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Abstract—Impulsive noise can significantly affect the per-
formance of underwater acoustic (UA) orthogonal frequency-
division multiplexing (OFDM) systems. In this paper, by utilizing
the pilot subcarriers, we propose a novel sparse Bayesian learning
based expectation maximization algorithm for joint channel
estimation and impulsive noise mitigation in UA OFDM systems.
Moreover, an adaptive clipping threshold method together with
a minimum mean-squared error estimator are developed to im-
prove the estimation of the positions and amplitudes of impulsive
noise. The performance of the proposed algorithm is verified both
through numerical simulations and by data collected during a
UA communication experiment conducted in December 2015 in
the estuary of the Swan River, Western Australia. The results
show that the proposed algorithm is more effective in mitigating
impulsive noise than existing methods.

Index Terms—Underwater acoustic communication, OFDM,
Impulsive noise, Sparse Bayesian learning.

I. INTRODUCTION

It is well known that underwater acoustic (UA) channel
is one of the most challenging channels for wireless com-
munication because of extremely limited bandwidth, severe
fading, strong multipath interference, and significant Doppler
shifts [1]. In the past decades, the orthogonal frequency-
division multiplexing (OFDM) technology has been applied
to mitigate the inter-symbol interference (ISI) in high-rate
underwater acoustic communication systems [2]. However,
impulsive noise introduced by nature sources and human
activities can significantly degrade the performance of UA
OFDM systems [3], [4]. Thus, it is essential to estimate and
mitigate impulsive noise in UA communication systems.

One class of impulsive noise mitigation methods first find
the impulsive noise positions by threshold testing and then
use blanking or clipping methods to adjust impulsive noise
dominated samples [5]. However, these methods may destroy
the received signals. Moreover, a fixed threshold is usually
used in these methods which is not adaptive to time-varying
received signals and noise. Another class of impulsive noise
mitigation techniques exploit the sparsity of impulsive noise
and the structure of OFDM signals [6]-[10]. Recently, a joint
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channel estimation and impulsive noise mitigation method has
been proposed in [11], which has an improved performance
compared with traditional least-squares (LS) based channel
estimation methods and blanking based impulsive noise miti-
gation approaches.

In this paper, considering the sparsity of channel impulse
response and the impulsive noise of UA channels, we propose
a sparse Bayesian learning (SBL) [12]-[14] based expectation
maximization (EM) algorithm to jointly estimate the channel
impulse response and the impulsive noise by utilizing the
received signals at the pilot subcarriers. Moreover, compared
with traditional fixed threshold testing methods, an adaptive
clipping threshold method [15] is applied to further improve
the accuracy in estimating the positions of impulsive noise.

The proposed algorithm is evaluated and compared with
existing methods through numerical simulations and by real
data collected during a UA communication experiment con-
ducted in December 2015 in the estuary of the Swan River,
Western Australia. Both simulation and experiment results
show that compared with existing methods, the proposed
algorithm is more effective in mitigating impulsive noise in
UA OFDM systems than existing methods, and achieves an
improved system bit-error-rate (BER) and frame-error-rate
(FER) performance.

II. SYSTEM MODEL

We consider a frame based coded OFDM system with
N, subcarriers [11], which contains N subcarriers for data
transmission, N, uniformly spaced pilot subcarriers and N,
null subcarriers at each edge of the passband. In each frame, an
Ly, long binary source data stream b is encoded, interleaved,
and punctured to form a coded sequence c with a length of
L. = R,,N;N,, where R,, is the modulation order and IV,
denotes the number of OFDM blocks in one frame. Then the
coded sequence c is mapped into N N, data symbols by the
phase-shift keying (PSK) or quadrature amplitude modulation
(QAM) constellations.

Through the inverse discrete Fourier transform (IDFT), the
baseband signal in the time domain of one OFDM symbol can



be expressed as

x =FHd )]
where ()H stands for Hermitian transpose, F is an N. x N,
normalized DFT matrix, and d is the transmitted OFDM
symbol vector. To prevent ISI caused by multipath fading,
the transmitter then inserts the cyclic prefix (CP) with a
length of T¢, in front of each OFDM symbol. We assume
that the subcarrier spacing is fs.. Thus, the bandwidth of the
transmitted signal is B = fs.N,, the duration of one OFDM
symbol is T = 1/ f,., and the total length of one OFDM block
is Ttotal =T+ T(;p.

After the frequency offset compensation, downshifting, low-
pass filtering, sampling, and removing the cyclic prefix, the
time domain and frequency domain received signal vectors
can be written as

r, = FIDFh, + v; + w, )
I‘fZth—FVf +wy 3

where D = diag(d) is a diagonal matrix taking d as the main
diagonal elements, v; and w; are the time domain impulsive
noise and the background Gaussian noise vectors, respectively,
h; denotes the time domain channel impulse response, hy =
Fhy, vy = Fv,, and w; = Fwy.

I11I. THE PROPOSED APPROACH

In this section, we propose an SBL based joint channel and
impulsive noise estimation algorithm, where the estimation of
the channel impulse response and impulsive noise is converted
to solving an under-determined linear regression problem
under sparsity constraints. Compared with various compressed
sensing algorithms, sparse Bayesian learning has attracted
increasing attention due to its improved robustness over greedy
algorithms such as the orthogonal matching pursuit (OMP).

Let us introduce an N, x N, matrix P which selects IV, pilot
subcarriers out of total N, subcarriers. From (3), the received
signal vector at the pilot subcarriers is given by

rp, = Dyhy + vy +w, 4

where D, = diag(d,), d,, is the pilot sequence, h, contains
the channel frequency response at pilot subcarriers, v,, = Pvy,
and w, = Pwy.

By introducing hy,; = Ff'h,, and v, = F/'v,, where F,
is an N, x N, DFT matrix, (4) can be rewritten as

rp=DpFhy ¢ + Fpvp +wp
=M0 +w, 5)

where M = (D, F,,.F), 6 = (h],, vl )T, and (-)” denotes
transpose. Since w,, is Gaussian, @ can be estimated from
(5) using the LS method [11]. However, as the UA channel
is sparse, only a few entries of hy,; are non-zero, and v ;
can be viewed as a ‘fold-and-add’ version of v which can be
considered to be sparse as well. Thus, € is a sparse vector. In
this case, the LS estimator may result in over-fitting. To solve
this issue and improve the accuracy of estimation, we apply
the SBL method by considering the sparsity of 8.

We assume that w,, has independent and identically dis-
tributed complex Gaussian entries with zero mean and variance
B~1. Thus, the likelihood of (5) can be written as

p(rpl6, 8) = (B/m)"" exp(—Br, —MO|*)  (6)

where || - || denotes the Euclidean norm of a vector. To avoid
over-fitting, we assume that @ has a complex Gaussian prior
distribution with zero mean and variance o; ! for its ith entry

as
N,

p(0la) = 7= [ i exp(—6" diag(c)) (1)

i=1

where a = [a1,...,an,]T. To avoid over-parameterization,
we treat the parameters o and 3 as random variables

NT’
pla) = [[1(eisa,b), p(B)=~(Bscd)  (8)
=1

where «(-) denotes the Gamma distribution and «a, b, c,d are
parameters of the Gamma distributions.

The estimation of @ requires the calculation of the posterior
distribution, which from the Bayes’ rule is given by

p(rp|0, e, B)p(0, @, B)
p(rp)

where p(r,) = [ p(r,|0. «, 8)p(6, e, B) dOdexd cannot be
directly calculated. Interestingly, p(0, o, B|rp) can be decom-
posed as

P, e, flry) =

&)

p(0, 0, B|ry) = p(Or,, a0, B)p(ex, Blry). (10)

where
p(rp|0, B)p(0]cx) p(rp|0, B)p(6]cx)
p(Olrp, a0, B) = = .
Ok D)= s B) — To(r,l6, A)p(6la) @
Note that the numerator of (11) is the product of two Gaussian

density functions and the denominator of (11) is the convolu-
tion of them. From (6) and (7), we have

p(Olry, e, f) = 7= N[ exp(—(6-p) BT (6-p)) (12)

where (-)~! and |-| 7! denote matrix inversion and determinant,
respectively, and

Y = (MM + diag(a))™'  p=pEMr,. (13)
Based on (12), the optimal @ is given by
0=p (14)

which depends on « and 3 as seen from (13).

The optimal o and [ are obtained by maximizing
p(a, BIrp) in (10). However, p(cx, 8|rp) cannot be expressed
in analytic form. To solve this issue, we apply the EM algo-
rithm as follows. From (6)-(8), we obtain the log-likelihood
function as

L =n(p(ry|6, 5)p(6la)p(a)p(B))- (15)
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Fig. 1. Block diagram of the proposed SBL estimation algorithm.

By ignoring the terms in (15) that are independent of o, we
can obtain the optimal o« by maximizing

Epor,.c.p) In(p(0]a)p(cr))] (16)

where E,g|r, o 8)[] stands for the expectation with respect
to the distribution in (12). By setting the derivative of (16)
with respect to «; to zero, we obtain

a+1

=T =1
b+ o+ [pil?

¥ N (17)
where o;; and f; denote the (4,%)-th element of ¥ and
the ith element of g in (13), respectively. Similarly, 3 can
be optimized by maximizing Ey,g|r,.«,3) (In(p(r,|6, B)p(5))].
leading to

B=(c+N,)/d

where d = d+rr, —rMp — pMr, + tr(MEMT) +
pHMHZ My and tr(-) denotes the matrix trace. We update 3,
1, o, and [ iteratively following (13), (17), and (18). After the
convergence of the algorithm, the sparse 0 is obtained as (14).
The procedure of the proposed SBL-EM estimation algorithm
is shown in Fig. 1.

In order to use v, (5) estimated from the SBL-EM algo-
rithm above to obtain an estimation of v; in (2), the positions
of the impulsive noise also need to be known. Towards this
end, we utilize a threshold test to collect the positions of
possible impulsive noise in (2) into a set Z; which satisfies

Ire(Z1(3))|* > G, (19)

(18)

i=1,...,N;

where G is the average power of the received signal, N7 is the
number of possible impulsive noise, and a constant threshold
7 is chosen in many existing works.

To improve the accuracy of estimating the impulsive noise
positions, in this paper we apply an adaptive thresholding
method which relies on the energy of the signal and noise
and is given by [15]

(20)

2 _ 2 2 2 _ 2 2 2 2 2
where o = o5 + 0}, 0 = 05 + 0, 05, 0., and o} are the

variances of the signal, the Gaussian noise, and the impulsive

noise, respectively. In practice, o, and o, can be estimated
from (2) according to [15].

Let us introduce v; as a vector which contains all the Ny
samples of impulsive noise in one OFDM block. Thus, the
impact of v on the IV, pilot subcarriers can be written as

vy, = PFAv; 21

where A is an N, x N matrix indicating the position of the
impulsive noise given by

{1, i=Zr(k),k=1,...,N;
Oi ke =

0, otherwise. (22)

After the positions of impulsive noise are obtained, a minimum
mean-squared error (MMSE) estimator is applied to estimate
Vi as

V= (FF] + (02 /0])In,) ' FiFv,, (23)

where Iy, is the Ny x Ny identity matrix, F;y = PFA, and
Vp.¢ is the estimated v ;.

IV. SIMULATION RESULTS

In this section, we study the performance of the proposed
algorithm through numerical simulations. In the simulations,
the UA OFDM system has 512 subcarriers, which contains 325
data subcarriers, 128 pilot subcarriers for channel estimation,
and 59 null subcarriers. The data symbols are modulated by
1/3 rate turbo encoded QPSK constellations, while the pilot
symbols are modulated by QPSK constellations. Considering
the code puncturing, the number of information-carrying bits
in each frame is L, = 1088. Thus the system source data rate
is B I,

(T +Tep)(Np + 1)

The multipath channel assumed in the simulation consists of
15 discrete paths, where the time delay between two adjacent
paths follows the exponential distribution with a mean value
of 1 ms. The phase of each path follows a uniform distribution
between —m and 7 and remains constant for each channel re-
alization. The amplitudes of the paths are Rayleigh distributed
with variances following an exponentially decreasing profile.
The ratio of the channel variances between the start and the
end of the CP is 20dB. We introduce u = v; + w; as the
composite noise in (2). A Gaussian mixture model [10] is
used to generate the composite noise with a probability density
function (pdf) of

Ry = 1.19kb/s. 24)

K
fw) =Y aN(0,07), i=1,---,N. (25

k=1

where N(0,0%) denotes a complex Gaussian pdf with zero
mean and variance o7, and g, is the mixing probability of
the k-th Gaussian component with 21{;1 g, = 1. In the
simulations, similar to [16], we choose K = 2, ¢ = 0.98,
q2 = 0.02, 07 = 02, and 03 = 0. The signal-to-noise ratio
(SNR) is defined as SNR = 02 /02, and the impulsive noise

to background noise ratio is defined as INR = 02 /02,
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Fig. 2. BER performance of various algorithms versus SNR.

The BER of the proposed SBL-EM algorithm, the conven-
tional blanking algorithm, and the JCINE+LS INC algorithm
in [11] is shown in Fig. 2 versus the SNR with INR=26dB,
where AT means adaptive threshold. It can be observed that the
proposed SBL-EM algorithm has a gain of approximately 3dB
compared with the JCINE+LS INC algorithm at high SNRs.
Moreover, we can see from Fig. 2 that the adaptive threshold
can further improve the system BER performance.

V. EXPERIMENT RESULTS AND DISCUSSIONS

In this section, the proposed algorithm is applied to process
the data recorded during a UA communication experiment
conducted in December 2015 in the estuary of the Swan River,
Western Australia. The locations of the transmitter and receiver
was 936 meters as shown in Fig. 3. Both the transmitter
transducer and the receiver hydrophone were mounted above
the river bed on steel frames and were cabled to shore so
that we can ignore the Doppler shift of the channel during
the experiment. As the receiver hydrophone was located in
warm shallow water close to a jetty, there was a significant
amount of highly impulsive snapping shrimp noise. Another
source of impulsive noise during the experiment was from
waves breaking at the jetty piers whose intensity increases
with the wind speed.

Key parameters of the experimental system are summarized
in Table I. Similar to the numerical simulations, the pilot
symbols are modulated by QPSK constellations. The data
symbols are modulated by QPSK constellations encoded by
either 1/2 or 1/3 rate turbo codes. Each transmission contains
500 frames with 250 frames for each coding rate. The data
files recorded at the receiver during three transmissions were
named T83, T84, and T85, respectively.

The proposed algorithm is applied to process the received
data. The performance of the following impulsive noise esti-
mation and mitigation algorithms are compared in Tables II-
IV for the T83, T84, and T85 files, respectively.

Fig. 3. Transmitter and receiver locations during the experiment.

TABLE 1
EXPERIMENTAL SYSTEM PARAMETERS

Number of OFDM blocks | N 5
Bandwidth B 4 kHz
Carrier frequency fe 12 kHz
Sampling rate fs 96 kHz
Subcarrier spacing fse | 7.8 Hz
Length of OFDM symbol T 128 ms
Length of CP Tep 25 ms

e LS channel estimator after blanking of the impulsive
noise samples detected at the position of Zj.

¢ JCINE algorithm with the LS based INC [11].

o Proposed SBL-EM algorithm.

o Proposed SBL-EM algorithm with adaptive threshold.

It can be seen from the results in Table II that since the
signals in the T83 files are only slightly affected by impulsive
noise, all four algorithms are able to obtain zero coded BER
and FER. Moreover, the proposed SBL-EM and adaptive
threshold algorithms yield a lower raw BER than existing
methods.

As the signals in the T84 file are severely affected by
impulsive noise, it can be seen from Table III that the existing
LS+blanking and JCINE+LS INC algorithms have a very high
FER with the 1/2 coding rate signals. However, the proposed
algorithm has around 2% reduction in the raw BER, 7%
reduction in the coded BER, and 35% reduction in the FER for
the 1/2 coding rate signals. Moreover, for the 1/3 coding rate
signals, the proposed algorithm reduces the FER from 4.1%

TABLE II
PERFORMANCE COMPARISON FOR THE T83 FILE
Coding rate Method Raw BER  Coded BER  FER
LS+blanking 5.2% 0 0
13 JCINE+LS INC 3.5% 0 0
- SBL-EM 1.8% 0 0
SBL-EM+AT 1.6% 0 0
LS+blanking 4.7% 0 0
12 JCINE+LS INC 3.3% 0 0
SBL-EM 1.9% 0 0
SBL-EM+AT 1.6% 0 0




TABLE III
PERFORMANCE COMPARISON FOR THE T84 FILE

Coding rate Method Raw BER  Coded BER FER
LS+blanking 15.5% 1.3% 7.3%
13 JCINE+LS INC 14.7% 0.5% 4.1%
SBL-EM 11.9% 0.07% 0.4%
SBL-EM+AT 11.6% 0.04% 0.4%
LS+blanking 14.6% 15.9% 84.7%
11 JCINE+LS INC 13.5% 11.1% 62.9%
SBL-EM 11.4% 3.9% 27.7%
SBL-EM+AT 11.1% 3.4% 23.1%
TABLE IV
PERFORMANCE COMPARISON FOR THE T8S5 FILE

Coding rate Method Raw BER  Coded BER FER

LS+blanking 11.2% 0 0

13 JCINE+LS INC 9.1% 0 0

- SBL-EM 5.6% 0 0

SBL-EM+AT 5.3% 0 0
LS+blanking 11.7% 3.9% 24.8%
11 JCINE+LS INC 9.8% 0.5% 5.2%
SBL-EM 6.8% 0.2% 1.8%
SBL-EM+AT 6.5% 0.1% 1.4%

to 0.4%.

As the signals in the T85 file suffer from middle level
impulsive noise, it can be seen from Table IV that for the 1/3
coding rate signals, all four algorithms can obtain zero coded
BER and FER. For the 1/2 coding rate signals, the proposed
algorithm introduces around 3% decrease in the raw BER and
FER. From Tables II- IV, we can conclude that the proposed
algorithm has a better performance than existing methods.

VI. CONCLUSION

We have proposed a novel algorithm for improving the
performance of UA OFDM systems in the presence of im-
pulsive noise. To estimate and mitigate impulsive noise, we
have developed an SBL-EM algorithm together with adaptive
threshold for joint channel and impulsive noise estimation
from the received signals. We have verified the performance
of the proposed algorithms through numerical simulations and
by data collected during a UA communication experiment.
Compared with existing methods, the proposed algorithm can
significantly improve the performance of UA OFDM systems
under various environments.
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