimtion

FIGURE 2. The block diagram of the proposed iterative JCDI receiver.

ie, xi(n) € A, 1 < n < Lj, where A is a convex
set. Consequently, a relaxed optimization problem can be
formulated as

Nsb
max Zlnp (v; | Xic. hi, 0)
—1

x,h,,0 :
Nsp
+ > Inp(hi | hiy; ) +1np (o)

i=1

st. xi(meA 1<n<Lp1<i<Ng. (14)

The specific form of A can be designed according to the
constellation. For example, A can be designed as |x; (n)| < A
for PSK constellation, |R{x; (n)}| < A, |3{x; (m)}| < A for
square-shaped QPSK constellation, or

1Nx (M} + 3 (M} < A, [ ()} =3} <A
15)
for diamond-shaped QPSK constellation where A is the

amplitude constraint.
Define H; . € CloxIntle=D a9

Hi,e=
hLe—1) +- hi(©) 0 -+ 0 0
0 s i (1) Bi(0) - 0
N . . N N (16)
0 o 0 0 e i) k(0

Consequently, based on the received signal model (2), the
Gaussian-Markov chain channel model (1) and the impulsive
noise distribution (3), the optimization problem (14) can be
equivalently simplified as

: - 2
min o, “lly; — Hjexie — 0l

the first term
Nsp

+ >0 2 i — aih o |
i=1

the second term
+ Atllelli + Az2llDoll;
—— ———

the third term  the fourth term
st. xi(n) €A, 1 <n<Lp1<i<Ngp. A7)

The optimization problem (17) is separable with respect
to some variables which can be utilized to design effi-
cient algorithms. The first term is separable w.r.t. the
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symbol, the channel and the impulsive noise at different sub-

blOCkS’ i'e" {xl ) hl ) 0]} s {x2, h27 02} LI {xNSb’ thb’ oNSb}‘
The third term of the objective function is separable
w.r.t. the impulsive noise 0 (1) ,0(2),---,0(Ng+ L. — 1),

while the fourth term is non-separable. For every sub-block,
with the channel k; and the impulsive noise o; being fixed,
the objective function is non-separable w.r.t. the symbol
xi (1), x;(2),---,x; (Lp). Fixing all the variables except h;,
the first term and the second term is a quadratic function
of h;. Besides, the second term is a quadratic function of
«;. Thus both h; and «; can be optimized via the least
squares method. We adopt block coordinate descent (BCD)
algorithm to optimize the impulsive noise, the symbol, the
channel. In addition, the idea of the successive interference
cancellation (SIC) scheme is also utilized and we perform the
symbol estimation sub-block-by-sub-block. In the following,
we present these details.

A. ESTIMATION OVER THE IMPULSIVE NOISE

In this subsection, we perform the estimation over the impul-
sive noise and propose a S-FISTA to solve the subproblem,
i.e., estimate the impulsive noise.

As we fix all the variables except the impulsive noise o,
the second term in (17) is irrelevant and can be dropped. The
impulsive noise o is optimized over the whole block. Then,
we have a simplified optimization problem

min o, 2|lyi, —oll*+ XalDolli + Aillolli 2 g(0)
o —_—— ——— ——

the first term the second term  the third term

(18)

where avz is the variance of the additive noise and y;, €
CNatLe=1 defined as

Yin =Yy — Hx (19)

is the residual received signal. The channel convolution
matrix H is construted based on the channel estimate of the
last iteration between module A and B shown in Fig. 2. The
symbol x adopts the hard decision of the symbol estimate
from the decoder.

Notice that the second and the third term of (18) are non-
differentiable. Although subgradient methods can be adopted
to solve such a problem, their convergence speed is not satis-
factory. We seek to use fast first-order methods to efficiently
solve the optimization problem (18). However, the fast meth-
ods cannot be directly applied to the optimization problem
because of the nondifferentiable terms, i.e., the second and the
third term. Therefore, we first smooth the objective function.

Also, we notice that the first term and the third term of (18)
are separable w.r.t. to the impulsive noise o (1),0(2),---,
0 (Ngq + L. — 1), while the second term is not separable. The
above properties of the objective function g (o) can be utilized
when solving the optimization problem (18).

Before solving the optimization problem (18), some con-
cepts are introduced in Appendix VI to make the paper
self-contained. The definition of smoothness and smoothable
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functions are introduced in Definition 1 and 2, respectively.
Then, two theorems of calculating the smooth approximation
according to the structure of the function are presented in
Theorem 1 and Theorem 2.

To solve optimization problem (18), we draw on the
principles of smoothing first-order gradient descent meth-
ods. We first smooth the second term in (18) with the
Moreau envelope. Then, the proximal operator is adopted to
solve the smoothed optimization problem. Besides, the Nes-
terov momentum is adopted to accelarate the convergence.
It should be noted that the variable of the optimization prob-
lem (18) is complex-valued. Therefore, before optimizing the
impulsive noise o, we transform the optimization problem
with variables being complex-valued into that with variables
being real-valued. Next, we present the details of the steps of
the algorithm.

1) TRANSFORMING THE OPTIMIZATION PROBLEM WITH
VARIABLES BEING COMPLEX-VALUED INTO THAT WITH
VARIABLES BEING REAL-VALUED
For ease of representation, define

Ly=Ng+Lc—1. (20)

Define y;, € C*% and 6 € C*% where

Yin2n—1:2n) = [ﬁ)i{ym (n)}, Ts{ym (n)}]T eC?, (@21

0(2n—1:2n) = [Ro ™)}, 3o M)} € C2. (22)
Define
-1 0 1 0 24
B_|:O 1 o 1i|eR , (23)

C,= [04x2(n—2) Lsxa 04X(2L},_2,,)] e R™2Ly - (24)

andA, = BC,. By using the structure of D defined in (4), itis
not hard to know that the /;-norm in the second term of (18)
can be formulated as

Ly—1 Ly
IDolly = D" ID(n.y0l = > 4.0l (25)
n=1 n=2

Substituting (21), (22), (23), (24) and (25) into the
complex-valued optimization problem (18) leads to a new
optimization problem with real-valued variables

Ly
min o, [y 8]+ X2 D |4,
0 —
the first term Lz,_z
the second term

Ly
+A D Jo@n—1:2m). (26)

n=1

the third term
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2) SMOOTHING THE SECOND TERM OF THE OBJECTIVE
FUNCTION IN (26)

For ease of representation, define the second term of (26) as
h (6). We adopt the Moreau envelop to obtain the smoothed
function of & (6). The Moreau envelope of the l,-norm ||0]| is

the Huber function H,(0) which is a ﬁ—smooth approxima-

tion of ||o| with parameters (1, %) [27, Chapter 10, p. 309].
H,(0) is defined as

| B

ﬂ||0| ) 0||SM @7

a] - 2. '
2

Hy, (6) =

o] > n

According to Theorem 2, the Moreau envelope of ||A,0] is
Hy, (Ané) with parameters (||A,,||2,%). According to Theo-

rem 1, the Moreau envelope of \» Zs}: 5 [Ano| is

Ly
h(@) =X D Hy, (A40) (28)
n=2

with parameters (A ZYLL‘: 5 1A, 12, A2 Lyz_ ! ). It can be easily

proved that the maximum singular value of A, is +/2 for
arbitrary n. Therefore, the smooth Sarameters are simplified

o (V2o (Ly = 1) 22 (Ly = 1) /2).

3) PROXIMAL MINIMIZATION
Define the first and third terms in (26) as f(0) and g(0),
respectively. Define the smoothing function

Fu(0) = f(0) + hy.(0). (29)

After smoothing, the optimization problem (26) is approxi-
mated by

min Fu(6) + ¢(©). (30)

This optimization problem can be solved by the proximal
gradient method. The solution at the k-th iteration is

1
ck+1 M «k
0 _prox%g (0 ZVFM (o )) (€2))
with L = Ly + % where Ly = 20,72

and Ly, is defined in (20). The proximal operator
vk 1 vk . .
Proxi, ( — 7 VFy (0 )) is defined as

. 1 k41 1 vk 1 vk 2
argmin | =@ ) + = |6 — =VF (o) Y,
g [Lg 2|| 7 VEu l

6k+|
The superscript k denotes the k-thiteration. Based
on (28), (29) and (27), the gradient of F,(0) is
Ly
VF, (6) =20,% (0 —Jin) + X2 D VH, (4:0),  (33)
n=2
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where
L AT4,5., |A6] < u
VH, (4) = | K1y 5 (34)
! )
i Aol >n

Furthermore, according to the definition of the proximal
operator, substituting the gradient of the smoothing function
VF,(0) into (31) yields

1 1
(Ia(n)l - ZM) exp {Za(m}, la(n)| > M

o(n) =
0, la(m)] < = A
L
(35)
where a (n) = @(2n — 1) + ja (2n) and
1
- a1 <k 2L,
i=0 iVFM(o)eR ). (36)

The steps of obtaining (35) is shown in Appendix VI.

4) THE NESTEROV MOMENTUM ACCELERATION

The Nesterov momentum is adopted to accelerate the conver-
gence of the proximal gradient method. At the k-th iteration,
the Nesterov momentum replaces the initial point ¢ in (31)
by e,

1
oF ! = Prox 1 (zk — =VF, (zk)) , (37)
8 L
where the superscript k denotes the k-th iteration. zF+1 is
updated by
1+ /14417
] = ————, 38
k+1 5 (38)
th — 1
oo k—1 (6k+1 _5k) _ (39)
Tk+1

Up to this point, we have presented a comprehensive
description of the proposed S-FISTA for estimating the
impulsive noise. The details of the S-FISTA are also sum-
marized in Table 1 where p is selected so that an e-optimal
solution will be achieved [27, p.314].

It should be noted that o2 is estimated by maximum
likelihood (ML) estimator based on training symbols and
is assumed time-variant within the whole block. At the
O-th iteration when the symbol decision and channel is not
available, the impulsive noise estimation module outputs zero
impulsive noise to the next module.

B. ESTIMATION OVER THE SYMBOL

In this subsection, we fix the channel and the impulsive noise
and optimize the symbol. The symbol is estimated by the MM
algorithm.

When optimizing the symbol, all terms except the first
term in the joint optimization problem (17) are irrelevant
and are dropped. Notice that the first term is separable w.r.t.
the symbol in different sub-blocks. We estimate the symbol
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TABLE 1. The proposed complex S-FISTA algorithm for impulsive noise
estimation.

Input: y,, Ao, Ly, 07, €

Tnitialize: 20 = 0 € R?D.

(1) Calculate the smoothing parameter 1
a=+v2\y (Ly —1)
B=Xa(Ly—1)/2

L =20, 2

— Ja e
B= \/;mm\/aﬁﬂfs
(2) Calculate the Lipschitz constant of smoothed function F',, (6"):
L=1L+ *2(%’;1)\/5
Fork=0:K

(3) Proximal minimization: 61 = prox 1 c (zk

)

~i=

(4) Update initial point:

144/ 14412
1= —5—
K1 = gkt + f—1 (0k+1 6')

k+1
End

and the channel sub-block by sub-block sequentially. Define
Hi 11 = H;(:,1 L — 1) and H; = H,.(;, L.
Ly + L. — 1) where H; . is defined in (16). For the i-th sub-
block, the simplified optimization subproblem is

. -2
H;_I_n o, ||)’, - Hif],tai]xifl,tail _Hz 1Xi — l” - Q(xt)
13

st. xin)eA, 1<n<L,,. (40)

It should be noted that as the channel &; of the i-th sub-block
is not available, we replace the h; with h;_; based on the
assumption of slowly time-varying channel.

The MM algorithm is adopted to solve (40). Since (40)
is a convex optimization problem, global minimization can
be guaranteed. The idea of the MM algorithm is described
as follows. First, an initial point xf is introduced where
the superscript denotes the k-th MM iteration. Construct a
surrogate upper bound of the objective function q(x, |xf.‘)
which satisfies q(xl|xk) > g¢g(x;) and q(x,|x My =
q(xi)l, =t where g(x;) is defined in (40). A simple approach
is to perform a second-order Taylor series expansion of
the objective function g(x;) around the point xi.‘, and con-
struct a separable surrogate upper bound of the objective
function q(xi|xf). As a consequence, we obtain a simple iter-
ative algorithm to perform symbol estimation summarized in
Table 2. For simplicity, the details are shown in Appendix VI.
It should be noted that the last L, — L; estimated symbols
are abandoned because they are not reliable due to limited
observation information. But they will be estimated again in
the (i + 1)-th sub-block thanks to the overlapping structure
of data sub-blocks.

Since soft decision decoder is adopted, the LLR of the
output of the symbol detection module is needed. With the
Gaussian distribution assumption, we model the optimized
symbols as

X=gx+vy 41)

where g, is the gain coefficient and v, is assumed to follow
CN (0, O'V2X I). Since the true symbol vector x is not available,
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TABLE 2. The MM algorithm for symbol estimation of the i-th sub-block.

Input: y, defined in (58), H;_ 1, the number of maximum MM iterations K.
Initialize: x) = 0 € C%i, calculate Amax which is the maximum
eigenvalue of HL | H;_1.
Fork =0:K
Calculating the optimal solution x¥ defined in (61).
Forn=1:1L;
If xX (n) is within the constraint A
xl“'l =xk (n).
Else
k+1

is the pomt in the boundary of constraint A which is
closest to xk (n).
End
End
End

it is approximately replaced by hard decision of ¥, denoted
by x. The ML estimates of the gain and variance are

g e (42)
8x = g~
g xHx
1
~2 PPy
61, = g W - &I, (43)

Therefore, the LLR can be calculated according to [4].

C. ESTIMATION OVER THE CHANNEL

In this subsection, we fix the impulsive noise 0 and the symbol
x and estimate the channel k.

Define
x; (1) 0 . 0
X2  x(() e 0
xi(L) xi(Li—=1) -+ xi(Li—Le+1)
e Chixle, (44)

Dropping the irrelevant terms of A; in the joint optimization
problem (17) leads to the optimization subproblem at the
i-th sub-block, i.e.,

— Xihi — o0il* + 0,2 |hi — aihi1 >, (45)

)
min o, ||y,
i
To ease the computation complexity of the optimization prob-
lem, h; and o; are optimized alternatively. Obviously, the
optimization of k; and «; leads to least square solutions, i.e.,

-1
h; = (o—;leﬂxi + a,;zl)

(02X — 00+ o kit ), (46)
h! h;
[[7ETE
where «; in (46) is initialized by «;—; when optimizing the
channel h; based on the assumption of slowly time-varying
channel.
It should be noted that the noise variance o2 and o2 are

assumed known for simplificity. avz can be estimated based on
training symbols. av% can be empirically determined based on

(47)

i=
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y Impulsive noise x
estimation
- __yo_____
|
: Module A2 I
: Symbol estimation :
| LLR
| hi_, X; —
I Module A3 I
.. |
: Channel estimation | |
|

i-th sub-block
FIGURE 3. The block diagram of module A.

historical experimental data or be refined on-line according
to the estimated channel.

Subsection III-A, III-B and III-C present the proposed
algorithm of the joint estimation of the impulsive noise, the
symbol and the channel, which correspond to module A in
Fig. 2. To better illustrate the algorithm, we summarize it
in Fig. 3. The impulsive noise estimation is performed with
received signal y and decided symbol x from the decoder.
The estimated impulsive noise o is feed to the symbol and
channel estimation module which is performed sub-block by
sub-block. The symbol estimation is performed with y and the
estimated channel of the last sub-block &;_. The estimate x;
is feed to the channel estimation module. When the whole
block of the estimation of the symbol is completed, the LLR
of the estimated symbol is calculated and feed to the soft
decision decoder module.

D. DECODER

The decoder receives the soft information from module A.
After soft decision decoding, the estimated symbols are
refined and feed to module A. The iteration between module
A and the decoder continues until error-free or the number of
iterations reaches the maximum.

It should be noted that in turbo equalization (TEQ) struc-
ture, the soft output of the decoder is feed back to the symbol
detection module as a prior to obtain better detection perfor-
mance. However, in this paper, this potential has not been
utilized and it will be further studied in the future.

IV. SIMULATION

In this section, the performance of the proposed JCDI
algorithm is demonstrated numerically. The real and imagi-
nary parts of the channel taps are drawn i.i.d. from Gaussian
distribution and the length of the channel taps is 10. The
QPSK signal undergoes the channel which is then corrupted
by the additive white Gaussian noise and the impulsive noise.
For comparison, the RLS-DFE receiver, the zero-forcing (ZF)
receiver, the linear minimum mean square error (LMMSE)
receiver and the joint channel estimation and data decoding
(JCD) receiver are also implemented. The details of these
algorithms are summarized as follows:
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TABLE 3. Parameters setting of simulation.

Parameter Value
Number of training symbols 511
Number of information bits 3840
LDPC code rate 1/2
LDPC symbol node degree 3
Lc 10
L; 480
Ly, 489
A 1.1 x /2
A 5
A2 0.01
€ 200
Number of S-FISTA iterations 200
Number of MM iterations 20
a2 0.1
Number of TEQ iterations 1
Number of decoding iterations 5
Number of MC trials 100

1) RLS-DFE: The decision feedback equalization (DFE)
structure is adopted where the backward filter is used
to cancel the causal ISI. The length of the forward filter
and the backward filter are 10 and 9, respectively. The
decision delay is 9. The forward filter and the backward
filter are updated by the RLS algorithm. The forgetting
factor is 0.999. The forward filter, the backward filters
and the data symbol are updated symbol by symbol.
The soft information of the decided symbols output
by the RLS-DFE is feed to the LDPC decoder, whose
output is then feed into the RLS-DFE to achieve turbo
iteration.

2) ZF/LMMSE: The ZF/LMMSE is almost the same as
that of JCDI except that the symbol estimation submod-
ule of the MM algorithm is replaced by the ZF/LMMSE
submodule. Note that the ZF/LMMSE has closed form
solution for symbol estimation and takes the impulsive
noise into consideration.

3) JCD: The JCD is similar to the JCDI except that
the impulsive noise estimation submodule is excluded.
Thus it could be expected that the JCD works more
poorly than the JCDI when there is the impulsive noise.

The parameters setting are shown in Table 3. The irregular

LDPC code is adopted whose check matrix is generated
by progressive edge growth algorithm. Belief propagation
algorithm is adopted for decoding. The size of parity check
matrix is 3840 x 7680. The spectral efficiency is

7680 — 3840
511+ 3840

Time-invariant channel is adopted in simulation.

The impulsive noise is generated based on mixture Gaus-
sian model [23]. To illustrate the impact of the impulsive
noise intuitively, an example of the received signal with and
without impulsive noise is given in Fig. 4 and 5, respectively,
where the signal-to-impulsive-noise ratio (SINR) is —15 dB.
Here the SINR is defined as the ratio of the signal variance to
the impulsive noise variance. The amplitude of the impulsive

=0.883 b/s/Hz. (48)
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FIGURE 4. An example of the real part of the simulated received signal
without impulsive noise.
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FIGURE 5. An example of the real part of the simulated received signal
with impulsive noise. The SINR is —15 dB.

noise is significantly larger than that of the communication
signals, and the performance of receivers degrades signif-
icantly without taking impulsive noise into account. The
impulsive noise is distributed in clusters, demonstrating the
group sparse property of the impulsive noise.

First, the convergence of the MM algorithm and the pro-
posed S-FISTA algorithm are evaluated by simulation. Fig. 6
and 7 give a typical realization of the error q(xi-‘) — g(x7) and
q(ok) — g(0*) versus the iteration k of the MM algorithm and
the proposed S-FISTA algorithm, where the optimal value
g(x7) and g(0*) are obtained via the CVX software [28]. The
S-FISTA converges faster than the S-ISTA. For the S-FISTA
algorithm, the convergence speed is controlled by adaptive
step size determined by convergence error €. More conver-
gence error allowed leads to faster convergence.

The normalized mean square error (NMSE) of channel
estimation is evaluated. The SINR is set to 0 dB. The channel
is randomly generated and fixed for different Monte Carlo
(MC) trials. Fig. 8 shows the NMSE of the channel estimation
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FIGURE 6. Error q (x:‘) — g (x*) versus iteration k of the MM algorithm for
symbol estimation. The optimal solution x* is obtained by CVX software.

100 120 140 160 180 200
k

0 20 40 60 80

FIGURE 7. Error q (a") — g (o*) versus iteration k of the S-FISTA and the

S-ISTA for impulsive noise estimation. The optimal solution o* is obtained
by CVX software.

of the proposed JCDI and JCD receiver. It can be seen that
the NMSE of JCD decreases as SNR increases, and satu-
rates about —33 dB. The NMSE of JCDI decreases almost
linearly as SNR increases and achieves about —46 dB when
SNR = 24 dB. This demonstrates that incorporating the
impulsive noise estimation submodule significantly improves
the channel estimation performance.

The coded BER performance of the proposed JCDI is
evaluated and results are shown in Fig. 9. Let the SINR be
0 dB. All of the receivers listed are based on TEQ structure.
The proposed JCDI receiver has best BER performance, fol-
lowed by the JCD, LMMSE, RLS-DFE and ZF. Compared
to JCD, JCDI estimates the impulsive noise, and achieves the
lower coded BER by removing the impulsive noise. Although
ZF and LMMSE incorporates the impulsive noise estimation
submodule, their coded BERSs are high, which are even higher
than that of the JCD receiver. The reason is that all these
receivers ignore the amplitude constraint of the symbol, lead-
ing to poor estimates of the symbols. The symbols are hard to
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FIGURE 8. The NMSE of channel estimation with the SINR of 0dB. The
blue line with cycles denotes the JCDI algorithm where the impulsive
noise is considered and the red line with stars denotes the JCD algorithm
where the impulsive noise is ignored.

Coded BER

6 8 10 12 14 16 18 20 22 24
SNR (dB)

FIGURE 9. The coded BER curve under impulsive noise with the SINR of
0 dB. The blue line with cycle represents the JCD receiver, the red line with
triagnle represents the JCDI receiver, yellow line with square represents
the LMMSE receiver, the purple line with star represents the RLS-DFE
receiver and the green line with plus sign represents the ZF receiver.

be correctly decoded via the LDPC decoder given those poor
LLRs of the symbol estimates. The coded BER performance
of all the receivers except the JCDI receiver could not improve
anymore with the increase of the SNR. This is due to that the
impulsive noise is ignored or not perfectly estimated.

Fig. 10 presents the coded BER performance versus the
SINR. JCDI performs best, followed by LMMSE, JCD, RLS-
DFE and ZF. As the SINR increases, the coded BERs of
all algorithms decrease. The results demonstrate that JCDI
effectively cancels the effects of the impulsive noise and
achieves the best coded BER performance.

V. EXPERIMENT
In this section, underwater acoustic communication experi-
mental data is adopted to verify the proposed receiver.
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FIGURE 10. The coded BER of the algorithms versus SINR under the SNR
of 15 dB. The blue line with cycle represents the JCD receiver, the red line
with triagnle represents the JCDI receiver, the yellow line with square
represents the LMMSE receiver, the purple line with star represents the
RLS-DFE receiver and the green line with plus sign represents the ZF
receiver.

1.5 km
Ship < > Dock
y'y |
2m Surface 2m
Transducer Hydrophone
33m

Bottom

\ 4

FIGURE 11. The experimental disployment schematic diagram.

The experiment was conducted on September 23, 2023 in
the Zhoushan Sea, China. The experimental deployment is
shown in Fig. 11 where the location between the transmitter
and the receiver was about 1.5 km. The water depth was
about 33 m. The depth of the transducer and the hydrophone
both were about 2 m. The QPSK single carrier signal was
transmitted. The information bits are encoded by the irreg-
ular LDPC code which is decoded by belief propagation
algorithm. The pulse shaping filter adopts a square root raised
cosine (SRRC) filter. The signal with bandwidth of 3.6 kHz
was transmitted simultaneously over three bands with the car-
rier frequency of 5.5 kHz, 10 kHz and 15 kHz, respectively.
The size of parity check matrix is 3840 x 7680. The data
rate is

7680 — 3840
g = 2.648 kb/s. (49)
(511 + 3840) 102

The rest parameters of the signal and the receiver is listed
in Table 4 where the parameters of the JCDI and RLS-DFE
algorithms are carefully selected for better performance.
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TABLE 4. Signal parameters of experiment.

Parameter Value
Number of training symbols 511
Number of information bits 3840
LDPC code rate 1/2
Roll-off factor of SRRC filter 0.2
Span of SRRC filter 40
Sampling frequency 96 kHz
L; 480
Ly, 499
A 1.4x V2
A1 10
A2 1
€ 1000
Number of S-FISTA iterations 200
Number of MM iterations 80
a2 0.001
Forward filter length 50
Backward filter length 5
Decision delay 9
Forgetting factor 0.999
Initial matrix of the RLS algorithm 101
Proportional factor of PLL 0.001
Integral tracking factor of PLL 0.0001
Number of TEQ iterations 1
Number of decoding iterations 5
Number of MC trials 100
25
130
20+ 1
20
15 10 4

0
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Amplitude

o
T
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L
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FIGURE 12. The baseband signal of the first packet which is interfered by
group sparse impulsive noise.

To combat time-varying channels, the phase-lock loop is
adopted in the RLS-DFE receiver.

The impulsive noise is observed in one of the received
packets, as shown in Fig. 12 where the sparse and group
sparse impulsive noise can be observed.

The coded BER results of the experiment data are listed
in Table 5. It shows that the proposed JCDI receiver has
better coded BER performance than that of the RLS-DFE
receiver. The bit error rate of RLS-DFE decreases as the
number of TEQ iterations increases from zero to 1. The BER
is non-decreasing as we continue to increase the number of
TEQ iterations.
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TABLE 5. BER of the experiment data using the proposed JCDI iterative
receiver.

. . Coded BER
Packet | TEQ iteration 7CDI T RLS-DEE
0 0 0.002865
1 1 0 0.001823
2 0 0.003646
0 0 0.000521
2 1 0 0.000260
2 0 0.000260
0 0 0
3 1 0 0
2 0 0

VI. CONCLUSION

In this paper, an iterative receiver named JCDI taking impul-
sive noise into account is proposed. The receiver consists
of two main modules, where the first module performs
symbol estimation, channel estimation and impulsive noise
estimation, and the second module performs the data decod-
ing which utilizes the encoding structure. In particular,
an efficient S-FISTA algorithm is proposed to estimate the
group-sparse impulsive noise. Numerical simulations and real
experiments are conducted to show that the proposed JCDI
receiver has better coded BER performance than conventional
receiver.

APPENDIX A
THE FUNDAMENTAL DEFINITIONS AND THEOREMS OF
DEVELOPING THE SMOOTHED FISTA
To develop the smoothed FISTA, we introduce the fol-
lowing definitions and theorems [27] to make this paper
self-contained.

Definition 1: [27, Chapter 5, p. 107] L-smoothness: Let
L > 0. A function f : E — (—o0, o0] is said to be L-smooth
over a set D C E if it is differentiable over D and satisfies

IVF@x) = Vi« < Lllx —y| forallx,y € D,  (50)

where || - ||« is the dual norm. The constant L is called the
smoothness parameter.

Definition 2: [27, Chapter 10, p. 305] Smoothable func-
tions: A convex function 2 : E — R is called («, B)-
smoothable («, § > 0) if for any u > 0 there exists a convex
differentiable function 4, : E — R such that the following
holds:

(@) hy (x) <h(x) < hy (x)+ B forallx € E.

(b) Ay, is %-smooth.

The function 4, is called a %-smooth approximation of A
with parameters (o, 8).

Theorem 1: [27, Chapter 10, p. 31171 Let h', i : E — R
be convex functions, and let y, y» be nonnegative numbers.
Suppose that for a given u > 0, h;l is a L-smooth approx-
imation of h; with parameters (o, §;) for i = 1,2. Then
y1h ,11 +7/2hi isa ﬁ-smooth approximation of y h! +y,h? with
parameters (y1a1 + y2002, v181 + ¥282)-
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Theorem 2: [27, Chapter 10, p. 311] Let A : E — V
be a linear transformation between the Euclidean spaces E
and V. Let h : V — R be a convex function and define
qg(x) = h(Ax)+b) where b € V. Suppose that for a
given u > 0, b, is a %-smooth approximation of i with
parameters (o, 8). Then the function g,,(x) = h, (A(x)+b) is
a l%-smooth approximation of ¢ with parameters (o IAI2%, B).

APPENDIX B

THE DERIVATION OF (36)

According to the definition of the proximal mini-
mization and the definition of g(0), ie., g(0) =
A Zﬁ): | ||6 , the proximal operator (31) is
expanded to

L,
oFt! = arg min{ =1 Z
=1

6k+1

FHlan—1: 2n)H

1
F - (5" — ZVF, (5k))
L

For ease of derivation, complex variable oftl (n) defined
in (22) is adopted. Define

a(l) +ja(2)

@ (3) +ji (4) .
a= : e Ch, (52)

2

+1 } (51)

2

a (2L, — 1) +ja (2Ly)

where a is defined in (36). Substituting (22), (36) and (52)
into (51) leads to

of ! = arg min

okt1

L,
1 > 1 2
Bl oo | o
n=1

Note that the optimization problem (53) is separable w.r.t. the
impulsive noise o* 1 (1), 051 (2),---, oF*! (L,). There-
fore, the optimization problem (53) is simplified to

) = arg min
Uk+1(n)

[ A [0 0] 4 5 ot ) - a(n)\]
(54)

for every n. Define the objective function in (54) as
J (ok‘H (n)) which can be formulated as

)« b ol o
—% {ok+1 ) a* (n)}

tpof
+( | — la ()] cos
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x (LM () = La(m))) |0 , (55)
( )|

which is a quadratic function of |0k+l (n)|. Therefore,
if |a(n)|cos (LT (n) — La(n)) > %)\1, the optimal
|o* 1 ()| and LoF*! (n) minimizing J (o™ (m)) is

‘okH (n)‘ = |la ()| cos (Zok‘H (n) — La (n)) — %/\1,

(56)
LT (n) = La(n). (57)
APPENDIX C
THE DERIVATION OF THE MM ALGORITHM FOR
SOLVING (41)
Define
Ye =Y — Hi_| tailXi—1,tail — 0. (58)

Ingoring the constant term ov_2 which does not affect the
optimization result, introduce the initial point xf.‘ where the
superscript denotes the k-th iteration and expand the objec-
tive function in (40)

ly, — Hi—1x;])?
= |y — Hi-1xf —Hi-y (xi —xf) &
H
= (xi —xf) H;-)"H,_ (x,- —xi.‘)

— 2% [(x —xﬁ.‘)H H;: M (yr _ H,-_lxﬁ-‘)]

2

+ (59)

Yr —Hl;le‘

Define the maximum eigenvalue of (H f_ l)HH ;_1 as Amax-
The surrogate function of (59) can be constructed as

2
ly: — Hi—1x;||

< Amaxllx; — X;

— 2% [ (xi —xf-‘)H (H;_DH (}’r _ H,-_le»‘)}

2

+ yy — Hioxt

= Amax 112 = 2mardt{xlxt}

— 29t Hi- O (v, — HioixE) | + const

= Amax l¥i — xX |12 + const (60)
where
1
=k 4 n (r—Hi_le). 61)
max

In this way, it becomes easier to optimize the new objective
function since every variable of vector x} can be opti-
mized individually. Apparently, the optimal solution at the
k-th iteration is x; = x if the solution is within the constraint.
If not, it is not hard to imagine that the optimal solution will
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be the point on the boundary of the constraint which is closest
to x.
Take the constraint

19tx; (m)}] < A,

IS{xri (M} =A,n=1,2,--- (62)

as an example where x; (n) is the n-th element of vector x;.
The optimal solution minimizing the approximated objective
function indicated by (60) under the constraint (62) is

A+ () = sign [m [x§ (n)]} min {A7 N {x§ (”)}}

+j - sign {S {xg (Vl)}] min {A’ 3 {x(l)c (n)}}
(63)

where x, (n) is the n-th element of vector x,.
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