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Abstract: Self-interference (SI) is usually generated by the simultaneous transmission and reception
in the same system, and the variable SI channel and impulsive noise make it difficult to eliminate.
Therefore, this paper proposes an adaptive digital SI cancellation algorithm, which is an improved
normalized sub-band adaptive filtering (NSAF) algorithm based on the sparsity of the SI channel
and the arctangent cost function. The weight vector is hardly updated when the impulsive noise
occurs, and the iteration error resulting from impulsive noise is significantly reduced. Another major
factor affecting the performance of SI cancellation is the variable SI channel. To solve this problem,
the sparsity of the SI channel is estimated with the estimation of the weight vector at each iteration,
and it is used to adjust the weight vector. Then, the convergence performance and calculation
complexity are analyzed theoretically. Simulation results indicate that the proposed algorithm has
better performance than the referenced algorithms.

Keywords: self-interference; impulsive noise; self-interference channel; normalized sub-band adap-
tive filter

1. Introduction

The integrated system of underwater detection and communication (ISUDC) [1]
and in-band full-duplex (IBFD) underwater acoustic communication (UWC) [2] face the
problem of SI, which is caused by the near-end transmission [3]. SI has a negative impact
on the subsequent extraction of useful signals, so SI cancellation is necessary and mainly
studied in the analog domain and the digital domain [4]. In most related research, the
adaptive filter is the main solution used in digital SI cancellation.

The main application of SI cancellation technology underwater is the full-duplex
underwater acoustic communication. Traditionally, the adaptive filter reconstructs SI and
eliminates SI by estimating the impulse response of the SI channel [5]. For the full-duplex
UWC system, SI is efficiently canceled by the recursive least-squares (RLS) adaptive filter
for single-carrier communication [6]. For the multiple SI paths generated by the reflection
of the sea surface and seabed, a two-stage SI cancellation strategy with two hydrophones
is proposed for the multiple SI paths [7]. However, most research on SI cancellation
assumes that the environmental noise is white Gaussian noise. Unfortunately, there is
some non-Gaussian impulsive noise in the practical application environment [8], and the
performance of the traditional adaptive filtering algorithms deteriorates severely with
the non-Gaussian impulsive noise [9]. Many methods have been researched to eliminate
the adverse effects of impulsive noise on the conventional algorithms. The maximum
correntropy criterion (MCC) algorithm was presented and successfully applied to the
adaptive filter for impulsive environment noise [10,11]. A novel robust normalized least
mean absolute third (RNLMAT) algorithm has been proposed by using the third-order in
the estimation error as the normalization [12], and it provides good robustness and filtering
accuracy in impulsive noises. Some researchers used the cost function to suppress the
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performance degradation caused by excessive iteration error. The arctangent function has
been introduced into the normalized least mean squares (NLMS) algorithm (Arc-NLMS)
to resist impulsive noise [13]. However, the impulse response of the SI channel usually
requires a high-order adaptive FIR filter to cover, and this filter has high computational
complexity and slower convergence. Moreover, the colored input signals also lead to slower
convergence [14]. The sub-band adaptive filter (SAF) and the normalized SAF (NSAF) [15]
algorithms have been proposed to address this problem. The input signal is decomposed
into sub-band signals and processed by the adaptive filter, respectively. Subsequently, an
improved SAF algorithm has been proposed, minimizing Huber’s cost function [16], which
has good robustness to impulsive noises. The NSAF algorithm requires a low-order filter
and decorrelation to the input signal.

The SI channel may be sparse for SI cancellation in some scenarios, and the sparsity
of the channel causes the performance of some classic adaptive algorithms to deterio-
rate [17,18]. Some proportionate adaptive filtering algorithms have been proposed for the
sparse SI channel, like the proportionate NLMS (PNLMS) algorithm, the proportionate
NSAF (PNSAF) algorithm, the improved PNLMS (IPNLMS) algorithm, and improved
PNSAF (IPNSAF) algorithm [19]. The general zero attraction proportionate normalized
maximum correntropy criterion algorithm was proposed in [20], and it has a superior
performance for a sparse system in a non-Gaussian noise environment. In addition, the
impulsive noise and sparse SI channel often coexist in practical application, so the sparse
system identification in impulsive noise is a common problem [21]. For example, the
channels of UAC have sparse characteristics [22]. Some relevant adaptive filtering al-
gorithms are studied for this problem, and the work in [23] incorporated MCC into the
proportionate-type adaptive filtering to develop a proportionate MCC (PMCC) algorithm
for sparse system identification, while the work in [24] improved the convergence speed
with the underlying system sparsity.

However, most existing adaptive SI cancellation algorithms aim at the single state
of the SI channel, and the performance of some algorithms is greatly reduced when the
SI channel changes. Unfortunately, the most SI channel is a time-space-frequency variant
channel, such as the underwater acoustic channel [25]. Therefore, an improved IPNSAF
algorithm based on the sparsity of the SI channel and the arctangent function has been
proposed for the impulsive noise with the variable SI channel, and its application has been
considered in ISUDC. The main content is arranged as follows: Firstly, the NSAF algorithm
and impulsive noise model are introduced. Secondly, the derivation process of the proposed
algorithm is described. Furthermore, the convergence performance and computational
complexity of the proposed algorithm are analyzed theoretically. Finally, several simulation
experiment results are presented to prove the effectiveness of the proposed algorithm.

2. NSAF Algorithm and Impulsive Noise Model
2.1. Review of the NSAF Algorithm

For the original NSAF algorithm, the desired output signal d(n) is as follows:

d(n) = uT(n)w0 + η(n) (1)

where w0 is the unknown weight vector, which should be estimated, and the length of w0
is M. u(n) = [u(n), u(n− 1), ..., u(n−M + 1)] is the input signal; the environment noise
η(n) is the white Gaussian noise; and the variance of η(n) is σ2

η . The structure of the NSAF
algorithm is shown in Figure 1.
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Figure 1. The structure of normalized sub-band adaptive filtering (NSAF).

Subsequently, u(n), d(n), and η(n) are divided into N sub-band signals by the fil-
ters H0(z), H1(z), ..., HN−1(z), respectively. ui(n), di(n), and ηi(n) are the corresponding
sub-band signals, i = 0, 1, ..., N − 1. The sub-band signals yi(n) and di(n) are critically
decimated to generate the signals yi,D(k) and di,D(k), respectively. yi,D(k) = uT

i (k)w(k)
is the output of the ith sub-band filter. In each of the above equations, n indicates the
sequence number of the original signal, and k indicates the sequence number of the deci-
mated sequences. Therefore, the input signal, the desired output signal, and the output
error can be represented as:

U(k) = [u0(k), u1(k), ..., uN−1(k)] (2)

dD(k) = [d0,D(k), d1,D(k), ..., dN−1,D(k)] = UT(k)w0 + η(k) (3)

eD(k) = dD(k)−UT(k)w(k) = [e0,D(k), e1,D(k), ..., eN−1,D(k)] (4)

The original NSAF algorithm is proposed with the principle of minimal disturbance,
and the Lagrangian multiplier method is used to determine the optimal solution. Thus, the
update weight vector of the NSAF algorithm is obtained as follows:

w(k + 1) = w(k) + µ
N−1

∑
i=0

ei,D(k)ui(k)
‖ui(k)‖2 + δ

(5)

where µ is the step-size, ‖ · ‖ indicates the norm of a vector, and the term δ is the regular-
ization parameter.

2.2. The α-Stable Distribution Impulsive Noise

For SI cancellation in ISUDC, the environmental noise (wave noise, wind noise, bio-
logical activity, etc.) is a non-Gaussian distribution in the underwater acoustic channel. Its
amplitude is much higher than its uniform value at some moments, and it has remarkable
pulse characteristics. The impulsive noise with the α-stable distribution is more consistent
with the description of this noise model in the actual environment by related research [26],
and its characteristic function can be expressed as:

f (t) = exp{jδt− γ|t|α[1 + jβsgn(t)S(t, α)]} (6)
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with the notation:

S(t, α) =

{
tan απ

2 , when α 6= 1;
2
π log |t|, when α = 1.

(7)

Form Equation (6), we know that the characteristic function can be determined by
[α, β, γ, δ]. The four parameters reflect the different characteristics of the impulse noise; α ∈
(0, 2] represents the characteristic factor; β ∈ [−1, 1] represents the symmetry parameter;
γ > 0 represents the dispersion parameter; and δ represents the location parameter.
The impulse noise mentioned in the following research is generated by this impulse
noise model.

3. Proposed Algorithm
3.1. Arctangent Cost Function

To improve the robustness of the original NSAF algorithm against the impulsive noise,
the arctangent cost function is applied to the LMS algorithm [27], and the updated weight
vector is adjusted. The relationship between w(k) and the arctangent cost function can be
expressed as follows:

J(w(k)) = E

arctan
(

β
(

ei(k)
‖ui(k)‖

)2
)

2β

 (8)

where β(0 < β ≤ 100) is the control parameter, and it reflects the cost function to the
output error ei(k).

The arctangent cost function is simple to construct and only needs ei(k) and input
signal ui(k), and two variables can be obtained directly. Its calculation complexity is small,
which is convenient for engineering implementation. The input signal is divided into
several sub-bands by an adaptive filter, respectively, in the NSAF algorithm. According to
Equation (8), we apply the arctangent cost function to the NSAF algorithm and can get:

J(w(k)) =
N−1

∑
i=0

E

arctan
(

β
(

ei,D(k)
‖ui(k)‖

)2
)

2β

 (9)

To reduce the iteration error along the direction of the iteration, Equation (9) can be
transformed as the following equation by the negative stochastic gradient method.

∇J(w(k)) =
N−1

∑
i=0

E

 ui(k)ei,D(k)

‖ui(k)‖2 +
β2e4

i,D(k)
‖ui(k)‖2

 (10)

so the weight update formula is written as:

w(k + 1) = w(k) + µ
N−1

∑
i=0

ei,D(k)ui(k)

‖ui(k)‖2 +
β2e4

i,D(k)
‖ui(k)‖2

(11)

According to Equation (11), the output error ei,D(k) is small when there is no impulsive
noise, and β2e4

i,D(k)/‖ui(k)‖2 tends to zero with the increasing of the iteration times. The
signal is distorted, and the amplitude increases sharply when the impulsive noise appears.
As a result, β2e4

i,D(k)/‖ui(k)‖2 increases sharply, and the latter term of the weight update
formula tends to zero, that is the descending direction tends to be unchanged. Therefore, the
weight vector update error resulting from the impulsive noise can be effectively reduced.

Hence, the weight vector hardly changes, and it is approximately equal to the weight
vector of the previous step when impulsive noise occurs. The weight vector update is close
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to the NSAF algorithm when there is no impulsive noise. Therefore, the improved NSAF
algorithm is insensitive to the impulsive noise and has excellent impulsive noise resistance.
This algorithm is an improved NSAF algorithm based on the arctangent cost function, so it
is called Arc-NSAF.

3.2. Arc-IPNSAF Algorithm

The proportionate adaptation technique can be combined with the Arc-NSAF algo-
rithm to adapt to the sparse SI channel. We introduce this technique into the Arc-NSAF
algorithm, and w(k) is represented as:

w(k + 1) = w(k) + µ
N−1

∑
i=0

ei,D(k)Q(k)ui(k)

uT
i (k)Q(k)ui(k) +

β2e4
i,D(k)

‖ui(k)‖2

(12)

The gain matrix Q(k) = diag{q1(k), q2(k), ..., qM(k)} is an M × M diagonal matrix,
and its diagonal elements can be calculated as follows:

qm(k) =
1− κ

2M
+

(
1 + κ

|wm(k)|
2‖w(k)‖1 + ξ

)
(13)

with ξ a small positive constant and the control parameter κ ∈ [−1, 1], and it is usually
taken as −0.5 or zero.

3.3. Improved Arc-IPNSAF Algorithm

The underwater acoustic channel is a stochastic acoustic propagation channel with
time, space, and frequency varying, and the sparsity of the channel varies with the environ-
ment. The degree of sparsity for a channel [28] can be quantified as follows:

ψ(w0) =
M

M− 1

(
1− ‖w0‖1√

M‖w0‖2

)
(14)

Obviously, we can get 0 ≤ ψ(w0) ≤ 1 by Equation (14). The sparser the channel is, the
larger the value ψ(w0) is. Since w0 is unknown, w(k) is used to approximate substitution
w0 at each iteration, and the sparsity estimates for each iteration are shown below:

ψ̂(w(k)) =
M

M−
√

M

(
1− ‖w(k)‖1√

M‖w(k)‖2

)
(15)

Apparently, ψ̂(w(k)) will gradually converge to ψ(w0) with the increasing of the
iteration times. Therefore, the sparsity of the channel can be estimated and quantified in
each iteration of the algorithm.

Analyzing Equation (12) again, the control parameter β in Equation (12) has some
effect on the performance of the algorithm. Some simulation results are used to illustrate
the effect of the control parameter on the algorithm. The performance is evaluated by the
normalized mean squared deviation (NMSD), which is:

NMSD = 10log

(
‖ŵ(k)‖2

2
‖w0‖2

2

)
(16)

We define ŵ(k) = w0 −w(k). NMSD reflects the closeness between the estimated
weight vector ŵ(k) and the real weight vector w0, and it can also be regarded as the
steady-state error of the algorithm. Figure 2 shows the performance comparison in three
different SI channels with different β.
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Figure 2. Normalized mean squared deviation (NMSD) curves of Arc-improved proportionate NSAF
(IPNSAF) with different β under different self-interference (SI) channel environments.

Figure 2 shows the influence of β on the convergence speed and steady-state error of
the algorithm. Comparing the performance of the algorithm with different β in the same SI
channel, we can know that the steady-state error decreases with an increase of β, and the
convergence speed decreases. The sparsity of the SI channel also affects the convergence
speed and steady-state error of the algorithm. Comparing the performance of the algorithm
with the same β in different SI channels, the convergence speed decreases with the increase
of the sparsity, while the steady-state error decreases. Therefore, we make a compromise on
the convergence speed and steady-state error of the algorithm and improve the robustness
of the algorithm to the SI channel with different sparsity. It is necessary to take a relatively
large value of β when the sparsity of the SI channel is large, so that the algorithm can obtain
a smaller steady-state error. Similarly, β should take a relatively small value to obtain a
faster convergence speed when the sparsity of the SI channel is small. According to the
relevant research on the influence of the sparsity of the SI channel on the performance of
IPNLMS algorithm in [29,30], we construct the adaptive control parameter β(k) with the
sparsity measurement values ψ̂(w(k)) to approximate the curve of the relationship, which
is expressed as:

β(k) =

{
ε, if k < MN;
γ · eλ(ψ̂(w(k))−1), others.

(17)

where ε is an initial value, which is a small positive constant. γ determines the amplitude
change, and λ determines the rate of change; they are constants greater than one. When
γ = 1, the corresponding conversion function values β(k) with different λ are as shown in
Figure 3.

As shown in Figure 3, the larger the value of λ, the faster the changer of β(k) is, and
the smaller the value of β(k). Therefore, β(k) should be larger for the sparse channel and
smaller for the dispersive channel. Based on the relationship between sparseness and the
optimal value of β, as well as the simulation analysis, γ = 80 and λ = 8 are used in the
subsequent research. Then, we replace β in Equation (12) with β(k), and we can get the
final weight vector update equation of Arc-IPNSAF based on sparsity control.

w(k + 1) = w(k) + µ
N−1

∑
i=0

ei,D(k)Q(k)ui(k)

uT
i (k)Q(k)ui(k) +

β2(k)e4
i,D(k)

‖ui(k)‖2

(18)

The proposed algorithm is an improved IPNSAF algorithm based on sparsity control
and the arctangent cost function, so we call the above proposed algorithm Sc-Arc-IPNSAF.
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The proposed algorithm can be applied to the same signal types as the traditional NSAF
algorithm. The main iterative process of the algorithm is shown is shown as Algorithm 1.
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Figure 3. The adaptive control parameter β(k) varies with sparsity value ψ(w0) when λ = 2, 4, 6, 8.

Algorithm 1 Proposed the Sc-Arc-IPNSAF algorithm

Initialization: w(0) = 0;
Parameter: λ, γ and ξ are predefined;

1: Update:
2: For each iteration k
3: 1. Calcuate the sparsity ψ̂(w(k)) of the SI channel
4: ψ̂(w(k)) = M

M−
√

M

(
1− ‖w(k)‖1√

M‖w(k)‖2

)
5: 2. The adaptive control parameters β(k)

6: β(k) =

{
ε, if k < MN;
γ · eλ(ψ̂(w(k))−1), others.

7:
8: 3. Obtain the gain proportional matrix Q(k)
9: qm(k) = 1−κ

2M + (1 + κ
|wm(k)|

2‖w(k)‖1+ξ
)

10: 4. Weight vector update

11: w(k + 1) = w(k) + µ ∑N−1
i=0

ei,D(k)Q(k)ui(k)

uT
i (k)Q(k)ui(k)+

β2(k)e4
i,D(k)

‖ui(k)‖2

12: End

4. Algorithm Performance Analysis
4.1. Convergence Performance

The convergence performance of the Sc-Arc-IPNSAF algorithm is analyzed. To calcu-
late the analysis, substitute ŵ(k) = w0 −w(k) into Equation (18); we can get:

ŵ(k + 1) = ŵ(k)− µQ(k)U(k)Λ−1(k)eD(k) (19)

with Λ(k) = UT(k)Q(k)U(k) + ϕI, and the notation I expresses an M×M identity matrix,
and ϕ = β2(k)e4

i,D(k)/‖ui(k)‖2.
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Define ea(k) = UT(k)ŵ(k) and eb(k) = UT(k)ŵ(k + 1); their physical meanings are
the a-priori and b-posteriori sub-band error vectors, respectively. It can be noted that ea(k)
and eb(k) do not contain the error of the system noise, so we can get:

eb(k) = ea(k)− µUT(k)Q(k)U(k)Λ−1eD(k) (20)

Assume that U(k) is column full rank, so UT(k)Q(k)U(k) is invertible. Substitute
Equation (20) into Equation (19), and define ‖U(k)‖Q−1(k)‖2 = UT(k)Q−1(k)U(k) as the
squared weighted Euclidean norm of U(k). Then, taking the expectation on both sides and
supposing k→ +∞, we have:

lim
k→+∞

‖ŵ(k + 1)‖2
Q−1(k) − lim

k→+∞
‖ŵ(k)‖2

Q−1(k)

= lim
k→+∞

E
(

eT
b (k)

(
UT(k)Q(k)U(k)

)−1
eb(k)

)
− lim

k→+∞
E
(

eT
a (k)

(
UT(k)Q(k)U(k)

)−1
ea(k)

) (21)

It is known that ϕ goes to zero as the number of iterations increases k → ∞, so we
can get limk→+∞ E

(
UT(k)Q(k)U(k)

)
≈ limk→+∞ E(Λ(k)). Substituting Equation (20) into

Equation (21) results in:

lim
k→+∞

‖ŵ(k + 1)‖2
Q−1(k) − lim

k→+∞
‖ŵ(k)‖2

Q−1(k)

≈ µ2 lim
k→+∞

E
(

eT
D(k)Λ

−1(k)eD(k)
)
− 2µ lim

k→+∞
E
(

eT
a (k)Λ

−1(k)eD(k)
) (22)

When the algorithm is convergent and stable, ‖ŵ(k)‖2
Q−1(k) should decrease mono-

tonically, and it tends to a stable value. Therefore, the left side of the Equation (22) tends to
zero. Following this requirement, if the algorithm can converge to a stable state, µ has to
be constrained as follows:

0 < µ < 2
limk→+∞ E

(
eT

a (k)Λ−1(k)eD(k)
)

limk→+∞ E
(
eT

D(k)Λ
−1(k)eD(k)

) (23)

In a noiseless situation, eD(k) is approximately equal to ea(k), and the maximum
value for the right side of Equation (23) is two. Based on this fact, the step-size must satisfy
0 < µ < 2 when the algorithm can converge to a stable state.

Meanwhile, analyze Equation (22) again. The algorithm converges to a stable state
when the number of iterations k→ ∞, and we can know that the left side of Equation (22)
tends to zero. Let us assume that sub-band system noise ηi(k) and input signal ui(k) are
statistically independent. Equation (22) is rewritten as:

(2− µ)
N−1

∑
i=0

lim
k→+∞

E

(
e2

a,i(k)
Λ(k)

)
= µ

N−1

∑
i=0

lim
k→+∞

E

(
η2

i (k)
Λ(k)

)
(24)

Because of the inherent decorrelation property of the sub-band structure, each signal
in the sub-bands is independent by critical decimation, so Equation (24) is approximated as:

(2− µ) lim
k→+∞

E

(
e2

a,i(k)
Λ(k)

)
= µ lim

k→+∞
E

(
η2

i (k)
Λ(k)

)
. (25)

When the algorithm is effective, the disturbance of Λ(k) is small for a high-order
adaptive filter in the process of iterative convergence, such that:
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(2− µ) lim
k→+∞

E
(

e2
a,i(k)

)
E(Λ(k))

= µ lim
k→+∞

E
(
η2

i (k)
)

E(Λ(k))
(26)

Simplify Equation (26); it can be given as:

E
(

e2
a,i(∞)

)
' µ

2− µ
E
(

η2
i (∞)

)
. (27)

Then, substituting Equation (27) into Equation (22) yields the excess mean squared
error (EMSE) of the steady-state for the Sc-Arc-IPNSAF algorithm.

JEMSE(∞) =
1
N

N−1

∑
i=0

lim
k→+∞

E
(

e2
i,D(k)

)
, (28)

where σ2
ηi

expresses the variance of ηi, and its physical meaning is the power of the sub-
band system noise. Meanwhile, inserting Equation (27) into Equation (28) leads to the
theoretical steady-state EMSE, expressed as:

EMSE(∞) ' µ

2− µ

1
N

N−1

∑
i=0

σ2
ηi

. (29)

According to [28], the steady-state MSE can be calculated based on Equation (29)
as follows:

MSE(∞) ' EMSE(∞) +
1
N

N−1

∑
i=0

σ2
ηi

' 2
2− µ

1
N

σ2
ηi

(30)

The above expressions show that the steady-state EMSE and MSE depend on the
system noise of each sub-band σ2

ηi
and the number of sub-bands N, independent of G(k).

4.2. Computational Complexity

The computational complexity of the Sc-Arc-IPNSAF algorithm is analyzed and com-
pared with other referenced algorithms in this section. The computation complexity of
these algorithms is mainly represented by M, N, and the length of analysis filter L. For
the Sc-Arc-IPNSAF algorithm, the sparsity estimation of the SI channel and the coeffi-
cient calculation of the arctangent cost function need additional M/N + 4 multiplications
and 3M/N addition for each sub-band in each iteration. Moreover, the calculation of
β2(k)e4

i,D(k)/‖ui(k)‖2 needs additional M/N + 6 multiplication and M/N addition.
Table 1 shows that the Sc-Arc-IPNSAF algorithm has the highest computational com-

plexity, and the MCC algorithm is the lowest because the sparsity of the SI channel is
estimated. The coefficient of the cost function is adaptively adjusted to satisfy the SI chan-
nel with different sparsity. The Sc-Arc-IPNSAF algorithm only increases the 2M + 10N
multiplication and 3M−3N addition compared with the IPNSAF algorithm. As a compari-
son, the additional computational complexity of Sc-Arc-IPNSAF is still in the same order of
magnitude as other referenced algorithms, and it can be acceptable and easy to implement
in engineering hardware.

The memory requirements of each algorithm can be calculated according to the storage
of the filter structure and the data storage required in the iterative process. The memory
requirement of the traditional NSAF algorithm is M(N + 1) + N(3L + 4) + 2 [14]. Because
the IPNSAF algorithm needs to calculate the gain matrix, it requires an additional NM + 2
memory to store the gain matrix and the parameters compared with the NSAF algorithm.
The Sc-Arc-IPNSAF algorithm needs to store the sparsity of the SI channel ψ̂(w(k)), the
control parameters β(k), and ϕ. Therefore, it needs an additional 3N memory compared
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with the IPNSAF algorithm. Therefore, we can get the memory requirements of the
algorithms, as shown in Table 2.

Table 1. Computational complexity of updating w(k) for one iteration. MCC, maximum correntropy
criterion; IPNLMS, improved proportionate normalized least mean squares; Sc, sparsity control.

Algorithm Multiplication Addition

MCC 2M + 6 2M
Arc-NLMS 4M + 8 4M−1

Arc-IPNLMS 6M + 9 6M−2
NSAF 3M + 3NL + 1 3M + 3NL−3N

IPNSAF 5M + 3NL + 1 5M + 3NL + 2M/N−3N
Arc-NSAF 4M + 3NL + 6N + 1 4M + 3NL−3N

Arc-IPNSAF 6M + 3NL + 6N + 1 6M + 3NL + 2M/N−3N
Sc-Arc-IPNSAF 7M + 3NL + 10N + 1 8M + 3NL + 2M/N

Table 2. Memory requirements for each algorithm.

Algorithm Memory

MCC 2M + 5
Arc-NLMS 2M + 6

Arc-IPNLMS 3M + 8
NSAF M(N + 1) + N(3L + 4) + 2

IPNSAF M(2N + 1) + N(3L + 4) + 4
Arc-NSAF M(N + 1) + N(3L + 5) + 2

Arc-IPNSAF M(2N + 1) + N(3L + 5) + 4
Sc-Arc-IPNSAF M(2N + 1) + N(3L + 7) + 4

5. Simulation

The proposed algorithm is evaluated in different system identification scenarios.
Considering the application of the SI channel with variable sparsity, three different SI
channels with 512 coefficients are used in the following simulation experiments. The
impulse response of three SI channels is shown in Figure 4. For all algorithms, the initial
weight vector w(0) = 0, the initial step-size µ0 = 0.1, and the relevant parameters of the
NSAF class algorithms are set to L = 64, N = 8. Therefore, we can get that each iteration
of the proposed algorithm requires 5201 multiplications and 5760 additions according to
Table 1. The two-order autoregressive (AR(2)) signal is used as an input signal to validate
the proposed algorithm. Furthermore, SI is the communication signal leaked from the
transmitter in ISUDC, so the BPSK modulated signal as the common communication
signal is also used as another input signal to validate the feasibility of SI cancellation in
ISUDC. For the BPSK modulated signal, the frequency bandwidth is 4–8 kHz, the sampling
frequency is fs = 48 kHz, and the carrier frequency is fc = 6 kHz. The performance of the
algorithms is compared with the same number of iterations. In the simulation experiment,
when the input signal is the AR(2) signal, the number of iterations is set to 119,500, and
the number of iterations is set to 180,000 when the input signal is the BPSK signal. The
purpose of SI cancellation is to improve the performance of target parameter estimation,
and the direction of arrival (DOA) is an important estimation parameter of ISUDC, so we
compare the DOA estimation performance for the output signal after the SI cancellation.
We consider two kinds of noise models in the following simulation experiments, the white
Gaussian noise and the α-stable distribution impulsive noise.
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Figure 4. The impulse response of three SI channels with different sparsity ψ(w0).

5.1. White Gaussian Noise

When the environment noise is the white Gaussian noise and the SNR is 40 dB,
different algorithms are compared in three SI channels with different sparsity. Then,
independent Monte Carlo simulation experiments are conducted 1000 times to obtain these
results as Figures 5 and 6.

The above simulation results show the NMSD results of different algorithms when
the input signal has white Gaussian noise. As can be seen, the IPNSAF and the Sc-Arc-
IPNSAF algorithms have similar performance, and even better than the others when the
BPSK signal is input. Meanwhile, the IPNSAF and the Sc-Arc-IPNSAF algorithms have
faster convergence speed than the others with the AR(2) signal input. In comparison, the
Arc-IPNSAF algorithm without sparsity control has a slower convergence speed as the
sparsity of the SI channel increases, but it is superior to the MCC algorithm. Therefore,
the Sc-Arc-IPNSAF algorithm has excellent performance under the white Gaussian noise
environment, and it is robust to the SI channel with different sparsity.
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-35
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Sparse SI channel Quasisparse SI channel Dispersive  SI channel

Figure 5. NMSD of different algorithms in sparse, quasisparse, and dispersive SI channels, and the
input signal is the AR(2) signal.
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Figure 6. NMSD of different algorithms in sparse, quasisparse, and dispersive SI channels, and the
input signal is the BPSK signal.

5.2. Impulsive Noise

When the environment noise is the α-stable distribution impulsive noise, which is
produced by Equation (6), (α, β, γ, δ) = (1.2, 0, 0.2, 0). The power of impulsive noise is
set as σ2

I = 1000σ2
y , where σ2

y is the power of the filter output for each sub-band yi(k).
Then, different algorithms are compared in sparse, quasisparse, and dispersive SI channels
with different input signals. Figures 7 and 8 are obtained by Monte Carlo simulation
experiments conducted 1000 times.

As can be seen from Figures 7 and 8, the Sc-Arc-IPNSAF algorithm has a faster
convergence speed for different SI channels, and its NMSD is smaller when the BPSK
signal is input. Still, the NSAF and the IPNSAF algorithms are ineffective and cannot
eliminate SI normally. In addition, the Sc-Arc-IPNSAF algorithm has stable performance
for different SI channels and is better than the MCC, Arc-NLMS, Arc-IPNLMS, NSAF, and
IPNSAF algorithms when the AR(2) signal is input. Unfortunately, it is unacceptable that
the convergence speed of the Arc-IPNSAF algorithm drops sharply under the dispersive SI
channel. Therefore, the Sc-Arc-IPNSAF algorithm improves the robustness for different
sparsity SI channels with sparsity control.
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Sparse SI channel Quasisparse SI channel Dispersive  SI channel

Figure 7. NMSD of different algorithms in sparse, quasisparse, and dispersive SI channels, and the
input signal is the AR(2) signal.



Electronics 2021, 10, 196 13 of 16

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

10
5

-12

-10

-8

-6

-4

-2

0

2

4

Arc-NLMS

Arc-IPNLMS

NSAF

IPNSAF

Arc-NSAF

Arc-IPNSAF

Sc-Arc-IPNSAF

MCC

Sparse SI channel Quasisparse SI channel

Dispersive SI channel

Figure 8. NMSD of different algorithms in sparse, quasisparse, and dispersive SI channels, and the
input signal is the BPSK signal.

To compare the robustness of the algorithm with different impulsive noises, γ in
the α-state distribution function is set to different values (γ = 0.1:0.1:0.5). Monte Carlo
simulation experiments conducted 1000 times obtain the results in Figures 9 and 10.

From the simulation results, the performance of these algorithms deteriorates with
the increase of γ, and these algorithms without sparsity control fail as γ increases to some
degree. Moreover, the Sc-Arc-IPNSAF algorithm has a low steady-state NMSD for different
SI channels when the BPSK signal is the input signal. The Arc-type algorithms without
sparsity control have a significant difference in performance under the different sparsity SI
channels. The Sc-Arc-IPNSAF algorithm has stable performance for different SI channels,
and the Arc-IPNSAF has similar performance in the sparse and quasisparse SI channels.
Besides, the Sc-Arc-IPNSAF algorithm also has the best performance when the SI channel
is dispersive, but the Arc-IPNSAF algorithm has the worst performance.
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Figure 9. Steady-state NMSD with different λ for the AR(2) signal.
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Figure 10. Steady-state NMSD with different λ for the BPSK signal.

In other words, the proposed Sc-Arc-IPNSAF algorithm has good robustness and
performance for different input signals and SI channels. Especially for the BPSK communi-
cation signal, the proposed Sc-Arc-IPNSAF algorithm has the best performance compared
to the other referenced algorithms.

5.3. DOA Estimation Performance after SI Cancellation

In this simulation, consider the application of SI cancellation in ISUDC. For the
integrated system, the transmitter transmits the BPSK communication modulation signal,
and the signal parameter is as mentioned above. The receiver is an eight element uniform
line array (ULA), and the separation between the elements is a half wavelength. The
underwater speed of sound is c = 1490 m/s, and we assume that the SI direction is 0°.
In this section, the multiple signal classification (MUSIC) algorithm is used to estimate
the DOA.

Compare the beamforming spectrum of the received signal after SI cancellation by
different algorithms. In the simulation, the directions of two targets are at −5° and 5°, and
impulse noise is added to the target echo. The power of the target echo to the power of
the SI ratio is called SIR, and the SIR is −16 dB in the subsequent simulation. The spatial
spectra of the received signal after SI cancellation are as follow.

Figure 11 shows the spatial spectra of the received signal processed by different
SI cancellation algorithms under three different SI channels. We know that the target
cannot be estimated correctly without SI cancellation processing because the SI masks the
target. While the two targets can be estimated after some adaptive filtering processing,
the DOA estimation value of the received signal processed by the proposed algorithm is
closest to the real value, which indicates that the estimation accuracy is the highest. The
proposed algorithm has the optimal performance for different SI channels. Therefore, the
Sc-Arc-IPNSAF algorithm has a good effect on the SI cancellation of ISUDC.
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Figure 11. The spatial spectra.

6. Conclusions

An improved IPNSAF algorithm is proposed for the SI channel with varying sparsity
in impulsive noise, and it is called the Sc-Arc-IPNSAF algorithm. The proposed Sc-Arc-
IPNSAF algorithm has a similar performance to the original NSAF algorithm when there is
no impulsive noise. To suppress the error caused by the impulsive noise, the arctangent
cost function is introduced so that the algorithm can resist impulse noise interference.
Meanwhile, for the SI channel with varying sparsity, the sparsity of the SI channel is
estimated and used to control the weight vector further. Comparing with some referenced
algorithms, the simulation results confirm that the Sc-Arc-IPNSAF algorithm has a fast
convergence speed, low NMSD, and good robustness against impulsive noise and a variable
SI channel. From the results of DOA estimation, the SI cancellation improves the accuracy
of DOA estimation, and the proposed algorithm has better performance of SI cancellation
in ISUDC.
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