
SIP (2020), vol. 9, e23, page 1 of 8 © The Author(s), 2020 Published by Cambridge University Press. This is an Open Access article, distributed under the terms of the Creative
Commons Attribution licence (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution, and reproduction in any medium, provided the
original work is properly cited.
doi:10.1017/ATSIP.2020.22

original paper

An SMLB-based OFDM receiver over impulsive
noise environment
chengbo liu,1 na chen,1 minoru okada1 and yafei hou2

The impulsive noise (IN) damages the performance of wireless communication in modern 5G scenarios such as manufacturing
and automatic factories. The proposed receiver utilizes constant false alarm rate to obtain the threshold and combines with
blanking to further improve the performance of the conventional blanking scheme with acceptable complexity. The simulated
results show that the proposed receiver can achieve a lower bit error rate even if the probability of IN occurrence is very high
and the power of the IN is much larger than that of the background noise.
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I . I NTRODUCT ION

Nowadays, to satisfy the requirement of ubiquitous wire-
less communications anytime, anywhere, and anyone, more
and more new devices are being developed exponentially
[1]. In order to support the data traffic due to more and
more devices subscribed, 5G wireless communication is
expected to achieve 1000 times highmobile data volume [2].
However, the microwave spectrum allocation cannot sat-
isfy the huge amount of the 5G wireless communication;
therefore, the untapped frequency such as the millimeter
band (mmWave) is expected to mitigate the burden [3].
Generally, mmWave wireless communication is only ana-
lyzed under the background noise. However, the impulsive
noise (IN) due to the monitoring applications, ignitions of
mobile vehicles [4, 5] also increases the bit error rate (BER)
which causes the problem of the connectivity reliability and
increases the transmission latency in the event of packet loss
[6] in a harsh industrial environment [7, 8] which requires
low latency and high reliability. Therefore, it is vital to mit-
igate the impact of the IN in the ultra-reliable low-latency
communication (URLLC) [9, 10].

Orthogonal frequency division multiplexing (OFDM)
technology is widely utilized in many wireless applica-
tions including ISDB-T [11] and 5G [12]. A OFDM system
achieves high spectral efficiency and robustness with mul-
tipath fading and IN [13]. However, the IN is unneglectable
when the interference power of the IN is very large [13].
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Blanking, clipping, and the combination of the blanking
and clipping are the conventional methods to reduce the
impact of the IN [14–18]. The drawback of these methods
is degradation of the performance when the useful signal is
mistaken as the IN. Therefore, it is challenging to obtain the
optimal threshold in order to judge the true useful signal or
the IN. Zhidkov [17] has proposed amethod to find the the-
oretical threshold value and Epple and Schnell [18] further
proposed a method using an adaptive threshold to mitigate
the impact of the IN. However, these methods require the
parameters of the IN model. On the other hand, Miyamoto
et al. [19] have proposed the maximum likelihood sequence
estimation (MLSE) decoding which compares the received
signal with all possible candidates and decides the best sig-
nal to improve the performance of single carrier systems
over the environments with large IN. Although the sys-
tem delivers good performance, the complexity is very high.
Especially, the complexity of OFDM with MLSE increases
exponentially with the number of subcarriers. As amatter of
fact, SML has been proposed in [20] to improve the perfor-
mance of OFDM and Hou and Hase [21] further show that
SML-based OFDM can reconstruct the original signal even
if only successive time-domain symbols are missing due to
packet loss and the assumption is that noise only includes
additive white Gaussian noise (AWGN) noise.

We propose a OFDM receiver utilizing the combination
of suboptimal MLSE and blanking (SMLB) to improve the
performancewith an acceptable complexity. In addition, the
proposed system utilizes constant false alarm rate (CFAR)
[22] to obtain the location of the IN by distinguishing
the mixed signal including transmitted signal, background
noise, and the IN term [23, 24]. On the other hand, sub-
optimal MLSE (SML) is utilized in the frequency domain
to reconstruct the signal after blanking the time-domain
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Fig. 1. Structure of the proposed system.

signal. The simulated results show that the proposed system
has better performance compared to that of the conven-
tional OFDM with blanking when the power ratio of the
IN to the background noise is large in both non-fading and
fading channel models.

The remainder of the paper is organized as follows.
Section II describes the structure of the system model.
The proposed receiver is explained in detail in Section III.
Section IV shows the simulated results over the IN envi-
ronment including the non-multipath andmultipath fading
channel. Finally, the above-mentioned content is concluded
in Section V.

I I . SYSTEM MODEL

Let Xp = [xp(0), . . . , xp(N − 1)]T represent the M-QAM
modulated data stream in the frequency domain with N
subcarriers in the pth OFDM symbol. As Fig. 1 shows
that the modulated data bits are transmitted through
inverse fast Fourier transform and cyclic prefix (CP) to
obtain the time domain symbols sp = [sp(N − Ncp), . . . ,
sp(N − 1), sp(0), . . . , sp(N − 1)]T . Here Ncp is the length of
CP and the power of the transmitted signal σ 2

s is calculated
as (1/2)E{|sp|2}.

In this paper, Bernoulli–Gaussian (BG) [25] is utilized as
the IN model for the convenience of analyzing the perfor-
mance of the proposed system. Note that it can be extended
to the other famous IN models such as Middleton Class A
model, Gaussian mixture model [26, 27]. The noise in this
paper is given by

np = wp + ip (1)

where wp = [wp(0), . . . ,wp(N − 1)]T is the background
noise and ip = [ip(0), . . . , ip(N − 1)]T is the IN which is
expressed as

ip(k) = bp(k) × gp(k), k = 0, 1, . . . ,N − 1. (2)

Here, gp(k) is the complex white Gaussian noise with zero
mean and ασ 2

g variance (i.e. α shows that how larger the IN
is than the background noise). bp(k) is the Bernoulli pro-
cess with probabilityG(bp(k) = 1) = q (i.e.G(bp(k) = 0) =
1 − q). The noise can be generated by the probability density
function of the BG which is described as

F(np) = (1 − q)N (np; 0, σ 2
g ) + qN (np; 0,ασ 2

g ) (3)

where q is the probability of the IN occurrence and
N (np, 0, σ 2

m) follows the Gaussian distribution.

I I I . PROPOSED RECE IVER

At the receiver side, the received symbols yp are expressed
as

yp = hp ⊗ sp + wp + ip (4)

where hp = [hp(0), hp(1), 0, . . . , 0]T is the channel impulse
response for the two-path Rayleigh fading model. If the
received symbol’s power is greater than the threshold
obtained by the CFAR detector, then the symbol is blanked.
Here, the threshold can be derived based on the variance
of the received symbols σ 2

r and the probability of false-
alarm (Pfa). The assumption of the system is that OFDM
signal can be modeled as a complex Gaussian process with
Rayleigh envelope distribution when the number of subcar-
riers is sufficient large [17] in the case of only AWGN exists.
Based on [17], the received symbols |yp| follow the Rayleigh
distribution. The Pfa of |yp| is expressed as

FPfa(TB; σ 2
r ) = e(−T2

B/2σ
2
r ), (5)

where TB is the blanking threshold. Therefore, TB can be
obtained as

TB =
√

−2σ 2
r ln(FPfa), (6)
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given FPfa. The blanked symbols are described as

ŷp =
{
yp |yp| � TB

0 otherwise
(7)

After removing CP and accomplishing FFT, we utilize SML
to reconstruct the original symbols. The output of SML can
be represented as

X̃p = arg min |Zp − HpX̂p|2 (8)

with Zp = [z(0), . . . , z(N − 1)]T , X̂p = [x̂(0), . . . ,
x̂(N − 1)]T and x̂(i) ∈ {−1, 1} for BPSK. Here we assume
that the channel is perfectly detected. Therefore,Hp can be
written as

Hp =

⎡
⎢⎢⎢⎢⎣

Hp(0) 0 . . . 0
0 Hp(1) . . . 0
...

... . . .
...

0 0 . . . Hp(N − 1)

⎤
⎥⎥⎥⎥⎦ (9)

Aswe know, the computational complexity ofMLSEused
in the OFDM system increases exponentially asNP with the
number of subcarriers N and the number of constellation
subsets P (i.e. P ∈ {−1, 1} for BPSK). In order to reduce the
complexity, the proposed receiver utilizes SML whose com-
plexity increases linearly as MP by limiting the candidate
constellation points to a given numberM in every iteration.

We define X̂(i)(j) as the jth candidate constellation points
of the ith iteration process. Note that we omit the subscript
p from the above-mentioned parameters for the conve-
nience of analyzing the impact of SML. The steps of SML
can be described as follows:

Step 1: Assume that P is the number of constellation sub-
sets of {−1, 1} for BPSK. We define N points as X̂(1)(u) =
[x̂(0), . . . , x̂(U − 1), . . . , 0] with x̂(k) ∈ {−1, 1} and k ∈
[0, . . . ,U − 1]. In other words, there are PU kinds of
X̂(1)(u) (i.e. u ∈ [1, . . . ,PU]). Note that U denotes the
number of candidate constellation points in the first-
iteration process. Ẑ(1)

u = [z(1)
u (0), . . . , z(1)

u (N − 1)] are pre-
sented as

Ẑ(1)
u = HX̂(1)(u). (10)

Therefore, the Euclidian distances d(1)
u between Ẑ(1)

u and
received samples Z are evaluated as

d(1)
u =

U−1∑
l=0

|ẑ(1)
u (l) − z(l)|. (11)

Here there are PU kinds of Ẑ(1)
u generated. After sort-

ing d(1)
u by ascending order, the corresponding first

M(M < PU) Ẑ(1)
u are selected to continue to the next iter-

ation as Ẑ(1)
(r) (r = 1, . . . ,M) with corresponding X̂(1)(u)

which are stored as X̂(1)(r) (r = 1, . . . ,M).

Step 2: Redefine the N samples X̂(2)(u) (u = 1, . . . ,MP) as
X̂(2)(u) =[X̂(1)(r), x̂(i), 0, . . . , 0] and x̂(i) ∈ {−1, 1}. There-
fore, MP kinds of vector Ẑ(2)

u = [ẑ(2)
u (0), . . . ẑ(2)

u (N − 1)]
are presented as

Ẑ(2)
u = HX̂(2)(u). (12)

TheEuclidian distancesd(2)
u (u = 0, . . . ,MP − 1)between

Ẑ(2)
u and the received samples Z are evaluated by

d(2)
u =

U∑
l=0

|ẑ(2)
u (l) − z(l)|. (13)

The first M Ẑ(2)
u , which are smaller Euclidian distances,

are selected as Ẑ(2)
(r)(r = 1, . . . ,M) from MP kinds of

Ẑ(2)
u with corresponding X̂(2)(u) which are stored as

X̂(2)(r) =[x̂(0), . . . , x̂(U − 1), x̂(U)](r = 1, . . . ,M).
Step 3:MP kinds of Ẑ(N−U+1)

u are obtained by repeating step
2 (N − U) times. Finally, the vector X̂(N−U+1)(1), which is
the minimum Euclidian distance, is the desired result.

I V . PERFORMANCE EVALUAT ION
AND D ISCUSS ION

A) Proposed receiver for the non-multipath
fading channel
The Pfa versus threshold and BER performance versus
threshold are described in Fig. 2. The proposed system can
obtain better performance than that of the conventional
blanking system in certain range. For example, Fig. 2(a)
shows that the best BER of the conventional blanking sys-
tem is 9.4 × 10−5, whereas the best BER of the proposed sys-
tem is 7.8 × 10−8 (i.e. N = 128). Thus, in Fig. 2(b), the BER
of the proposal can reach 2.0 × 10−4 (i.e. N = 128) com-
pared to that of the conventional blanking system whose
BER is 5.4 × 10−3 in the optimal threshold. The numer-
ous simulated results showed that it is the optimal thresh-
old when Pfa is about 1.0 × 10−3 (i.e. q = 0.01) and Pfa is
about 1.0 × 10−2 (i.e. q = 0.1) given Eb/No= 20 dB. Implic-
itly, the proposed system has best BER value with Pfa =
1.0 × 10−3 in Fig. 3(a) and Pfa = 1.0 × 10−2 in Fig. 3(b)
when Eb/No= 20 dB. In addition, the BER performance
withN = 128 is better than that ofN = 64 in both systems.

Figure 3 shows the performance of the proposed system
over the non-multipath fading channel. The proposed sys-
tem can obtain better performance compared to that of the
conventional with orwithout blanking and clipping process.
For example, in Fig. 3(a), the proposed system can obtain
about 10 dB Eb/No improvement to achieve BER= as 1.9 ×
10−5 when Pfa = 0.001. On the other hand, the curve in
Fig. 3(b) is increasing upward after Eb/No= 15 dB, but it
is still better than that of the conventional system. The
reason is that when Eb/No becomes larger, the power of
the Gaussian noise becomes smaller, however the IN and
the expected signal are mixed due to large α although
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Fig. 2. Pfa versus threshold, BER performance versus threshold for compar-
ison of the conventional blanking system and the proposed system without
CFAR detector in the non-multipath fading channel with q = 0.01, 0.1 and
α = 1000 given Eb/No= 20 dB when N = 64, 128. (a) q = 0.01,α = 1000. (b)
q = 0.1,α = 1000.

the expected signal can be separated from the background
noise. In addition, the performance of the OFDM with
blanking may be better than that of OFDM with clipping
(e.g. Fig. 3(b)) which has similar conclusion to [15]. Note
that SML itself does not have an impact on the performance
in IN environment. As a matter of fact, Hou and Hase [21]
have mentioned that a partial duration of the OFDM sym-
bols (i.e. add zeros at the end of the received partial signal)
can be recovered by SML under the assumption of only
AWGN noise exists. Namely, the combination of SML and
zero addition which is used to replace the missing part can
improve the performance in the AWGN noise. In our case,
the blanked part which is regarded as the IN is set to zero
(i.e. the other part is only affected byAWGN), SML recovers
the blanked signal.

Figure 4 shows the BER performance of the proposed
system versus conventional with and without blanking sys-
tem when q = 0.1 and different α. The simulated results
show that the proposed system has more ability to improve
the performance with increasing α compared to that of the
conventional system. When α is small, namely, it is difficult
to distinguish the difference between the symbols affected
by only background noise or IN. The OFDMwith blanking
and the proposed system cannot mitigate the impact of the
IN. However, when α is large, the proposed system can fur-
ther improve the BER performance of the OFDM with the
blanking system. In addition, generally, moderate or high q
and α are more valuable to discuss since IN is a dominant
factor to affect the performance of the system.

Fig. 3. BERperformance versus Eb/No for comparison of the conventional with
or without blanking system and the proposed system in the non-multipath fad-
ing channel with q = 0.01, 0.1 and α = 1000 given Pfa (Pfa = 0.001 and 0.01).
(a) q = 0.01,α = 1000. (b) q = 0.1,α = 1000.

Fig. 4. BER performance versus Eb/No for comparison of the conventional
with or without blanking system and the proposed system in the non-multipath
fading channel with q = 0.1 and α = 10, 100, 1000 given Pfa = 0.01.

On the other hand, the proposed system can adjust the
number of candidates (i.e. M= 32 in this paper) to meet
the demand of the trade-off between the BER performance
and complexity. The complexity of the proposed system is
PU+k × (N − U − k)(MP). Note that M is the number of
the candidates in every iteration, P is the number of the
constellation, U is the initial number of subcarriers uti-
lized, N is the number of the subcarriers, and k is the (k +
1)th iteration where the number of candidates is less than
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Fig. 5. BER performance versus Eb/No for comparison of the conventional
with or without blanking system and the proposed system using differ-
ent number of candidates (M) in the non-multipath fading channel with
q = 0.01, 0.1 and α = 1000 given Pfa (Pfa = 0.001 and 0.01) when N = 128. (a)
q = 0.01,α = 1000. (b) q = 0.1,α = 1000.

M. In this paper, the complexity of the proposed system
is 25 × (123 × 32 × 2) with M = 32,P = 2,N = 128, and
U = 3. When M = 16, the complexity is 24 × (124 × 16 ×
2) etc. Figure 5(a) shows that when q = 0.01,α = 1000, the
BER performance of the system with M = 8, 16 is almost
the same as that of the system withM = 32. When q = 0.1
as described in Fig. 5(b), the proposed system has worse
degradation with M decreasing (i.e. Pfa = 0.01), however,
the proposed system still has better performance than that
of the conventional blanking scheme.

BesidesM, U is another parameter of the SML method.
When U � log2M, the performance or complexity of sys-
tem is the same as that of the systemwithU = log2M, since
the removed possible candidates start from the case that the
number of candidates is larger thanM. When U > log2M,
the complexity increases with larger U. The BER perfor-
mance versus Eb/No with different U is described in Fig. 6.
The simulated results show that small ormoderateU has no
effect on the performance of the system whether moderate
or high q and α. For highU, the complexity of the system is
approaching to that of the system usingMLSE. Therefore, it
is not meaningful from the view of SML concept.

Fig. 6. BER performance versus Eb/No for comparison of the conventional
with or without blanking system and the proposed system using different
initial number of subcarriers (U) in the non-multipath fading channel with
q = 0.01, 0.1 and α = 1000 given Pfa (Pfa = 0.001 and 0.01) when N = 128. (a)
q = 0.01,α = 1000. (b) q = 0.1,α = 1000.

B) Proposed receiver for the multipath fading
channel
Figure 7 describes the Pfa versus threshold and BER per-
formance versus threshold in the two-path Rayleigh fading
channel. The simulated results show that the proposed sys-
tem can further improve the BER performance of OFDM
with blanking when the appropriate threshold is chosen.

The parameter and configuration of the proposed sys-
tem in the two-path Rayleigh fading channel are shown in
Table 1. Figure 8 shows that when α = 1000, the proposed
systemhas better performance than that of the conventional
with or without blanking and clipping system. For exam-
ple, the proposed system can achieve about 7 dB Eb/No
improvement with BER= 2 × 10−2 given Pfa = 0.001 in
Fig. 8(a). Therefore, the proposed system can achieve the
performance improvement by adjusting Pfa value when α is
very large.

Figure 9 describes the performance of the proposed sys-
tem with α varying in the fading channel. When α = 10,
blanking method is not useful, however, SMLB method
can improve the performance of the blanking. When α =
100, the performance is close to that of the system with-
out blanking. The proposed system can achieve about 5 dB
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Fig. 7. Pfa versus threshold, BER performance versus threshold for comparison of the conventional blanking system and the proposed systemwithout CFARdetector
in the two-path Rayleigh fading channel with q = 0.01, 0.1 and α = 1000 given Eb/No= 20 dB when N = 64, 128. (a) q = 0.01,α = 1000. (b) q = 0.1,α = 1000.

Fig. 8. BER performance versus Eb/No for comparison of the conventional
with or without blanking system and the proposed system in the two–
path Rayleigh fading channel with q = 0.01, 0.1 and α = 10, 1000 given Pfa
(Pfa = 0.001 and 0.01). (a) q = 0.01,α = 1000. (b) q = 0.1,α = 1000.

Eb/No improvement with BER= 2 × 10−2 given Pfa = 0.01
when α = 1000. Therefore, the proposed system is able to
obtain better performance than that of the system with or
without blanking.

In Fig. 10, the performance of the proposed system with
M = 8 is almost the same as that of the system with M =
32 whether q = 0.01 or q = 0.1. Therefore, the complexity
can be further reduced compared to that of the system with
M = 32 in the Rayleigh fading channel.

Table 1. Parameter and configuration of the proposed system

Parameter Configuration

FFT size 128
Number of symbols 10
CP 32
Modulation BPSK
q 0.01, 0.1
α 1000
Channel model Two-path Rayleigh fading channel
Noise model BG noise model
Channel estimation Perfect channel estimation
SML (U,M) (3, 32)

(U,M): U is the number of subcarriers used in the first iteration andM
is the number of the candidate values in every iteration.

Fig. 9. BER performance versus Eb/No for comparison of the conventional
with or without blanking system and the proposed system in the two–
path Rayleigh fading channel with q = 0.1 and α = 10, 100, 1000 given Pfa
(Pfa = 0.01).

C) Application of the proposed receiver in the
5G systems
Juwono et al. [6] show that IN besides background noise
is also one of the factors which affects the performance of
the system in a harsh industrial factory which requires low
latency and high reliability, namely, it refers to the URLLC
which is mainly utilized for automatic factory, real-time
remote control [28]. It is challenging since IN results in the
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Fig. 10. BER performance versus Eb/No for comparison of the conventional
with or without blanking system and the proposed system using different
number of candidates (M) in the two-path Rayleigh fading channel with
q = 0.01, 0.1 and α = 1000 given Pfa (Pfa = 0.001 and 0.01) when N = 128. (a)
q = 0.01,α = 1000. (b) q = 0.1,α = 1000.

high BERwhich causes the problem of the connectivity reli-
ability and severe transmission latency in the event of packet
loss. As a matter of fact, OFDM can cope well with the IN
when the noise power is moderate. However, IN results in
the more errors even OFDM system in the high probabil-
ity of IN occurrence (high q) and high IN power (i.e. it is
proportional to α). The simulated results showed that the
proposed system can further improve the performance of
the conventional blanking system even if the probability of
IN occurrence and IN power are very high (e.g. q = 0.1 and
α = 1000) at the same time. Therefore, the proposed system
is useful to mitigate the degradation of the system in harsh
industrial factory at the acceptable cost of the complexity.

V . CONCLUS ION

In this paper, we proposed an SMLB-based OFDM receiver
to mitigate the impact of the IN. The simulated results
showed that the proposed system can further improve the
performance of OFDM with blanking for high frequent
IN occurrence (high q) and high IN power (large α) with
appropriate threshold. We pointed out that the proposed

system can achieve the trade-off between the performance
and the complexity by adjusting theM value. It was effective
tomitigate the degradation of the system in harsh industrial
factory at the acceptable cost of the complexity.
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