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Analysis and Comparison of Several Simple
Impulsive Noise Mitigation Schemes for OFDM Receivers

Sergey V. Zhidkov

Abstract—In this paper, we analyze and compare the perfor-
mance of OFDM receivers with blanking, clipping and combined
blanking-clipping nonlinear preprocessors in the presence of
impulsive noise. Closed-form analytical expressions for the signal-
to-noise ratio at the output of three types of nonlinearity
are derived. Simulation results are provided that show good
agreement with theory.

Index Terms—OFDM, multicarrier modulation, impulsive
noise, blanking, clipping.

I. INTRODUCTION

NE of the challenging problems in practical applications

of digital communication techniques is reliable data
transmission over wireless links in spite of man-made noise
interference typical in urban environments. The man-made
noise created by power lines, heavy current switches and
other sources cannot be assumed to be Gaussian, and must
be represented by impulsive models [1], [2].

Generally, orthogonal frequency division multiplexing
(OFDM) systems are inherently robust to impulsive inter-
ference. The longer duration of OFDM symbols provide an
advantage, since the impulsive noise energy is spread among
simultaneously transmitted OFDM subcarriers. Nevertheless,
this advantage may turn into a disadvantage if impulsive noise
energy exceeds a certain threshold [3].

A simple method of reducing the adverse effect of impulsive
noise is to precede a conventional OFDM demodulator with
memoryless nonlinearity [4], [5], [6]. In [8], [7], it is shown
that under a low signal-to-noise ratio (SNR) assumption the
locally optimal detector for arbitrary signals in impulsive noise
comprises of a conventional detector (optimal in Gaussian
noise) preceded by a memoryless nonlinearity. Recently, the
idea of using suboptimal clipping or blanking techniques for
impulsive noise mitigation has been applied to modern OFDM
receivers [4], [5], [6].

The aim of our study is to propose an analytical technique
for performance assessment of OFDM receivers with three
popular types of memoryless nonlinearity (clipping, blanking
and combined clipping-blanking), and to compare the perfor-
mance of these schemes in various impulsive noise scenarios.
This paper provides an extension of analysis that recently
appeared in [10].
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II. SYSTEM MODEL

Consider the model of the OFDM transmission system
shown in fig. 1. First, in the OFDM transmitter, information
bits are mapped into baseband symbols S}, using phase shift
keying (PSK), or the quadrature amplitude modulation (QAM)
scheme. During an active symbol interval the block of N
complex baseband symbols is transformed by means of in-
verse discrete Fourier transform (DFT) and digital-to-analog
conversion to the complex baseband OFDM signal as [12,
p.719]

1 = 2mkt
s(t) = — Sge? T 0<t < T 1
)= 7% kz_o e/ T, 0 <t < Ts, (0
where NN is the number of sub-carriers, and Ts is the active
symbol interval. The time-domain signal received after down-
conversion, analog-to-digital conversion, and perfect synchro-

nization can be expressed as
k=0,1,...N -1, 2)

where s, = s(kTs/N) and uy is the additive non-Gaussian
noise. Without loss of generality, we assume that the signal

Tk = Sk + Uk,

variance is normalized to unity 1 E [|sk|2} =oZ=1.

We also assume that the noise samples uy are uncorrelated
and their distribution can be represented using the multi-
component mixture-Gaussian model [13]. In accordance with
this model, the probability density function (PDF) of the noise
samples (uy) is given by

L
f(uk):ZPlg(uk|012) 3)
1=0

where g (ug|o?) is the probability density function of the
complex Gaussian variable with zero-mean and variance o2,

and {00,01,...,JL,1£ and {po,p1,...,pL—1} are the model
-1
parameters such that > p; = 1.

Model (3) includesl?\?vo important special cases. The first
one is the two component mixture-Gaussian noise model (or
€ - contaminated Gaussian noise model) [3]. In such a case,
the model parameters can be expressed as

I =9 2 _ 2 2

0y =0y, 01 = Ufu—l—ag,
4)
where p is the probability of impulse occurrence, o2 is
the additive white Gaussian noise variance, and 03 is the
variance of the Gaussian component of impulsive noise (see,
for example, [3]).
Another special case of (3) is the Middleton Class A
interference model [1]. In this case, the model parameters can
be expressed as

po=1-—p, p1=p,
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Fig. 1. Block-scheme of the OFDM transmission system with impulsive noise cancellation.
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where 05 is the noise variance, A is the impulsiveness

index, and I" is the mean power ratio of the Gaussian noise
component to the non-Gaussian noise component [1].

In order to reduce the adverse effect of impulsive noise,
a memoryless nonlinearity can be applied at the receiver
front-end of the conventional OFDM demodulator, i.e. y =
f(ri). Note that the nonlinearity is applied to the Nyquist-
rate sampled signal and therefore all distortion components
fall in-band. In practical applications, the following simple
nonlinearities are often used:

a) Blanking nonlinearity [4], [5]:

Tk, el T
Y = , k=0,1,..,.N—-1 6)
0, |7'k| >T
where T is the blanking threshold.
b) Clipping nonlinearity [6]:
re Ird <T k=0,1,..,N—1 (7)
Yk = Ted are(re), lre| > T ooy

where T is the clipping threshold.
c) Clipping/blanking nonlinearity:

Tk, el <Th

Tlejarg(rk), T1 < |7’k| < T2 s

Y = k=0,1,.,N—1

0, |Tk| > Th
(®)
where T} is the clipping threshold and 7% is the blanking
threshold (17 < 7T5). Note that all three nonlinearities are
of amplitude type (i.e. phase of the signal is not modified);
therefore, nonlinearities (6)-(8) can be represented in equiva-
lent amplitude/phase form as illustrated in fig. 1.
After pre-processing, signal samples {yj} are fed to the
conventional DFT-based OFDM demodulator as shown in fig.
1.

III. SIGNAL-TO-NOISE RATIO AT THE OUTPUT OF
NONLINEAR PREPROCESSOR

A. SNR definition
To assess the receiver performance we shall first express
the output of nonlinear preprocessor (6), (7) or (8) as

yk:K05k+dk; k:O;]-v"'vN_]-; (9)

where the first term in the right-hand side of (9) represents
the scaled replica of the information-bearing signal, dy, is the
cumulative noise/distortion term, and K is the appropriately
chosen scaling factor. Such decomposition can be justified on
the basis of the extended Bussgang’s theorem [11]. It is usually
desirable to have zero-mean noise process dj uncorrelated
with the useful signal, i.e. Eldisj] = 0. It is shown [14]
that the optimal scaling factor, which satisfies E[dys;] = 0
can be found as

Esil _ L pjyest]
E [[si)]

The SNR at the output of memoryless nonlinearity (6), (7)
or (8) can be expressed as

Ky = (10)

BKosi] B\
B E [|yk - K08k|2} B <2K§t - 1> (v

where FE,,; = F [|yk|2} represents the total signal power at
the output of memoryless nonlinearity.

It should be noted that SNR (11) at the input of OFDM
demodulator (DFT) and SNR at its output are equal (see [9]
for proof). Note also that due to the memoryless character of
nonlinearities (6)-(8) the noise process dj is white and SNR
is equal for all OFDM subchannels. The following analysis
relies on the assumption that the number of OFDM subcarriers
is sufficiently large (N — o00), and the OFDM signal can
be modeled as a complex Gaussian process with Rayleigh
envelope distribution [15].

B. SNR analysis

1) Blanking nonlinearity: Let C' be the event of clipping of
the signal above level T', and C be its complement. To find out
Ky and E,,; we shall consider L mutually exclusive events
Iy, Iy, ..., Ip—1 that represent the occurrence of the noise
sample with variance og, o1, ..., 01,1, respectively. Since in
blanking scheme E [|yk|2} C’} = 0, we can express F,,; as

T2

(12), where P (C,1,) = p, <1 —e (7)), and details of

derivation of the conditional expectations E | |y |2‘ C, 1 l} can
be found in [10].
Similarly, taking into account that for blanking nonlinearity
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L-1 T2
an ~ ~ T2 n
plblank) Z [|yk|2‘ C,Il} P(C,n)=2+2) <a? - {7 +(1+ 03)} e 2(1+v?)> (12)
1=0 1=0
E [yrs;| C] = 0, Ko can be found as 10" =
1 L—1 o \\ 00888 g-6-6-0-9-9
blank x| A = o 4 0© 2 o
K >:§ZE[yksk|c,Il}P(c,Il) \\ o
=0 e} o
L—1 T2 _ (T2') 10*‘, ‘\ o /d
—1_ (1 + 7) pre 2(1+02 (13) o o o /w
; 2 (1 + O'l2) % 110 /d
& & -
where  derivation of the conditional expectations 3 ! ¢ PR s a6
E [yksm C, Il} can be found in [10]. £ B Y SINR=—15 dB

Substituting (12) and (13) in (11) yields closed-form ex- oF \ ?
pression for SNR at the output of blanking nonlinearity (6). o E:?;F'::g((t‘::;’r';/))

2) Clipping nonlinearity: In case of clipping nonlinearity, ~ — — Blanking—clipping (theory)
E [|yk|2J C’} # 0. Therefore, the total signal power at the o Simulation results (N=4096)
output of clipping nonlinearity is given by 107 ‘ ‘

0 5 10 15

B = ZE [ll?| €.1] P (€. 1)
+ LzlE {kaﬂ CJZ} P(C, 1)
=0

L-1
=BG + Y Bl c.n] Pein)  as)
=0

T2

where P (C, I;) :pleiz(H"'z) and E | |yx|*| C, Il] =T?
Substituting P (C, ;) and E [|yk|2 C,1] and (12) into

(14) yields
T2
z(1+”’f)> (15)
(clip)

Similarly, K can be expressed as (16). The conditional
expectation E [Tele(situr)gx| C ;] can be found analyt-
ically and expressed in the following closed form shown in
(17) (see Appendix for details), where Q(z) is the Gaussian
Q-function [12, p.40]. Combining (17) and (16), we obtain
(18).

3) Clipping-blanking nonlinearity: Derivations of F,,; and
K for the receiver with clipping-blanking nonlinearity (8) are
similar to derivations of F,,; and K for clipping nonlinearity.
In this case, we shall consider the three mutually exclusive
events Cp, C1, and Cy. Event Cy occurs when 0 < |r| < 77,
event C7 occurs when 77 < |rg| < To, and event Cs occurs
when |r| > T5. Since the signal at the output of nonlinearity

G| =0),

E(()thw)_Z—l-ZZpl <al —(1+07)e

(8) is set to zero when |rg| > T (ie. E [|yk|2‘

lip/blank .
we can express B 4P/P1%™F) a5 shown in (19).

Similarly, Ky for clipping-blanking nonlinearity (8)
can be expressed as shown in (20). The derivation of
E [Tyederslsstun)gx| Oy, 1] is similar to the derivation of
E [Tej mg(sk"’“’“)s,ﬂ C, Il} for the case of clipping nonlinear-
ity (see Appendix). After simplification, it can easily be shown
that the value of K (elip/blank) .an be derived from (21).

Blanking/clipping threshold (T)

Fig. 2. Uncoded SER (16-QAM) at the output of the receiver with impulsive
noise preprocessor as a function of threshold value (in case of clipping-
blanking nonlinearity, 77 = T and T2 = 1.4T)

As shown in [9], if the number of OFDM subcarriers is
sufficiently large, noise at the input of the decision device
(after DFT) can be assumed to be Gaussian. In such a case,
conventional symbol/bit error rate prediction technique can be
used to evaluate SER in the OFDM receiver with blanking,
clipping and blanking-clipping nonlinearity. Some numerical
results obtained using (11)-(21) are illustrated in Fig. 2.
In this example, we have used the two-component mixture
Gaussian noise model (4). The OFDM signal was scaled
using estimation of E[yxs;]. In all figures, the input signal-
to-noise ratio (SNR) is defined as SINR = 10log;, (1/0121)),
and the signal-to-impulsive noise ratio is defined as SINR =
101log; (1/03)

IV. THRESHOLD OPTIMIZATION AND ASYMPTOTICAL
PERFORMANCE

Consider optimization of the threshold value(s) for nonlin-
earities (7)-(8). Unfortunately, the optimal threshold value(s)
cannot be expressed in a simple closed form. However, nu-
merical optimization does not introduce any difficulties and
can easily be done using standard numerical software tools.

It is interesting to examine the maximum achievable SNR
at the output of memoryless nonlinearities (6)-(8) that can
be obtained by substituting of the numerically found optimal
thresholds in (11)-(21). An example of such analysis is illus-
trated in Fig. 3, where the maximum achievable SNR for the
three types of nonlinearity is plotted versus SINR.

As one can see, the clipping nonlinearity delivers slightly
better performance than that of the blanking nonlinearity
if SINR is close to 0 dB. However, when the variance of
the impulsive component is increased (SINR < —6dB),
performance of the blanking scheme improves rapidly, and
asymptotically (SINR — —oo) approaches the performance
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Fig. 3. Maximum achievable SNR at the output of nonlinear preprocessor as
a function of SINR value

of the ideal blanking scheme (i.e. blanking with ideal im-
pulse detection, see [10]). On the other hand, when SINR is
decreased, the performance of the clipping scheme is mono-
tonically degraded. Clipping-blanking nonlinearity (8) with
optimally selected thresholds provides the best performance.

Asymptotical improvement of the blanking scheme as com-
pared to the clipping scheme (5 = 'y(bl“”k)/'y(C“p)) was found
numerically and plotted in Fig. 4 as a function of input SNR
for several probabilities of impulse occurrence p. It is seen
from Fig. 4 that the blanking scheme can perform up to 6-8
dB better than the clipping scheme in severe impulsive noise
scenarios.

Although the results presented in this section are for two-
component mixture Gaussian noise model (4), similar results

SNR, dB

Fig. 4. Asymptotical gain of the blanking nonlinearity over clipping nonlin-
earity in various impulsive noise scenarios

can also be obtained for the Class A impulsive noise model

(5).

V. CONCLUSION

In this paper, closed-form expressions for the performance
characterization of OFDM receivers with blanking, clipping,
and combined blanking-clipping nonlinearity in the presence
of impulsive noise were derived. Simulation results show that
the proposed analysis provides very good prediction of the out-
put signal-to-noise ratio (SNR). The results of this comparative
study show that the blanking nonlinearity asymptotically (i.e.
in highly impulsive noise) performs better than the clipping
nonlinearity. On the other hand, in a weakly impulsive en-
vironment, clipping nonlinearity may slightly outperform the
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blanking scheme. The best solution is, however, the clipping-
blanking nonlinearity that combines the advantages of both
schemes.

APPENDIX

A. Derivation of E [Te? ®resstue) x| C, I;]
Firstly, it should be noted that the term Tel arg(sk*“k)sz
can be expressed as

Tejarg(SkJruk)Sz = TAS COS¢ (22)

where A; = |sk|, and 0 is the angle between vectors sy
and 7, i.e. ¢ = arg(ry) — arg(si). Direct derivation of
E[TA;cos¢|C, 1] is a somewhat difficult task. Conversely,
E [T As cos ¢| C, I] can be found indirectly using the follow-
ing geometrical equality:

A% = A2 4 A2 —2A, A, cos ¢ (23)
where A, = |ug|, and A, = |rg|. Multiplying both sides of
(23) by T'/ A, and taking expectation, we obtain

E[TAscos¢|C, I

T

=3 (E[A|C L+ E[Z1|C, )+ E[Z2]C, L)) (24)

where Z; and Z5 are random variables defined as Z; =
A?/A,, and Zy = A2/A,. It is more convenient to find
E[TAscos¢|C,I;] P(C| I;) instead of E [T A5 cos ¢| C, I].
It is straightforward to show

E[A.|C, L) P(C|1})

ToA2 72(;_‘:2)
T (fl dA
/1—1—0126 "

T2

T
T T 2
_ firevamo (L) fre 0,
V1+o?

(25)

and

V1+o0? V1+4o0}

A2
_1.1._7’“ AT
< 1 2012(1+012))d

4 2 __r?
_ V27 (20] + 307 + 1) ( T >+ T i)

(vizer)  \VIFer) (+ody
(26)
and
E[Z,|C, L P(C| L)
T3 2 AL
:/ Au -5 (HU?)IO(A,,Au)dAudAT
i
T 0

T

012\/% (O’l4 + 3012 + 2)

5
(w /1+ 012)
__rz
O'IQT Se 2(1+a%)
(1+0?)
By combining (25)-(27) and (24), simplifying, and observing

that P (C,I;) = P (C|I;) pi, we can finally obtain equation
7).

27)
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