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ICI-Free Equalization in OFDM Systems
with Blanking Preprocessing at the Receiver

for Impulsive Noise Mitigation
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Abstract—In this letter, we consider the problem of equalizing fi-
nite-impulse response (FIR) channels in orthogonal frequency-di-
vision multiplexing (OFDM) systems, which employ at the receiver
a blanking nonlinearity to mitigate impulsive noise (IN). By ex-
ploiting the frequency redundancy associated with the presence of
OFDM virtual carriers, we design a frequency-domain linear FIR
equalizer that compensates for the intercarrier interference (ICI)
generated by nonlinear preprocessing.Monte Carlo computer sim-
ulations, carried out assuming a Middleton Class A model for the
IN, allows one to assess the error probability performance of the
proposed equalizer.

Index Terms—Blanking nonlinearity, intercarrier interference
(ICI) suppression, linear equalization,Middleton Class A noise, or-
thogonal frequency-division multiplexing (OFDM) systems.

I. INTRODUCTION

T RANSCEIVERS based on orthogonal frequency-division
multiplexing (OFDM) have been widely adopted in sev-

eral wired and wireless standards, including digital subscriber
lines [1] and power line communications [2], digital audio [3]
and video broadcasting [4], IEEE 802.11 [5] and 802.16 [6], and
3G/4G long term evolution [7]. Such a success is mainly due
to the capability of OFDM transceivers to efficiently equalize
finite-impulse response (FIR) frequency-selective channels [8].
Indeed, the use of Fast Fourier Transform (FFT) algorithms
to perform discrete Fourier transform (DFT) and its inverse
(IDFT), coupled with the insertion of a cyclic-prefix (CP),
allows one to equalize the FIR channel by means of simple CP
removal followed by one-tap frequency-domain equalization
(FEQ), provided that the CP length exceeds channel dispersion.
In addition to additive white Gaussian noise (AWGN) and

various transceiver implementation losses,1 potential sources
of performance degradation for OFDM systems operating over
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linear time-invariant channels include narrowband interference
(NBI) and impulsive noise (IN). While NBI typically affects
only a subset of subcarriers and can be rejected, e.g., by adding
suitable constraints to the conventional zero-forcing (ZF) solu-
tion [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], asynchronous non-Gaussian IN [21], [22], [23], [24], char-
acterized by impulses occurring at the DFT input of the receiver
with random arrivals, short duration, and high power, might cor-
rupt all the subcarriers within an OFDM symbol and, hence, it is
much more difficult to counteract.2 This fact has recently moti-
vated a vast bulk of research regarding IN characterization and
mitigation in OFDM systems (see, e.g., [26], [27], [28], [29],
[30], [31], [32], [33], [34]).
A simple strategy to mitigate IN in OFDM systems consists

of using at the receiver, before the DFT, a memoryless nonlin-
earity preprocessor (e.g., clipping, blanking, or a combination
thereof) [26], [27]. However, since blanking/clipping is a non-
linear sample-by-sample operation in the time-domain, it dis-
torts the signal constellation and, even worse, destroys orthogo-
nality among OFDM subcarriers, thus resulting into intercarrier
interference (ICI) in the frequency-domain. To overcome such a
problem, iterative cancellation techniques have been proposed
in [28], [29], which nevertheless require ad hoc adjustments to
avoid slow convergence. An alternative approach [33] is to in-
troduce time diversity at the transmitter by interleaving mul-
tiple OFDM symbols after the IDFT and performing symbol-by-
symbol blanking at the receiver. In this case, even though linear
FIR equalization strategies, e.g., ZF or minimum mean-square
error (MMSE) ones, can be used, channel estimation and syn-
chronization must be acquired before deinterleaving. On the
other hand, instead of employing nonlinear preprocessing at the
receiver, it is possible to resort to advanced IN estimation and
cancellation methods [30], [34], which exploit the sparsity fea-
tures of noise in the time-domain. However, also in these cases,
the resulting algorithms are iterative and, when compared to
the conventional OFDM receiver, a significant computational
burden is added.
In this letter, we show that, by exploiting the presence of

virtual carriers (a solution present in several multicarrier stan-
dards), it is possible to design frequency-domain linear FIR

1Including time and carrier frequency offsets between the transmitter and the
receiver, analog front-end in-phase/quadrature-phase (I/Q) imbalances, and in-
sufficient CP length.
2Another type of non-Gaussian IN consists of impulses of longer duration

that occur periodically in time (so-called periodic IN) [25].
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equalizers for channels affected by IN, which are able to com-
pensate for the ICI introduced by a blanking nonlinearity.3 In
particular, a sufficient condition ensuring the existence of such a
FIR ICI-free solution is derived.Moreover, it is shown that, with
respect to conventional ZF receivers (with or without blanking),
a performance gain can be obtained for signal-to-noise ratio
(SNR) values of practical interest, with an affordable increase
in computational complexity.

A. Asynchronous IN Model

Although the design of the proposed ICI-free equalizer does
not rely on specific assumptions about the IN, we briefly de-
scribe here the well-known asynchronous Middleton Class A
(MCA) model [21]–[23], which will be employed in the nu-
merical performance analysis. A MCA noise sample can be
expressed as a complex random variable (RV) ,
where is zero-mean circular symmetric complex Gaussian
thermal noise with variance , i.e., , whereas
models the non-Gaussian impulse noise with variance . The
probability density function of can be expressed as

, i.e., as a weighted sum of conditionally-
Gaussian pdfs ( ),
where is the probability that noise pulses
simultaneously occur. For any given , the parameter
represents the conditional variance of , which is given by

, where is the variance of , whereas
, with the impulsive index and

the Gaussian ratio. The two parameters and
control the degree of impulsiveness of the noise: for ,

the noise becomes more and more impulsive; for , the
noise tends to be Gaussian. Similarly, for small values of , the
noise becomes more impulsive, while it tends to be Gaussian
for large values of . Typically, it is assumed that (see,
e.g., [28]).

II. OFDM SYSTEM MODEL

We consider a single-user OFDM system employing
subcarriers, of which are utilized, whereas the remaining

ones are virtual carriers (VCs). The
discrete-time channel between the transmitter and the receiver
is modeled as a causal FIR filter with impulse response
( ), whose order does not exceed the CP length ,
with . Perfect symbol and carrier-frequency
synchronization between the transmitter and the receiver is
assumed, and channel state information is known only at the
receiver via training, but is unknown at the transmitter.
Let be the data block to be transmitted,4 we

assume that: (a1) is a zero-mean circularly symmetric com-
plex random vector, with correlation matrix ,
and whose entries assume independent and identically dis-
tributed (i.i.d.) equiprobable values, e.g., belonging to a
quadrature amplitude modulation (QAM) constellation. Let

3The proposed approach can be extended to other memoryless nonlinearities
[27], e.g., clipping or combination of blanking and clipping.
4Since all the considered processing is on a symbol-by-symbol basis, for the

sake of notation simplicity, we avoid indicating the functional dependence on
the symbol interval index.

collect
all the indices of the used subcarriers, the symbol block is
first processed by the full-column rank matrix ,
which inserts the VCs in the arbitrary positions

. By construction, it results that . Before
being transmitted, the entries of are subject to
conventional OFDM processing, encompassing -point IDFT
followed by CP insertion.
At the receiver, after discarding the CP, the time-domain

block can be written [8] as

(1)

where is a circulant matrix, whose first column
is , is the
unitary symmetric IDFT matrix,5 and models
the additive noise. It is assumed that: (a2) the vector

is independent of , and its elements
are i.i.d. zero-mean RVs with variance , mod-
eled e.g. as MCA RVs with parameters and .
By resorting to standard eigenstructure concepts [35], one has

in (1), where the diagonal entries of
are the values of the transfer

function evaluated at the subcarriers
, i.e., , . We

assume that: (a3) the channel transfer function has no zero
on the used subcarriers, i.e., .

III. ICI ANALYSIS OF SAMPLE-BY-SAMPLE BLANKING

To mitigate the adverse effects of IN, a common strategy is
to use sample-by-sample blanking preprocessing [26], [27] in
the time-domain, before the conventional OFDM equalizer (i.e.,
before DFT and FEQ), aimed at discarding those samples of
that are most contaminated by IN.
Let be the th ( ) sample of and

denote a suitable threshold, the output of the blanking non-
linearity is if , otherwise. Let

denote
the subset collecting all the indices of the blanked entries
of ; the complement of with respect to is denoted by

. The input-output relationship of

the blanking preprocessor is
, where , with

for , otherwise.
Taking into account (1) and the eigenstructure of , after

DFT one obtains the frequency-domain block
, where

and . It can be verified that
is a circulant matrix, whose diagonal entries for each

are equal to
, where and denote the cardinality of and

, respectively. Consequently, vector can be rewritten as

(2)

5Its inverse is the DFT matrix.
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The latter equation shows that the adverse effect of blanking is
twofold [29]: (i) reduction of the signal amplitude by a factor

; (ii) introduction of ICI, due to departure of from a
scaled identity matrix. Indeed, if no entry of is blanked, then

and . In Section IV, we show that these
undesired effects of the nonlinearity can be compensated for by
a frequency-domain linear FIR equalizer.

IV. FREQUENCY-DOMAIN FIR ICI-FREE EQUALIZATION

Consider the problem of recovering the transmitted block
from the blanking preprocessor output after DFT. To this
purpose, we employ a frequency-domain linear FIR equalizer,
defined by the input-output relationship , with

, followed by a minimum-distance decision device.
The ICI-free condition leads to the matrix equation

. Such an equation is consistent (i.e., it admits at least one
solution) if and only if (iff) , with

denoting the generalized (1)-inverse [36]. This condition
is fulfilled6 if is full-column rank, i.e.,

. Under this assumption, the minimal norm [36] solution of
is given by , with

denoting the Moore-Penrose generalized inverse [36].

A. Sufficient Condition for the Existence of ICI-free Solutions

We investigate whether is satisfied,
which is a sufficient condition for the existence of ICI-free so-
lutions. To this aim, we provide the following Theorem.
Theorem 1: (Existence of ICI-free solutions): The

matrix is full-column rank iff
is full-column rank, where

, with denoting
the ( )th column of .

Proof: Since the matrix is nonsingular, it results
that . Moreover,
by virtue of assumption (a3), one has , which
implies that , since is a non-
singular matrix. The matrix (
is full-column rank iff [36]

. By construction, the th diagonal entry of
is zero for each and, thus,

. Recalling that denotes the th element of ,
for , an arbitrary vector belongs
to iff there exists a vector such that

, with , where
is the ( )th column of . Hence, an arbi-

trary vector also belongs to the subspace
iff there exists a vector such that

. As a consequence, condition
holds iff the system of equa-

tions admits the unique solution
and . It can be seen [35] that this happens

iff the matrix turns out to be
full-column rank.

6Also the performance of the MMSE equalizer depends on the existence of
ICI-free solutions: if , the error probability performance
curve of the MMSE equalizer exhibits a floor when [37], [38].

Some remarks are now in order. First, perfect ICI suppression
may not be achieved, i.e., might not be full-column rank,
even if the channel transfer function has no zero on the
used subcarriers [see assumption (a3)]. This is due to the fact
that the blanking preprocessor introduces ICI in the frequency-
domain signal. Only when no entry of is blanked, assumption
(a3) is sufficient for assuring the existence of ICI-free solutions.
Second, the fact that some entries of are blanked does not pre-
vent perfect ICI compensation. This result stems from the fact
that the blanking preprocessor operates in the time-domain (i.e.,
before the DFT), where each entry of is a (noisy) linear combi-
nation of all the entries of . Therefore, if the ( )-th sample is
blanked, i.e., , the vector can still be recovered from
the other entries of . Third, condition
amounts to , which neces-
sarily requires that or, equivalently, .
Thus, the number of VCs also represents the maximum
number of entries of that can be blanked without preventing
perfect ICI compensation.
Finally, Theorem 1 does not allow one to determine the

threshold (or, equivalently, the blanking subset ), whose
choice nevertheless affects the symbol-error-rate (SER) perfor-
mance of the receiver. Since closed-form analytical evaluation
of SER as a function of is a challenging problem,7 we explore
the impact of on SER performance and discuss its choice in
Section V by numerical experiments.

B. Computational Complexity

The computational complexity of the equalizer is
dominated by calculation of the Moore-Penrose generalized in-
verse of . To evaluate such a complexity, observe that the
matrix is obtained from by
picking its columns located on the used subcarrier po-
sitions, i.e., for . It results that ,
where .

Let , one has

, with

, , and
. Since is nonsin-

gular by virtue of assumption (a3) and is full-column
rank by construction, i.e., rank ( , it results [36]
that , where we
additionally used the fact that .
Compared to the conventional OFDM receiver, the increase

in computational complexity for the proposed ICI-free equal-
izer is due to the calculus of . It can be verified that is a
polynomial Vandermonde matrix [39] with basis polynomials

, for and , and
node points , for .8 Thus, the matrix
can be calculated [39] by special fast or superfast algorithms

in or floating point operations, respec-
tively.

7In principle, following [26], [27], one may choose so as to maximize the
signal-to-interference-plus-noise ratio (SINR) at the equalizer output, which is
simpler to evaluate. However, since the IN is non-Gaussian, SINRmaximization
is no longer equivalent to SER minimization.
8According to Theorem 1, one has and rank ( .
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Fig. 1. ASER versus with SNR equal to 15 dB (left-side plot) and 25 dB (right-side plot).

V. NUMERICAL PERFORMANCE ANALYSIS

The average SER (ASER) performance of the proposed
ICI-free receiver (referred to as “ ICI comp.”)
was assessed by means of Monte Carlo computer simulations.
As a comparison, we also evaluated the ASER performance
of: (i) the receiver with blanking nonlinearity followed by
conventional ZF equalization, i.e., (referred to
as “Blanking”); (ii) the conventional OFDM receiver without
any nonlinearity preprocessing and ZF equalization (referred to
as “Conventional”). With reference to the proposed equalizer,
according to Theorem 1, only the entries of with largest
magnitudes are blanked if .
We considered an OFDM system with subcarriers

and a CP length . The system employs VCs,
all located at the edges of the OFDM spectrum, and Gray-la-
beled 4-QAM signaling for the utilized subcar-
riers.9 The channel impulse response was chosen according to
the channel model HiperLAN/2 A (see [40] for details). The
MCA impulsive noise was generated by using a modified ver-
sion of the Matlab toolbox in [41]. We considered a highly-im-
pulsive noise scenario with and .
Fig. 1 reports the performance of the two receivers

with blanking as a function of the threshold , with
dB. Results show that, as expected,

the performance of both receivers depends on the value of the
blanking threshold. However, the “ ICI comp.”
receiver outperforms the “Blanking” one for all the considered
values of , except for very large values of when the entries of
are not blanked with high probability and, then, the ICI-free

equalizer boils down to the ZF matrix .
The ASER performances of all the considered receivers are

depicted in Fig. 2 as a function of the SNR.With regard to the re-
ceivers employing blanking, we chose the value of minimizing
the ASER, for each SNR value. It can be seen that, compared

9We performed simulations using a 16-QAM constellation, whose ASER
curves are not reported since they show trends similar to the 4-QAM case.

Fig. 2. ASER versus SNR with optimally chosen for each SNR value.

to the conventional OFDM receiver, employing a blanking pre-
processing allows one to remarkably improve performances, ex-
cept for large values of the SNR, for which blanking becomes
unlikely and, thus, all the three receivers tend to coincide. Re-
markably, the “ ICI comp.” receiver outperforms the
“Blanking” one for SNR values of practical interest, ranging
from 10 to 20 dB. For instance, for an ASER value of ,
the “ ICI comp.” receiver ensures an SNR gain of
about 6 dB with respect to the “Blanking” and “Conventional”
ones.

VI. CONCLUSIONS

By exploiting the redundancy arising from the insertion of
VCs in the OFDM signal, we showed that closed-form FIR ICI-
free compensation in OFDM receivers, which employ blanking
nonlinearity processing to counteract IN, is still feasible. In this
case, significant performance gains are obtained with a minor
modification of the conventional ZF equalizer.
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with Blanking Preprocessing at the Receiver
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Abstract—In this letter, we consider the problem of equalizing fi-
nite-impulse response (FIR) channels in orthogonal frequency-di-
vision multiplexing (OFDM) systems, which employ at the receiver
a blanking nonlinearity to mitigate impulsive noise (IN). By ex-
ploiting the frequency redundancy associated with the presence of
OFDM virtual carriers, we design a frequency-domain linear FIR
equalizer that compensates for the intercarrier interference (ICI)
generated by nonlinear preprocessing.Monte Carlo computer sim-
ulations, carried out assuming a Middleton Class A model for the
IN, allows one to assess the error probability performance of the
proposed equalizer.

Index Terms—Blanking nonlinearity, intercarrier interference
(ICI) suppression, linear equalization,Middleton Class A noise, or-
thogonal frequency-division multiplexing (OFDM) systems.

I. INTRODUCTION

T RANSCEIVERS based on orthogonal frequency-division
multiplexing (OFDM) have been widely adopted in sev-

eral wired and wireless standards, including digital subscriber
lines [1] and power line communications [2], digital audio [3]
and video broadcasting [4], IEEE 802.11 [5] and 802.16 [6], and
3G/4G long term evolution [7]. Such a success is mainly due
to the capability of OFDM transceivers to efficiently equalize
finite-impulse response (FIR) frequency-selective channels [8].
Indeed, the use of Fast Fourier Transform (FFT) algorithms
to perform discrete Fourier transform (DFT) and its inverse
(IDFT), coupled with the insertion of a cyclic-prefix (CP),
allows one to equalize the FIR channel by means of simple CP
removal followed by one-tap frequency-domain equalization
(FEQ), provided that the CP length exceeds channel dispersion.
In addition to additive white Gaussian noise (AWGN) and

various transceiver implementation losses,1 potential sources
of performance degradation for OFDM systems operating over
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linear time-invariant channels include narrowband interference
(NBI) and impulsive noise (IN). While NBI typically affects
only a subset of subcarriers and can be rejected, e.g., by adding
suitable constraints to the conventional zero-forcing (ZF) solu-
tion [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], asynchronous non-Gaussian IN [21], [22], [23], [24], char-
acterized by impulses occurring at the DFT input of the receiver
with random arrivals, short duration, and high power, might cor-
rupt all the subcarriers within an OFDM symbol and, hence, it is
much more difficult to counteract.2 This fact has recently moti-
vated a vast bulk of research regarding IN characterization and
mitigation in OFDM systems (see, e.g., [26], [27], [28], [29],
[30], [31], [32], [33], [34]).
A simple strategy to mitigate IN in OFDM systems consists

of using at the receiver, before the DFT, a memoryless nonlin-
earity preprocessor (e.g., clipping, blanking, or a combination
thereof) [26], [27]. However, since blanking/clipping is a non-
linear sample-by-sample operation in the time-domain, it dis-
torts the signal constellation and, even worse, destroys orthogo-
nality among OFDM subcarriers, thus resulting into intercarrier
interference (ICI) in the frequency-domain. To overcome such a
problem, iterative cancellation techniques have been proposed
in [28], [29], which nevertheless require ad hoc adjustments to
avoid slow convergence. An alternative approach [33] is to in-
troduce time diversity at the transmitter by interleaving mul-
tiple OFDM symbols after the IDFT and performing symbol-by-
symbol blanking at the receiver. In this case, even though linear
FIR equalization strategies, e.g., ZF or minimum mean-square
error (MMSE) ones, can be used, channel estimation and syn-
chronization must be acquired before deinterleaving. On the
other hand, instead of employing nonlinear preprocessing at the
receiver, it is possible to resort to advanced IN estimation and
cancellation methods [30], [34], which exploit the sparsity fea-
tures of noise in the time-domain. However, also in these cases,
the resulting algorithms are iterative and, when compared to
the conventional OFDM receiver, a significant computational
burden is added.
In this letter, we show that, by exploiting the presence of

virtual carriers (a solution present in several multicarrier stan-
dards), it is possible to design frequency-domain linear FIR

1Including time and carrier frequency offsets between the transmitter and the
receiver, analog front-end in-phase/quadrature-phase (I/Q) imbalances, and in-
sufficient CP length.
2Another type of non-Gaussian IN consists of impulses of longer duration

that occur periodically in time (so-called periodic IN) [25].
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equalizers for channels affected by IN, which are able to com-
pensate for the ICI introduced by a blanking nonlinearity.3 In
particular, a sufficient condition ensuring the existence of such a
FIR ICI-free solution is derived.Moreover, it is shown that, with
respect to conventional ZF receivers (with or without blanking),
a performance gain can be obtained for signal-to-noise ratio
(SNR) values of practical interest, with an affordable increase
in computational complexity.

A. Asynchronous IN Model

Although the design of the proposed ICI-free equalizer does
not rely on specific assumptions about the IN, we briefly de-
scribe here the well-known asynchronous Middleton Class A
(MCA) model [21]–[23], which will be employed in the nu-
merical performance analysis. A MCA noise sample can be
expressed as a complex random variable (RV) ,
where is zero-mean circular symmetric complex Gaussian
thermal noise with variance , i.e., , whereas
models the non-Gaussian impulse noise with variance . The
probability density function of can be expressed as

, i.e., as a weighted sum of conditionally-
Gaussian pdfs ( ),
where is the probability that noise pulses
simultaneously occur. For any given , the parameter
represents the conditional variance of , which is given by

, where is the variance of , whereas
, with the impulsive index and

the Gaussian ratio. The two parameters and
control the degree of impulsiveness of the noise: for ,

the noise becomes more and more impulsive; for , the
noise tends to be Gaussian. Similarly, for small values of , the
noise becomes more impulsive, while it tends to be Gaussian
for large values of . Typically, it is assumed that (see,
e.g., [28]).

II. OFDM SYSTEM MODEL

We consider a single-user OFDM system employing
subcarriers, of which are utilized, whereas the remaining

ones are virtual carriers (VCs). The
discrete-time channel between the transmitter and the receiver
is modeled as a causal FIR filter with impulse response
( ), whose order does not exceed the CP length ,
with . Perfect symbol and carrier-frequency
synchronization between the transmitter and the receiver is
assumed, and channel state information is known only at the
receiver via training, but is unknown at the transmitter.
Let be the data block to be transmitted,4 we

assume that: (a1) is a zero-mean circularly symmetric com-
plex random vector, with correlation matrix ,
and whose entries assume independent and identically dis-
tributed (i.i.d.) equiprobable values, e.g., belonging to a
quadrature amplitude modulation (QAM) constellation. Let

3The proposed approach can be extended to other memoryless nonlinearities
[27], e.g., clipping or combination of blanking and clipping.
4Since all the considered processing is on a symbol-by-symbol basis, for the

sake of notation simplicity, we avoid indicating the functional dependence on
the symbol interval index.

collect
all the indices of the used subcarriers, the symbol block is
first processed by the full-column rank matrix ,
which inserts the VCs in the arbitrary positions

. By construction, it results that . Before
being transmitted, the entries of are subject to
conventional OFDM processing, encompassing -point IDFT
followed by CP insertion.
At the receiver, after discarding the CP, the time-domain

block can be written [8] as

(1)

where is a circulant matrix, whose first column
is , is the
unitary symmetric IDFT matrix,5 and models
the additive noise. It is assumed that: (a2) the vector

is independent of , and its elements
are i.i.d. zero-mean RVs with variance , mod-
eled e.g. as MCA RVs with parameters and .
By resorting to standard eigenstructure concepts [35], one has

in (1), where the diagonal entries of
are the values of the transfer

function evaluated at the subcarriers
, i.e., , . We

assume that: (a3) the channel transfer function has no zero
on the used subcarriers, i.e., .

III. ICI ANALYSIS OF SAMPLE-BY-SAMPLE BLANKING

To mitigate the adverse effects of IN, a common strategy is
to use sample-by-sample blanking preprocessing [26], [27] in
the time-domain, before the conventional OFDM equalizer (i.e.,
before DFT and FEQ), aimed at discarding those samples of
that are most contaminated by IN.
Let be the th ( ) sample of and

denote a suitable threshold, the output of the blanking non-
linearity is if , otherwise. Let

denote
the subset collecting all the indices of the blanked entries
of ; the complement of with respect to is denoted by

. The input-output relationship of

the blanking preprocessor is
, where , with

for , otherwise.
Taking into account (1) and the eigenstructure of , after

DFT one obtains the frequency-domain block
, where

and . It can be verified that
is a circulant matrix, whose diagonal entries for each

are equal to
, where and denote the cardinality of and

, respectively. Consequently, vector can be rewritten as

(2)

5Its inverse is the DFT matrix.
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The latter equation shows that the adverse effect of blanking is
twofold [29]: (i) reduction of the signal amplitude by a factor

; (ii) introduction of ICI, due to departure of from a
scaled identity matrix. Indeed, if no entry of is blanked, then

and . In Section IV, we show that these
undesired effects of the nonlinearity can be compensated for by
a frequency-domain linear FIR equalizer.

IV. FREQUENCY-DOMAIN FIR ICI-FREE EQUALIZATION

Consider the problem of recovering the transmitted block
from the blanking preprocessor output after DFT. To this
purpose, we employ a frequency-domain linear FIR equalizer,
defined by the input-output relationship , with

, followed by a minimum-distance decision device.
The ICI-free condition leads to the matrix equation

. Such an equation is consistent (i.e., it admits at least one
solution) if and only if (iff) , with

denoting the generalized (1)-inverse [36]. This condition
is fulfilled6 if is full-column rank, i.e.,

. Under this assumption, the minimal norm [36] solution of
is given by , with

denoting the Moore-Penrose generalized inverse [36].

A. Sufficient Condition for the Existence of ICI-free Solutions

We investigate whether is satisfied,
which is a sufficient condition for the existence of ICI-free so-
lutions. To this aim, we provide the following Theorem.
Theorem 1: (Existence of ICI-free solutions): The

matrix is full-column rank iff
is full-column rank, where

, with denoting
the ( )th column of .

Proof: Since the matrix is nonsingular, it results
that . Moreover,
by virtue of assumption (a3), one has , which
implies that , since is a non-
singular matrix. The matrix (
is full-column rank iff [36]

. By construction, the th diagonal entry of
is zero for each and, thus,

. Recalling that denotes the th element of ,
for , an arbitrary vector belongs
to iff there exists a vector such that

, with , where
is the ( )th column of . Hence, an arbi-

trary vector also belongs to the subspace
iff there exists a vector such that

. As a consequence, condition
holds iff the system of equa-

tions admits the unique solution
and . It can be seen [35] that this happens

iff the matrix turns out to be
full-column rank.

6Also the performance of the MMSE equalizer depends on the existence of
ICI-free solutions: if , the error probability performance
curve of the MMSE equalizer exhibits a floor when [37], [38].

Some remarks are now in order. First, perfect ICI suppression
may not be achieved, i.e., might not be full-column rank,
even if the channel transfer function has no zero on the
used subcarriers [see assumption (a3)]. This is due to the fact
that the blanking preprocessor introduces ICI in the frequency-
domain signal. Only when no entry of is blanked, assumption
(a3) is sufficient for assuring the existence of ICI-free solutions.
Second, the fact that some entries of are blanked does not pre-
vent perfect ICI compensation. This result stems from the fact
that the blanking preprocessor operates in the time-domain (i.e.,
before the DFT), where each entry of is a (noisy) linear combi-
nation of all the entries of . Therefore, if the ( )-th sample is
blanked, i.e., , the vector can still be recovered from
the other entries of . Third, condition
amounts to , which neces-
sarily requires that or, equivalently, .
Thus, the number of VCs also represents the maximum
number of entries of that can be blanked without preventing
perfect ICI compensation.
Finally, Theorem 1 does not allow one to determine the

threshold (or, equivalently, the blanking subset ), whose
choice nevertheless affects the symbol-error-rate (SER) perfor-
mance of the receiver. Since closed-form analytical evaluation
of SER as a function of is a challenging problem,7 we explore
the impact of on SER performance and discuss its choice in
Section V by numerical experiments.

B. Computational Complexity

The computational complexity of the equalizer is
dominated by calculation of the Moore-Penrose generalized in-
verse of . To evaluate such a complexity, observe that the
matrix is obtained from by
picking its columns located on the used subcarrier po-
sitions, i.e., for . It results that ,
where .

Let , one has

, with

, , and
. Since is nonsin-

gular by virtue of assumption (a3) and is full-column
rank by construction, i.e., rank ( , it results [36]
that , where we
additionally used the fact that .
Compared to the conventional OFDM receiver, the increase

in computational complexity for the proposed ICI-free equal-
izer is due to the calculus of . It can be verified that is a
polynomial Vandermonde matrix [39] with basis polynomials

, for and , and
node points , for .8 Thus, the matrix
can be calculated [39] by special fast or superfast algorithms

in or floating point operations, respec-
tively.

7In principle, following [26], [27], one may choose so as to maximize the
signal-to-interference-plus-noise ratio (SINR) at the equalizer output, which is
simpler to evaluate. However, since the IN is non-Gaussian, SINRmaximization
is no longer equivalent to SER minimization.
8According to Theorem 1, one has and rank ( .
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Fig. 1. ASER versus with SNR equal to 15 dB (left-side plot) and 25 dB (right-side plot).

V. NUMERICAL PERFORMANCE ANALYSIS

The average SER (ASER) performance of the proposed
ICI-free receiver (referred to as “ ICI comp.”)
was assessed by means of Monte Carlo computer simulations.
As a comparison, we also evaluated the ASER performance
of: (i) the receiver with blanking nonlinearity followed by
conventional ZF equalization, i.e., (referred to
as “Blanking”); (ii) the conventional OFDM receiver without
any nonlinearity preprocessing and ZF equalization (referred to
as “Conventional”). With reference to the proposed equalizer,
according to Theorem 1, only the entries of with largest
magnitudes are blanked if .
We considered an OFDM system with subcarriers

and a CP length . The system employs VCs,
all located at the edges of the OFDM spectrum, and Gray-la-
beled 4-QAM signaling for the utilized subcar-
riers.9 The channel impulse response was chosen according to
the channel model HiperLAN/2 A (see [40] for details). The
MCA impulsive noise was generated by using a modified ver-
sion of the Matlab toolbox in [41]. We considered a highly-im-
pulsive noise scenario with and .
Fig. 1 reports the performance of the two receivers

with blanking as a function of the threshold , with
dB. Results show that, as expected,

the performance of both receivers depends on the value of the
blanking threshold. However, the “ ICI comp.”
receiver outperforms the “Blanking” one for all the considered
values of , except for very large values of when the entries of
are not blanked with high probability and, then, the ICI-free

equalizer boils down to the ZF matrix .
The ASER performances of all the considered receivers are

depicted in Fig. 2 as a function of the SNR.With regard to the re-
ceivers employing blanking, we chose the value of minimizing
the ASER, for each SNR value. It can be seen that, compared

9We performed simulations using a 16-QAM constellation, whose ASER
curves are not reported since they show trends similar to the 4-QAM case.

Fig. 2. ASER versus SNR with optimally chosen for each SNR value.

to the conventional OFDM receiver, employing a blanking pre-
processing allows one to remarkably improve performances, ex-
cept for large values of the SNR, for which blanking becomes
unlikely and, thus, all the three receivers tend to coincide. Re-
markably, the “ ICI comp.” receiver outperforms the
“Blanking” one for SNR values of practical interest, ranging
from 10 to 20 dB. For instance, for an ASER value of ,
the “ ICI comp.” receiver ensures an SNR gain of
about 6 dB with respect to the “Blanking” and “Conventional”
ones.

VI. CONCLUSIONS

By exploiting the redundancy arising from the insertion of
VCs in the OFDM signal, we showed that closed-form FIR ICI-
free compensation in OFDM receivers, which employ blanking
nonlinearity processing to counteract IN, is still feasible. In this
case, significant performance gains are obtained with a minor
modification of the conventional ZF equalizer.
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