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BER Reduction of OFDM Based
Broadband Communication Systems over
Multipath Channels with Impulsive Noise

M. Mirahmadi, Member, IEEE, A. Al-Dweik, Senior Member, IEEE, and A. Shami, Senior Member, IEEE

Abstract—This paper presents an efficient technique to jointly
mitigate the severe bit error rate (BER) performance degradation
caused by impulsive noise (IN) and multipath fading in broad-
band transmission systems. The proposed system is based on
a low complexity interleaving process applied after the inverse
fast Fourier transform (IFFT) in orthogonal frequency division
multiplexing (OFDM) systems, hence it is denoted as time-domain
interleaving (TDI). The proposed TDI introduces both time and
frequency diversity, which can be used to effectively combat
impairments such as IN and frequency-selective fading. In
addition to its substantial BER reduction capability, the TDI does
not degrade the spectral efficiency and has low computational
complexity. In frequency-selective fading channels, the BER of
the proposed system is mathematically equal to that of Walsh-
Hadamard precoded OFDM systems [1]. In presence of IN,
analytical and simulation results show that TDI can remarkably
reduce the level of the error floors that are commonly observed.
Specifically, TDI can achieve a BER of 10−5 for less than 1 dB
difference from the IN-free case.

Index Terms—OFDM, interleaving, diversity, precoding, fad-
ing, impulsive noise, Walsh-Hadamard.

I. INTRODUCTION

ORTHOGONAL frequency division multiplexing
(OFDM) is a multicarrier modulation technique that

employs orthogonal subcarriers. Due to the unique features
of OFDM, it is currently adopted in several wireless
communication standards such as digital audio broadcasting
(DAB) [2], digital video broadcasting-terrestrial (DVB-T) [3],
worldwide interoperability for microwave access (WiMAX)
technologies [4] and the 4G LTE-Advanced [5].

Besides its superiority for wireless transmission, OFDM
has rendered itself as the dominant modulation technique for
many wired technologies and standards such as the second
generation digital video transmission over cable (DVB-C2)
[6], the asymmetric digital subscriber line (ADSL) [7] and
home networking over power line communications (PLC) [8].
For such applications, the main advantage of using OFDM is
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the bandwidth efficiency and reduced system complexity as a
result of using the fast Fourier transform (FFT) and its inverse
version (IFFT).

However, for both wired and wireless transmission, the
frequency-selective fading remained one of the major factors
that can cause severe bit error performance degradation to
OFDM systems. Therefore, tremendous efforts have been
devoted in the literature to alleviate the effect of fading using
various techniques. Among many others, precoded OFDM [9]
and modulation diversity techniques [10]- [11] have demon-
strated significant robustness in severe frequency-selective
channel.

In addition to the multipath propagation phenomenon,
which is a major source of disturbance for several commu-
nication systems, impulsive noise (IN) is another significant
source of disturbance for particular OFDM based applications
such as DVB-T [12]–[14], PLC [15] and ADSL systems [16].
Unlike multipath fading, adopting OFDM for IN channels
might impact the performance negatively [17], because an
impulsive burst may destroy all subcarriers within the OFDM
symbol due to the averaging process of the FFT. Hence, using
OFDM for IN channels must be accompanied with effective
IN mitigation techniques [18]. In the literature, the common
IN mitigation techniques used for single carrier systems such
as clipping and blanking are extended to OFDM systems [15].
Approaches that are designed specifically for OFDM systems
are reported in the literature as well. For example, Abedlkefi et
al. [19] exploited the pilots embedded within OFDM signals
to detect and correct the samples contaminated by IN. Zhidkov
[17] proposed a frequency domain IN cancellation technique
for DVB-T systems where the IN is estimated and subtracted
after the FFT.

In general, most of the aforementioned techniques suffer
from limited performance improvement, particularly in heav-
ily distributed IN channels. Moreover, most of the systems
reported in the literature assume that the IN bursts have a
short duration that is equal to the OFDM sample period, and
hence, all IN samples can be considered uncorrelated [15]–
[20]. Although such assumption is pivotal to enable analytical
performance evaluation, it does not capture the bursty nature
of the IN, which is confirmed by channel measurements for
various applications [16], [21], [22], particularly for broadband
communications where the OFDM sample duration is very
short [8]. For example, the OFDM symbol duration as defined
by the IEEE 1901 PLC standard [8] is only 5.12 μs. Hence,
even very narrow bursts can affect several consecutive OFDM

0090-6778/13$31.00 c© 2013 IEEE



MIRAHMADI et al.: BER REDUCTION OF OFDM BASED BROADBAND COMMUNICATION SYSTEMS OVER MULTIPATH CHANNELS WITH IMPULSIVE . . . 4603

samples [21], or even the entire OFDM symbol. Consequently,
most of the techniques that are designed based on the as-
sumption of uncorrelated samples might not be effective in
the presence of IN bursts.

In [23], Al-Dweik et al. proposed a new OFDM symbol
structure to combat IN by interleaving the time-domain sam-
ples after the IFFT process. The technique, namely Time-
Domain Interleaving (TDI), was then extended in [24] to
include multipath fading channels. However, the results in [23]
and [24] were entirely obtained via Monte Carlo simulation
using the assumption of ideal IN samples detection and blank-
ing. It is worth noting that both TDI and the system reported in
[11] interleave a block of OFDM symbols before transmission,
however the two systems are fundamentally different. The
system described in [11] jointly modulates all symbols in the
block and then interleaves the modulated symbols, whereas the
TDI modulates the information bits conventionally, applies the
IFFT and then interleaves the block.

This paper presents a novel technique, based on TDI [23], in
conjunction with a two-level threshold-based blanking scheme
to combat the adverse effects of multipath propagation as
well as IN for OFDM based communications systems. Unlike
traditional interleaved single carrier and OFDM systems where
the information symbols are spread over a larger number of
transmission blocks [25], the TDI system interleaves the time
domain samples after the IFFT which are composed of a
mixture of all information symbols. This results in a significant
improvement in uncoded BER that can never be achieved with
conventional interleaving. To the best of our knowledge, the
proposed TDI has never been considered in the literature. In
addition, unlike the traditional IN mitigation techniques, the
use of the proposed blanking scheme in conjunction with TDI
enables the proposed system to efficiently combat IN even
in frequency-selective channels. Closed-form formulae are
derived for the signal-to-interference and noise ratio (SINR)
in frequency-selective fading channels using zero forcing (ZF)
and minimum mean squared error (MMSE) equalizers. Analyt-
ical and simulation results reveal that the proposed TDI system
offers a remarkable BER performance improvement and can
effectively and jointly combat the IN bursts and multipath
fading. It is worth noting that in frequency-selective fading
channels without IN, TDI can achieve the same BER as Walsh-
Hadamard precoded OFDM systems [1], [9]. In addition, it
significantly outperforms such systems in the presence of IN.

The rest of this paper is organized as follows. The system
and channel models are presented in Section II. The proposed
system model is described in Section III. Section IV presents
the symbol blanking scheme suggested to mitigate the IN
effects. The system performance analysis in fading channels
using ZF and MMSE equalizers are provided in Sections V
and VI, respectively. The numerical results are given in Section
VII, and finally Section VIII concludes the paper.
Notations : In what follows unless otherwise specified,

uppercase boldface and blackboard letters, such as H and
H, will denote N ×N matrices, whereas lowercase boldface
letters, such as x, will denote row or column vectors with
N elements. Samples or data symbols from the �th OFDM
symbol will be denoted using lower case letters such as y.
Symbols with a hat such as x̂ will denote the estimate of x,

and symbols with breve x̆ denotes an interleaved sequence.
Moreover, x ∼ N , Nc, U and B will denote that random
variable x follows the normal, complex normal, uniform or
Bernoulli distribution, respectively. The expectation, Hermi-
tian transpose and conjugation are denoted as E [·], [·]H and
[·]∗.

II. OFDM SYSTEM AND CHANNEL MODELS

A. OFDM System Model

Consider an OFDM system with N subcarriers modulated
by a sequence of N complex data symbols d = [d0, d1, ....,
dN−1]

T . The data symbols are selected uniformly from a par-
ticular constellation such as quadrature amplitude modulation
(QAM). The modulation process can be implemented effi-
ciently using N -points IFFT, where the IFFT output during the
�th OFDM block x(�) = F

H
d(�). Matrix F is the normalized

FFT matrix whose elements are defined as Fi,k = κe−ωik,
κ = 1/

√
N , ω = j2π/N , j =

√
−1 and {i, k} = 0, 1, ...,

N−1 denote the row and column numbers, respectively. Since
F is a unitary matrix, then FH = F−1. Consequently, the nth
sample in x can be expressed as

xn(�) = κ
∑N−1

i=0
di(�)e

ωin, n = 0, 1, ..., N − 1. (1)

To eliminate the inter-symbol-interference (ISI) between con-
secutive OFDM symbols in frequency-selective multipath fad-
ing channels, a cyclic prefix (CP) of length N̄ samples no less
than the normalized channel delay spread (Lh) is formed by
copying the last N̄ samples of x and appending them at the
front of x to compose the transmission symbol with a total
length Nt = N + N̄ samples and a duration of Tt seconds.
Hence, the complex baseband symbol transmitted during the
�th signaling period can be expressed as

x̃(�) = [xN−N̄ (�), xN−N̄+1(�),..., xN−1(�),

x0(�) , x1(�), . . . , xN−1(�)]
T . (2)

Consequently, the ith transmitted sample x̃i(�) = x〈i−N̄〉(�),
i = 0, 1, ..., Nt−1, where 〈i〉 � i mod N . Then, the sequence
x̃ is upsampled, filtered and up-converted to a radio frequency
centered at fc.

At the receiver frontend, the received signal is down-
converted to baseband and sampled at a rate Ts = Tt/Nt.
In this work, we assume that the channel is composed of
Lh +1 independent multipath components each of which has
a gain hm and delay m × Ts, where m ∈ {0, 1,..., N̄}.
The channel taps are assumed to be constant over N OFDM
symbols, which corresponds to quasi-static multipath fading
channels. The received sequence ỹ = H̃(�)x̃(�)+z̃(�), where
the channel matrix H̃ is an Nt × Nt Toeplitz matrix with
h0 on the principal diagonal and h1,..., hLh

on the minor
diagonals, respectively [27] and z̃(�) represents the overall
additive noise that includes AWGN and IN. For notations’
simplicity, we omit the subscript � in the remaining parts of
this section. Given that Lh < N̄ , the nth sample of ỹ can be
expressed as ỹn =

∑Lh

i=0 hi x〈n−i−N̄〉+zn. Subsequently, the

receiver should identify and extract the sequence y = [ỹN̄ ,
ỹN̄+1, . . . , ỹN+N̄−1] and discard the first N̄ CP samples [ỹ0,
ỹ1, . . . , ỹN̄−1]. Therefore,

yn =
∑Lh

i=0
hi x〈n−i〉 + zn+N̄ , 0 ≤ n ≤ N − 1. (3)
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In vector notation, the sequence y can be expressed as

y = Hx+ z (4)

where z = [zN̄ , zN̄+1,· · · , zN̄+N−1]
T , and the channel matrix

H is circulant [27], [28]. It is worth noting that the quasi-static
channel model, and hence the proposed system can be adopted
for several broadband OFDM systems where the channel
changes at a rate lower than the interleaved block length.
Examples for such system include the DVB-T [12]- [14],
PLC [15] and ADSL systems [16]. For OFDM systems where
the channel might change faster than the interleaver depth,
higher complexity solutions such as time-domain equalization,
or interleaver depth optimization might be invoked.

B. Impulsive Noise Model

The IN is usually characterized by bursts of one or more
short pulses whose amplitude g, duration TI , and time of
occurrence are all random parameters. The main models used
for the amplitude distribution are the Middleton class-A [29],
exponential [21] and Gaussian [30]. The common distributions
of the bursts’ arrival process are partitioned Markov chains
(PMC) [21], Gated Bernoulli-Gaussian (GBG) [30], and Pois-
son [22]. The burst width distribution is usually modeled using
the PMC or as the sum of two lognormal random variables
[16].

To enable analytical performance evaluation over IN chan-
nels, the GBG model is widely adopted in the literature where
the IN is modeled as a sequence of independent, Bernoulli
distributed bursts with equal and fixed width, which is equal
to the duration of a single time-domain OFDM sample [18],
[19], [30]. Hence, the overall noise samples at the receiver
frontend zn = wn+ρngn, where the AWGN wn ∼ Nc

(
0, σ2

w

)
and σ2

w = E
[
|wn|2

]
= N0/2. The IN component ρngn is

modeled as a gated Gaussian process, and ρn ∼ B {0, 1}
where p = P{ρn = 1}, and gn ∼ Nc

(
0, σ2g

)
where σ2

g � σ2
w

[18].
In this work, the GBG model is adopted to represent the IN,

which is modeled as a sequence of independent bursts each
of which consists of 1 ≤ κ ≤ N + N̄ pulses. In general,
the burst width κ is a random variable whose distribution
can be modeled as a uniform or lognormal distribution, or by
using PMC [16]. Therefore, the overall received noise z =
w + ρbg, where z = [z0, z1,..., zN+N̄−1]. The vector b is
used to specify the position as well as the width of the IN
burst with respect to the OFDM symbol. Given that n0 is the
index of the first OFDM sample that is affected by a noise
burst, then the elements of b are

bn =

{
1, n0 ≤ n < n0 + κ

0, otherwise
, (5)

where n0 ∼ U
[
0, N + N̄ − κ

]
. Therefore, the location of

the noise burst will be random and uniformly distributed over
the OFDM symbol period. Thus, any IN burst can affect a
maximum of one OFDM symbol.

III. PROPOSED SYSTEM MODEL

The proposed system is similar to the conventional OFDM
system described in Section II. However as depicted in Fig.

Fig. 1. The proposed TDI system in fading channels.

1, after the IFFT, N OFDM symbols are interleaved using a
simple row/column interleaver,

write

read︷ ︸︸ ︷⎧⎪⎪⎪⎨
⎪⎪⎪⎩

x0(0) x0(1) · · · x0(N − 1)
x1(0) x1(1) · · · x1(N − 1)
...

...
xN−1(0) xN−1(1) · · · xN−1(N − 1)

. (6)

It is worth noting that using the block interleaver represented
in (6) simplifies the analysis, but the delay of a pair of
such interleaver/deinterleaver is equal to 2N OFDM symbols.
Alternatively, convolutional interleaving can offer the same
BER performance with only half of that delay [32, p. 467].

The interleaver produces N interleaved symbols
{x̆(0), x̆(1), ..., x̆(N − 1)} where

x̆(�) =
[
x̆�(0) x̆�(1) · · · x̆�(N − 1)

]T
. (7)

The CP samples are formed by copying the last N̄ samples
of x̆ and appending them at the front of x̆ to compose the
transmission symbol. Hence, the complex baseband symbol
transmitted during the �th signaling period can be expressed
as

x̃(�) = [x̆�(N − N̄), x̆�(N − N̄ + 1),..., x̆�(N − 1),

x̆�(0) , x̆�(1), . . . , x̆�(N − 1)]T . (8)

Consequently, the ith transmitted sample is
x̃i(�) = x̆�(

〈
i− N̄

〉
), i = 0, 1, ..., Nt − 1. The

remaining transmission and reception processes are
similar to conventional OFDM systems. Therefore,
the received sequence ỹ(�) =H̃(�)x̃(�)+z̃(�), where
ỹn =

∑Lh

i=0 hi x̆�(
〈
n− i− N̄

〉
) + zn. Subsequently, after

discarding the first N̄ CP samples, the remaining samples
can be expressed as

y̆n =

Lh∑
i=0

hi x̆�(〈n− i〉) + zn+N̄ , 0 ≤ n ≤ N − 1. (9)

In vector notation y̆ = Hx̆+ z. To simplify the discussion,
assume initially that the channel matrix H is the identity
matrix. Therefore, the received N samples, after removing the
CP, can be written as

y̆(�) = x̆(�) +w(�) + ρ(�)b(�)g(�). (10)

By noting that the deinterleaving process interleaves the
vectors w(�), b(�) and g(�), the deinterleaving process yields

y(�) = x(�) + w̆(�) + ρ̆(�)b̆ (�)ğ(�) (11)

where w̆ and ğ are the interleaved AWGN and IN vectors.
The burst and sample gating factors ρ̆ and b̆ have different
properties from the original ρ and b. For example, given
that ρ(0) = 1 and κ = Nt, then ρ̆(�) = b0(�) = 1
∀� ∈ {1, 2, ...N}, i.e., the first sample of every OFDM symbol
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after deinterleaving will be affected by an IN pulse, while all
other samples in all symbols will be IN free. Consequently,
the FFT output can be expressed as

rk(�) = κ
∑N−1

n=0
yn(�)e

−ωnk, k = 0, 1, ..., N − 1 (12)

which can be reduced to

rk(�) = dk(�) + ψk(�) + uk(�) (13)

where the FFT of the AWGN ψk ∼ Nc

(
0, σ2

w

)
. The last term

in (13) represents the FFT of the IN

uk(�) = κρ̆(�)
∑N−1

n=0
b̆n(�)ğn(�)e

−ωnk

where uk ∼ Nc

(
0, σ2

u

)
, and

σ2
u = κ2ρ̆(�)σ2

g

∑N−1

n=0
b̆n(�)

= κ2ρ̆(�)σ2
gκ̆(�) (14)

where κ̆ 
= κ is the number of nonzero elements in the vector
b̆(�), i.e., the Hamming weight of b̆(�).

It can be concluded from (13) and (14) that the deinterleav-
ing process spreads the IN burst over most OFDM symbols
within the deinterleaved block. The FFT process applied after
the deinterleaving averages the IN pulses over all subcarriers
within a given OFDM symbol, which may cause the loss of up
to κ OFDM symbols because σ2

g � σ2
w [18], [21], [38]. It is

also worth noting that the interleaving process described in (6)
does not affect the peak-to-average power ratio (PAPR) of the
transmitted signal because the interleaver changes the order of
the transmitted samples without changing their values.

IV. TDI SYMBOL BLANKING

An efficient solution to mitigate the effects of impulse noise
is to apply blanking [15], [17], where the received samples
with high amplitudes are set to zero. The contaminated sam-
ples are detected and suppressed by comparing the received
samples’ values with a particular threshold T1. Therefore, the
output of the blanking nonlinearity is q̆n = y̆n ∀ |y̆n| ≤ T1 and
0 otherwise. We refer to this approach as sample-by-sample
blanking. After blanking and deinterleaving, the nth sample
of the FFT input qn = yn ∀ |yn| ≤ T1 and 0 otherwise,
where yn = xn + wn + ρbn gn. Therefore, the FFT output
s(�) = Fq(�) and the kth subcarrier can be written as

sk(�) = κ
∑N−1

n=0
qn(�)e

−ωnk, k = 0, 1, ..., N − 1

= κ
∑

n∈C
yn(�)e

−ωnk (15)

where C = {n ∈ {0, 1, ..., N − 1}|qn 
= 0}. The average error
probability can be expressed as

Pe =
∑

C
P (e|C)P (C). (16)

The sample blanking threshold T1 should be selected to
minimize the BER, and it is a function of several variables
such as signal-to-noise ratio (SNR), signal-to-IN ratio (SIR)
and κ [15]. It is worth noting that the blanking process is
not ideal in the sense that it will not necessarily blank all IN
samples, and may blank some information samples, which is
due to the high peak-to-average-power-ratio (PAPR) problem
inherent in OFDM systems [31]. In addition, the sample-by-
sample blanking is not feasible in frequency-selective channels
due to the vast amplitude fluctuations that a signal may
experience in such channels [19].

In our study we observed that despite the fact that detecting
corrupted samples is very challenging, the corrupted symbols
can be easily and accurately identified by introducing an
additional threshold T2 for the blanking process, where T2
denotes the number of samples with amplitudes larger than
T1. In each symbol, if the number of samples with |yn| ≥ T1
exceeds T2, the entire symbol is considered corrupted and is
blanked subsequently. i.e.,

q̃ =

{
0× ỹ

∑
n 1{|ỹn|>T1} > T2

ỹ otherwise
(17)

This approach is called symbol blanking for the rest of the
paper. It is worth mentioning that the time diversity provided
by the TDI interleaving mechanism enables us to recover
the blanked symbol and allows symbol blanking without any
significant loss.

It is worth noting the symbol blanking substantially relaxes
the system sensitivity to T1, which is difficult to estimate
accurately in conventional OFDM systems [20], [39].

Based on the widely used assumption that σ2
g � σ2

w [18],
[21], [38], the symbol blanking process is expected to be
highly accurate. By assuming a perfect burst detection process,
the average probability of error over a block of N symbols
can be expressed as

Pe =
∑N−1

ε=0
P (e|ε)P (ε) (18)

where ε denotes the total number of IN bursts per block of N
OFDM symbols, which has a binomial PDF

P (ε = i) =

(
N

i

)
pi(1 − p)N−i (19)

where p is the probability of the occurrence of IN during
each symbol period. The exact value of p can be measured or
extracted from the selected IN model.

It is worth mentioning that the analyses in the next sections
are valid for any IN model that considers IN bursts longer than
the sample period. Since symbol blanking technique blocks
the corrupted symbols, the exact amplitude of the IN is not a
contributing factor in the performance, as long as the symbols
that are hit by IN can be correctly detected. To ensure that
this condition remains true, the thresholds T1 and T2 have to
be carefully adjusted.

V. SYSTEM PERFORMANCE USING ZF EQUALIZER

As it can be noted from (18), the probability of error is
computed as the average of all possible symbol blanking
scenarios. A particular case of interest is the one where ε = 0,
which corresponds to an IN-free frequency-selective fading
channel. Therefore, we first consider the case of ε = 0, then
the results are generalized for ε > 0. The TDI system block
diagram is given in Fig. 1 for notation clarification.

A. No Samples Blanked, ε = 0

The receiver design can be performed by noting that H =
FHHF [40], where

H = diag ([H0, H1, · · · , HN−1]) , Hk =

Lh∑
m=0

hme
−ωmk .

Thus (4) can be written as

y̆ = FHHFx̆+w. (20)
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Therefore, the ZF equalizer output can be written as s̆ =
FHH−1Fy̆ = x̆+Vw, where V � FHH−1F. However, since
H−1 is a diagonal matrix,

H−1 = diag

([
1

H0
,

1

H1
, · · · ,

1

HN−1

])
(21)

and matrix V is circulant, the first row of V, using the Matlab
notations, is given by

V(0, :)=κ2

⎡
⎢⎢⎢⎢⎣

∑N−1
k=0

1
Hk∑N−1

k=0
e−ωk

Hk

...∑N−1
k=0

e−(N−1)ωk

Hk

⎤
⎥⎥⎥⎥⎦

T

. (22)

It can be noted from (22) that each element in V is composed
of a mixture of all elements of H−1. Specifically, each row
in V consists of the FFT of the vector

[
1
H0

, 1
H1

, · · · , 1
HN−1

]
.

Consequently, the term Vw � Φ̆ is given by

Φ̆ =κ

⎡
⎢⎢⎢⎣
∑N−1

i=0 wiΔi∑N−1
i=0 wiΔ〈i−1〉

...∑N−1
i=0 wiΔ〈i+1〉

⎤
⎥⎥⎥⎦ (23)

where Δi =
∑N−1

k=0
e−ωki

Hk
. After deinterleaving, the �th

OFDM symbol s(�)= x(�) +Φ(�), where x(�) = F
H
d(�)

and Φ is formed by equalizing and deinterleaving the additive
noise,

Φ(�) = κ

⎡
⎢⎢⎢⎣
∑N−1

i=0 wi(0)Δ〈−�+i〉(0)∑N−1
i=0 wi(1)Δ〈−�+i〉(1)

...∑N−1
i=0 wi(N − 1)Δ〈−�+i〉(N − 1)

⎤
⎥⎥⎥⎦ . (24)

The FFT is then applied to extract the decision variables
r(�) = d(�) + FΦ(�).

As an example, for the case of � = 0 , the noise component
can be described as

FΦ(0) = κ2

⎡
⎢⎢⎢⎢⎣
∑N−1

j,i=0 wi(j)Δi(j)∑N−1
j,i=0 wi(j)Δi(j)e

−ωj

...∑N−1
j,i=0 wi(j)Δi(j)e

−(N−1)ωj

⎤
⎥⎥⎥⎥⎦ . (25)

Since all samples are identically distributed, without loss of
generality, we consider the first subcarrier of the first OFDM
symbol, which is given by

r0(0) = d0(0) + κ2
N−1∑
j=0

N−1∑
i=0

wi(j)Δi(j). (26)

Substituting the value of Δi and noting that Hk(�) = Hk

∀� for the considered quasi-static channel, then (26) can be
written as

r0(0) = d0(0) + κ2
N−1∑
j=0

N−1∑
i=0

N−1∑
k=0

e−ωki

Hk
wi(j). (27)

By comparing (27) to the standard OFDM, which has

rstd0 = d0 +
κ2

H0

N−1∑
i=0

wi. (28)

It can be noted that the channel frequency response at each

subcarrier in the TDI system is a mixture of the channel
frequency responses Hi of the entire interleaving block length,
which is caused by the deinterleaving and the last FFT
operations.

The conditional SNR for a given channel matrix H can be
expressed as

SNR |H =
E
{
|d0|2

}
E

{∣∣∣κ2∑N−1
i=0

∑N−1
j=0 wi(j)Δi

∣∣∣2} . (29)

Since E {wi(j)w
∗
v(k)} = 0 for j 
= k or i 
= v, the

denominator of (29) can be simplified as follows,

E

⎧⎪⎨
⎪⎩
∣∣∣∣∣∣κ2

N−1∑
i=0

N−1∑
j=0

wi(j)Δi

∣∣∣∣∣∣
2
⎫⎪⎬
⎪⎭

= κ4
N−1∑
i=0

N−1∑
i′=0

ΔiΔ
∗
i′

N−1∑
j=0

N−1∑
j′=0

E {wi(j)w
∗
i′ (j

′)}

= κ2σ2
w

N−1∑
i=0

|Δi|2 . (30)

It is worth noting that (30) can be obtained using Parseval’s
theorem as well,

E

⎧⎪⎨
⎪⎩
∣∣∣∣∣∣σ2

w

N−1∑
i=0

N−1∑
j=0

zi(j)Δi

∣∣∣∣∣∣
2
⎫⎪⎬
⎪⎭ = κ2σ2

w

N−1∑
k=0

1

|Hk|2
. (31)

Therefore, the SNR using a ZF equalizer is given by

SNR |H =
σ2
d

κ2σ2
w

∑N−1
k=0

1
|Hk|2

(32)

where E
{
|d0|2

}
= σ2

d . By denoting ϕ−1 = κ2
∑N−1

k=0
1

|Hk|2
,

then
SNR |H =

γ

ϕ−1
= ϕγ (33)

where ϕ−1 = 1/ϕ and γ = σ2
d/σ

2
w. It is interesting to note

that (32) and [1, Eq. (61)] are identical, and (32) is similar
to [34, Eq. 17] where the block length M = N , [9, Eq. 24]
for the case of Li = 1, and with [42, Eq. 2] for tk,i = 1.
Furthermore, it can be noted from (32) that if any subcarrier
goes through a deep fade, i.e. ∃k, |Hk|2 → 0, then 1/ |Hk|2 →
∞, and hence SNR→ 0. Therefore, ZF equalizer is expected
to offer poor BER in frequency-selective fading channels even
without IN.

Given that the PDF fϕ(ϕ) is known, the BER can be
expressed as

PZF (γ) =

∫ ∞

0

Q (
√
ϕγ) fϕ(ϕ) dϕ. (34)

Note that ϕ is composed of the sum of N correlated random
variables each of which has the form |Hk|−2. If the channel
frequency response parameters {H0,..., HN−1} are i.i.d. RV,
then evaluating fϕ(ϕ) might be feasible for particular sce-
narios. For example, if we assume that Hi ∼ Nc(0, 1), then
|Hi|2 has a Chi-square χ2 PDF with two degrees of freedom,
and |Hi|−2 has an inverse-χ2 PDF. Since the inverseχ2 PDF
can be expressed in terms of the inverse Gamma PDF, the
PDF of the sum

∑
i |Hi|−2 can be evaluated as described

in [33]. However, since Hk are correlated, evaluating fϕ(ϕ)
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analytically is difficult. Hence, semi-analytical solutions can
be incorporated [9], [34], [42]. In addition, the work of Wang
and Giannakis [35] states that systems with instantaneous
SNR similar to (33) will not have diversity gain if limγ → 0+

fϕ(ϕ) = c > 0. Moreover, McCloud [34] demonstrated
that fϕ(ϕ) is bounded away from zero as ϕ → 0+. This
result proves that the proposed interleaved system with ZF
equalizer has no diversity gain. Nevertheless, it provides a
BER advantage in high SNRs that is very challenging to
quantify analytically. Consequently, Monte-Carlo simulations
can be invoked to evaluate the system performance. Besides,
it can be clearly noticed from (32) that SNR |H → 0 if any
of the subcarriers goes into a deep fade.

B. Samples Blanked, ε > 0

In the process of OFDM symbol blanking, a sequence of
blanked and non-blanked symbols is generated. Therefore, the
input of the deinterleaver can be written as

s̆(�) =

{
0× y̆(�), blanked symbol
x̆(�) + Φ̆(�), otherwise

where Φ̆(�) is defined in (23). The deinterleaving process
rearranges the N OFDM symbols back to their original order
before interleaving, which yields s(�) = BFHd(�)+BΦ(�),
where B is a matrix that specifies the blanking process. If no
symbol is blanked, then B is the identity matrix. Each of the
samples to be blanked is nulled by setting the corresponding
main diagonal element to zero. The received signal is then
achieved by computing the FFT of s,

r(�) = FBFHd(�) + FBΦ(�). (35)

Using the Appendix A, the first term in (35), v � FBFHd(�)
can be calculated for a particular B. Thus, the kth sample of
v is given by,

vk(�|ε) = βdk + κ2
N−1∑
i=0
i	=k

di
sin

[
πεκ2(k − i)

]
sin [πκ2(i− k)]

e−j π
N (ε+1)(i−k)

(36)
where β = N−ε

N and ε = N − tr(B) represents the number of
blanked symbols and tr(·) denotes the trace.

The second term in (35), can be calculated for the � = 0
case as follows,

FBΦ(0) = κ3

⎡
⎢⎢⎢⎢⎣

∑N−1
j,i,k=0 bj

wi(j)
Hk(j)

e−ω(ik+0 j)∑N−1
j,i,k=0 bj

wi(j)
Hk(j)

e−ω(ik+j)

...∑N−1
j,i,k=0 bj

wi(j)
Hk(j)

e−ω(ik+Nj)

⎤
⎥⎥⎥⎥⎦

where bj = B(j, j). The assumption that � = 0 is used for
notational simplicity. Following the same approach described
in previous subsection we obtain

rk = βdk + κ2
N−1∑
i=0
i	=k

di
sin

[
πεκ2(k − i)

]
sin [πκ2(i− k)]

e−j π
N (ε+1)(i−k)

+ κ3
N−1∑
j=0

bj

N−1∑
i=0

wi(j)

N−1∑
k=0

e−ωik

Hk(j)
(37)

where the second and third terms in (37) represent the ICI and
additive noise, respectively. As depicted in the Appendix A,

the noise variance is given by

σ2
wε = E

⎧⎪⎨
⎪⎩
∣∣∣∣∣∣κ3

N−1∑
j=0

bj

N−1∑
i=0

wi(j)

N−1∑
k=0

e−wik

Hk(j)

∣∣∣∣∣∣
2
⎫⎪⎬
⎪⎭

= βκ2σ2
w

N−1∑
k=0

1

|Hk|2
(38)

σ2
wε = β2σ2

w represents the variance of the AWGN given that
ε samples are blanked, and the ICI variance is

σ2
ICI,k = κ4σ2

d

N−1∑
i=0
i	=k

sin2
[
πεκ2(k − i)

]
sin2 [πκ2(i − k)]

. (39)

Therefore, the SINR for the kth subcarrier can be calculated
as

SINR |H,ε,k = β2 σ2
d

σ2
wε + σ2

ICI,k

. (40)

Since all subcarriers will experience the same SINR, the
subcarrier index k can be set to zero and dropped from (41)
without loss of generality. Substituting (39) into (41) and
simplifying the results gives

SINR |H,ε =

[
κ2

γ

N−1∑
i=0

1

|Hi|2
+
κ4

β2

N−1∑
i=1

sin2
(
πεκ2i

)
sin2 (πκ2i)

]−1

.

(41)
The BER can be calculated by substituting (41) into the well
known QPSK error formula,

P (e|ε,H) = Q

(√
SINR |H,ε

)
. (42)

Therefore,

P (e|H) =

N−1∑
ε=0

Q

(√
SINR |H,ε

)(
N

i

)
pε(1−p)N−ε. (43)

The conditional BER given in (41) can be used to compute the
average BER semi-analytically by generating a large number
of realizations for H.

VI. SYSTEM PERFORMANCE IN FADING CHANNELS

(MMSE)

A. No Samples are Blanked, ε = 0

The typical approach to mitigate the performance degra-
dation of ZF equalizers is to use MMSE equalizers, where
the output signal of such equalizers can be calculated as
s̆ = [H∗H+ξI]

−1
H∗y̆, where ξ = γ−1 for optimum error

performance. Considering that fact that H = FHHF and
noting that the input samples to the equalizer are interleaved,
the equalizer output can be written as

s̆ = FH [H∗H+ξI]
−1

H∗Fy̆. (44)

By noting that y̆ = FHHFx̆+w, then (44) is simplified to

s̆ = FH
[
|H|2 +ξI

]−1

|H|2 Fx̆

+ FH
[
|H|2 +ξI

]−1

H∗Fw. (45)

Because H,
[
|H|2 +ξI

]−1

|H|2 � λ and
[
|H|2 +ξI

]−1

H∗ �
λ̄ are all N×N diagonal matrices, the equalizer output s̆ can
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be written as

s̆ = FHλFx̆+ FH λ̄Fw (46)

where

λk =
|Hk|2

|Hk|2 + ξ
, λ̄k =

H∗
k

|Hk|2 + ξ
(47)

It is clear that when ξ = 0, then FHλF = IN and
FH λ̄F = H−1, which implies that the MMSE equalizer
becomes ZF equalizer. For ξ > 0, s̆ will have some sort of
inter-symbol interference (ISI) because A is not a diagonal
matrix. Consequently, a compromise has to be made between
the degradation resulted from the ISI and noise-enhancement
problem. Obviously, setting ξ = 1/γ yields the conventional
MMSE equalizer, which is widely used in the literature [36].

The FFT output for the proposed system can be derived
using Appendix B. The kth sample of the FFT output is given
by

rk(�) = κ2
N−1∑
m=0

N−1∑
i=0

xm(i)Λ〈i−�〉e
−ωkm

+ κ2
N−1∑
m=0

N−1∑
i=0

wi(m)Λ̄〈i−�〉e
−ωkm

= κ

N−1∑
i=0

Λ〈i−�〉dk(i) + κ2
N−1∑
i=0

N−1∑
m=0

Λ̄〈i−�〉wi(m)e−ωkm.

(48)

Since all the elements of r are identically distributed, for
simplicity, we consider the first FFT-pin output of the first
OFDM symbol,

r0(0) = κd0(0)Λ0 + κ

N−1∑
i=1

Λid0(i) + κ2
N−1∑
i=0

N−1∑
m=0

Λ̄iwi(m).

(49)
The first term in (49) shows the desired information symbol,
whereas the ISI is characterized by the second term and finally,
the third term gives the noise component of the received signal.
The SINR for a given channel matrix can be expressed as

SINR |H,k=0 = E
{
|κd0(0)Λ0|2

}

×

⎛
⎝E

⎧⎨
⎩
∣∣∣∣∣κ

N−1∑
i=1

Λid0(i) + κ2
N−1∑
i=0

N−1∑
m=0

Λ̄iwi(m)

∣∣∣∣∣
2
⎫⎬
⎭
⎞
⎠−1

.

(50)

Since the noise and ISI terms are independent, it is possible
to separate the denominator terms and rewrite (50) as

SINR |H,k=0 = E
{
|κd0(0)Λ0|2

}
÷
(
E

{∣∣∣∣κ∑N−1

i=1
Λid0(i)

∣∣∣∣2
}

+E

{∣∣∣∣κ2∑N−1

i=0

∑N−1

m=0
Λ̄iwi(m)

∣∣∣∣2
})

. (51)

The expected value of the desired signal can be reduced to

E
{
|κd0(0)Λ0|2

}
= κ2E

{
|d0(0)|2

}
|Λ0|2

= κ2σ2
d |Λ0|2 . (52)

The denominator of (51) is composed of two parts, �1 and �2.

Since E {d0(i)d0(i′)} = 0 for i 
= i′, and E
{
|d0(i)|2

}
= σ2

d,
then �1 and �2 are reduced to,

�1 � E

⎧⎨
⎩
∣∣∣∣∣κ

N−1∑
i=1

Λid0(i)

∣∣∣∣∣
2
⎫⎬
⎭ = κ2σ2

d

N−1∑
i=1

|Λi|2 . (53)

And similarly,

�2 � κ4E

⎧⎨
⎩
∣∣∣∣∣
N−1∑
i=0

N−1∑
m=0

Λ̄iwi(m)

∣∣∣∣∣
2
⎫⎬
⎭ = κ2σ2

w

N−1∑
i=0

∣∣Λ̄i

∣∣2 .

(54)
Following the same approach used for the ZF equalizer, and
inserting (53) and (54) into (51) gives

SINR |H,k=0 =
σ2
d |Λ0|2

σ2
d

∑N−1
i=1 |Λi|2 + σ2

w

∑N−1
i=0

∣∣Λ̄i

∣∣2 . (55)

By substituting the values of Λ0, Λi and Λ̄i into (55), using
the fact that

∑N−1
i=0

e−ωi(k−n)

HkH∗
n

= 0, ∀ k 
= n, and noting that
all subcarriers will experience the same SINR, then SINR at
the FFT output can be expressed as

SINR |H = γ

∑N−1
k=0 λk∑N−1

k=0
λk

|Hk|2
. (56)

The SINR given in (56) is equal to SINR of the WHT-OFDM
system [9], [1, Eq. (68)]. Consequently, the two systems will
have equal BER in fading channels. The BER of the proposed
system with MMSE can be calculated semi-analytically as

PMMSE(γ) =
1

L

L∑
i=1

Q
(√

SINR |Hi

)
(57)

where Hi is the ith realization of H and L is the total number
of realizations.

From the definition of λk (47), it is evident that unless
the subcarrier k is in deep fade, λ is very close to 1. Thus,
the summation γ

∑N−1
k=0 λk in (56) is generally comparable to

σ2
d

κ2σ2
w

= Nγ in (32). On the other hand, the denominator
in (32) is dominated by the subcarriers in the deep fade.
i.e., if any of the subcarriers Hk −→ 0, the summation∑N−1

k=0
1

|Hk|2
→ ∞, resulting in very low SNR. This effect has

been evaded in MMSE since
∑N−1

k=0
λk

|Hk|2
is bounded away

from infinity. This leads to substantially higher SNR than TDI
with ZF equalizer and diversity advantages in the operational
SNRs [37].

B. Samples Blanked, ε > 0

Similar to the ZF case, some OFDM symbols are blanked if
they are declared as contaminated by the IN bursts. Therefore,
the equalizer output can be written as

s̆(�) =

{
0× y̆, blanked symbol
Θ̆(�) + Ψ̆(�), otherwise

(58)

where Θ̆ and Ψ̆ are defined in (83), and (81), respectively.
The deinterleaver output s(�) = BΘ(�)+BΨ(�) and the FFT
output r(�) = Fs(�) = FBΘ(�) + FBΨ(�), where

rk(�) = κ2
N−1∑
n=0

bn

N−1∑
i=0

xn(i)Λ〈i−�〉N e
−ωnk

︸ ︷︷ ︸
vk(�)
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+ κ2
N−1∑
n=0

bn

N−1∑
i=0

wi(n)Λ̄〈i−�〉N e
−ωnk

︸ ︷︷ ︸
uk(�)

. (59)

The first term in (59) vk(�) can be written as

vk(�) = κ2
∑N−1

i=0
Λ〈i−�〉N

∑N−1

n=0
bnxn(i)e

−ωnk

= κ
∑N−1

i=0
Λ〈i−�〉N

(
β dk(i)

+ κ2
∑N−1

n=0
n	=k

dn(i)
sin

[
πεκ2(k − n)

]
sin [πκ2(n− k)]

e−
ω
2 (ε+1)(n−k)

)
.

(60)

To simplify the calculations, we consider ν0(0), which is equal
to

ν0(0) = κβΛ0d0(0) + κβ

N−1∑
i=1

Λid0(i)

+ κ3
N−1∑
i=0

Λi

N−1∑
n=1

dn(i)
sin

[
πεκ2n

]
sin [πκ2n]

e−j π
N (ε+1)n. (61)

In (61), the first term includes the desired signal and the
second term is the interference caused by the MMSE equalizer,
whose power is denoted as σ2

I,MMSE . The last term is the
interference caused by losing the blanked ε samples from
the OFDM symbol, which has a power of σ2

I,Blank. The
equalization and blanking interference power can be calculated
as

σ2
I,MMSE = E

⎧⎨
⎩
∣∣∣∣∣κβ

N−1∑
i=1

Λid0(i)

∣∣∣∣∣
2
⎫⎬
⎭

= κ2β2σ2
d

N−1∑
i=1

|Λi|2 . (62)

and

σ2
I,Blank = E

{∣∣∣∣∣κ3
N−1∑
i=0

Λi

N−1∑
k=1

dk(i)

×
sin

[
πεκ2k

]
sin [πκ2k]

e−
ω
2 (ε+1)k

∣∣∣∣∣
2
⎫⎬
⎭

= κ6σ2
dαε

∑N−1

i=0
|Λi|2 , (63)

where αε �
∑N−1

k=1

sin2(πεκ2k)
sin2(πκ2k)

. The second term in (59),
uk(�), describes the noise component of the received signal,

uk(�) = κ2
N−1∑
n=0

bn

N−1∑
i=0

wi(n)Λ̄〈i−�〉N e
−ωnk

= κ2
N−1∑
i=0

Λ̄〈i−�〉N

N−1∑
n=0

bnwi(n)e
−ωnk.

The variance of the noise component is

σ2
uε = E

⎧⎨
⎩
∣∣∣∣∣κ2

N−1∑
i=0

Λ̄〈i−�〉N

N−1∑
n=0

bnwi(n)e
−ωnk

∣∣∣∣∣
2
⎫⎬
⎭

= κ2σ2
wε

N−1∑
i=0

∣∣Λ̄i

∣∣2 . (64)

Note that the second summation in (64) is just the FFT of
the noise samples with ε samples missing. Consequently, the
conditional SINR is calculated as

SINR |H,ε = κ2β2 Λ2
0σ

2
d

σ2
wε + σ2

I,MMSE + σ2
I,Blank

. (65)

After some mathematical manipulations (65) can be written
as

SINR |H,ε =

∑
k λk

1
γ

∑
k

λk

|Hk|2
+ κ2

β2αε

∑
k λ2

k∑
k λk

,

k = 0, 1, ...N − 1. (66)

The BER can be computed semi-analytically as described in
(43).

In practical OFDM systems, accurate channel estimation,
symbol timing and frequency synchronization are necessary
to detect the information symbols. Therefore, every trans-
mitted data frame is usually preceded by a preamble of a
few OFDM training symbols. Moreover, some subcarriers
are also reserved as pilots to assist channel estimation and
synchronization. The number and distribution of the pilots
depend on the nature of the channel [3], [4]. For the TDI,
the received signal described in (20) clearly implies that the
channel matrix H should be estimated and compensated before
the deinterleaving process. Consequently, if typical channel
estimation and synchronization techniques are to be used, the
training OFDM symbols within the frame preamble should
not be interleaved. Moreover, for various OFDM systems that
does not involve mobility such as PLC, the channel can be
considered relatively fixed for the entire frame period [43]. If
the channel or synchronization parameters need to be updated
more frequently, then time-domain [44] or blind techniques
can be invoked [45].

VII. NUMERICAL RESULTS

Monte Carlo simulations are used to evaluate the per-
formance of the proposed system over frequency-selective
multipath fading channels. The OFDM system considered in
this paper has N = 128 and N̄ = 16. All data symbols
are QPSK modulated. The channel is assumed to be time-
invariant throughout the duration of each interleaving block.
In addition, full channel state information and perfect synchro-
nization are assumed throughout this work. Each simulation
run consists of 2.56 × 106 independent OFDM symbols.
The multipath fading channel model considered in this work
corresponds to a Rayleigh frequency-selective channel with
normalized delays of [0, 1, 2, 3, 4] samples and average gains
[0.35, 0.25, 0.18, 0.12, 0.1]. The IN is modeled as GBG pro-
cess, where the bursts position is uniformly distributed within
the OFDM symbol period. Unless it is specified otherwise,
the burst gating factor probability p = 0.01, the burst width
κ = (N + N̄)/2, the signal-to-IN ratio SIR = −20 dB and
SNR � γ.

To demonstrate the effect of TDI on the decision variables
r at the FFT output, the magnitude of the noise term in each
subcarrier is presented for a particular channel realization
as shown in Fig. 2. The aggregate noise and interference
(AGNI) output at the kth subcarrier is computed as |rk − dk|2.
The AGNI is selected because it clearly reveals the noise



4610 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 61, NO. 11, NOVEMBER 2013

30 40 50 60 70 80
Subcarrier No.

A
gg

re
ga

te
d 

O
ut

pu
t N

oi
se

 a
nd

 I
nt

er
fe

re
nc

e

 

 
TDI−ZF

TDI−MMSE

OFDM

Ch. Res.

Fig. 2. Noise enhancement of the TDI and OFDM systems with ZF and
MMSE equalizers for SNR = 15 dB.

enhancement problem caused by the ZF equalizer. As it can
be observed from the figure, the channel has two nulls at
subcarriers 50 to 56 and 64 to 69. As expected, the division by
the relevant Hk in conventional OFDM will cause severe noise
enhancement for the subcarriers with deep fading as shown in
Fig. 2. The ZF equalizer and the last FFT mixes the channel
frequency response (CFR) of all subcarriers, which mainly
will deteriorate the BER performance as the enhanced noise
is distributed over all subcarriers. Finally, the MMSE does not
suffer from any noticeable noise enhancement problem due to
the bias added to Hk before the division process, which proves
that the CFR mixing process is advantageous and will cause
BER improvement.

Fig. 3 presents the effective SINR of the TDI and OFDM
systems versus the SNR γ, which measures the SNR degra-
dation caused by both, fading and blanking. The immunity
of the TDI to fading can be observed from the ε = 0 case
where the SINR of the TDI is about 5 dB higher than the
conventional OFDM. It is evident that OFDM suffers from
losing some samples, where ε > 0, more than TDI which
leads to the increase in the SINR gap to approximately 7 and
7.5 dB for ε = 2 and 1, respectively. For ε ≥ 3, the effective
SINR becomes very low, which decreases the SINR difference
to about 4 dB. In other words, despite OFDM that is degraded
even with ε = 1, TDI can successfully resist the adverse effect
of losing samples up to ε = 3, where its slope becomes equal
to that of OFDM.

The BER performance of IN-free (ε = 0) TDI, WHT-
OFDM and conventional OFDM systems using ZF and MMSE
equalizers is given in Fig. 4. As it can be noted from the
figure, the lowest BER is achieved by the TDI/WHT using
MMSE, whereas the TDI/WHT ZF gives the worst BER.
The OFDM inherent fading-resistance gives it a mediocre
performance. Since OFDM transmits the signal in orthogonal
narrow frequency band channels, both equalizers give the same
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equalizers.

BER; a result which is expected. Moreover, the simulation
results in this figure corroborate with the analysis. In addition,
the BER curves of WHT-OFDM with MMSE and TDI-MMSE
match, which indicates that TDI-MMSE and WHT-OFDM
using MMSE provide equal diversity advantages. As expected,
the ZF suffers from noise enhancement problem which can be
observed in all ZF equalizers.

Fig. 5 shows the BER versus T1 using different values of
T2 and SNR. It can be noted from the figure that there is
no unique optimum (T1, T2) that should be used. Moreover,
once T2 is selected, T1 can be selected without a major
concern about its accuracy due to the BER plateau shown in
Fig. 5. Therefore, the thresholds selection process is relaxed
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Fig. 5. BER versus the threshold T1 for different values of T2 and SNR.

as compared to the sample-by-sample blanking. Besides, it
is interesting to note that analytical BER can be achieved
regardless of the SNR.

Fig. 6 shows the joint effect of IN and fading, and compares
the BER of TDI, OFDM and WHT-OFDM using ZF equal-
ization. The performance of OFDM without IN is shown in
the figure as the baseline. The blind blanking is performed
by comparing the received sample to the optimum thresholds,
while non-blind is performed by assuming that the receiver
has perfect IN state information (NSI). In general, OFDM
systems offer poor performance in IN channels even when
blanking is invoked and the perfect NSI is available. The
simulation results show that OFDM exhibits an error floor
greater than 10−3, which persists even with NSI. Similar to
the conventional OFDM, the WHT-OFDM system does not
offer any noticeable immunity against IN. Although the TDI-
ZF does not offer BER improvement in frequency-selective
fading channels, it managed to mitigate the IN reasonably,
where the BER converges to the OFDM BER with ε = 0.
Furthermore, the BER of blind symbol blanking applied for
TDI matches the BER of ideal blanking with NSI. In all other
cases, a severe BER degradation is observed.

The BER of TDI-MMSE is compared to OFDM and WHT-
OFDM in Fig. 7, where the results clearly show that the
TDI significantly outperforms the other considered systems. In
addition to the high robustness in frequency-selective fading
channels, the TDI can effectively combat the degradation
caused by IN bursts with less than 1 dB degradation from the
IN-free case at BER of 10−6. Both, the OFDM and WHT-
OFDM exhibit high errors at SNR of about 35 dB. However,
the WHT-OFDM slightly outperforms the conventional OFDM
due to its robustness to fading. Comparing the BER for the
blind and NSI blanking in TDI shows that blind symbol
blanking can be performed with high accuracy. This figure also
shows the agreement between semi-analytical and simulation
results.
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The effect of the IN bursts arrival probability is given in
Fig. 8. It can be noted from the figure that the TDI BER
degradation for p � 0.02 is negligible, while an error floor is
observed at BER ≈ 10−4 for p = 0.05. It is worth noting
that P (ε ≥ 1)|p=0.02 ≈ 0.92, which corresponds to a severe
IN channel where every block of N OFDM symbols will be
mainly hit by one or more IN bursts. For the p = 0.05 and
0.1 cases, P (ε ≥ 3)|p=0.05 ≈ 0.96 and P (ε ≥ 3)|p=0.1 ≈
1, respectively. Therefore, the TDI can offer a superior BER
performance even in severe IN channels where p = 0.05. The
p = 0.1 case is too extreme, and hence it will be difficult to
have reliable communications in such scenarios.
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VIII. CONCLUSION

This work presented a novel technique for joint mitiga-
tion of impulsive noise (IN) and multipath fading effects in
broadband communication systems with OFDM modulation.
The proposed system, namely TDI, is composed of the time
domain interleaving that interleaves the samples of several
OFDM symbols after the IFFT and deinterleaves them before
the final FFT stage, and a two-stage blanking to mitigate
the IN. The performance of the TDI in presence of IN has
been analyzed in multipath fading channels where ZF and
MMSE equalizers are employed to compensate the frequency-
selectivity effects. The performance of the proposed system
is evaluated in terms of BER where closed-form formulae
are derived for the SINR using ZF and MMSE equalizers.
The obtained analytical and simulation results show that the
TDI can effectively combat the effects of heavily distributed
IN and the frequency-selectivity of the channel. Our analyses
show that the effective SINR of TDI is mathematically equal
to that of Walsh-Hadamard precoded OFDM (WHT-OFDM)
system, which proves that equal frequency diversity gain is
obtained [1]. Moreover, the TDI has time diversity, which was
effectively used to reduce the BER degradation caused by the
IN.

APPENDIX A
THE DISTURBANCE CAUSED BY BLANKING

Assume that x = F−1{d}. Therefore,

xn = κ
N−1∑
i=0

die
ωin. (67)

Given that ε samples of x are zeroed, calculating s = F{y},
where y =Bx, gives

sk|ε = κ

N−1∑
n=0

yne
−ωnk = κ

N−1∑
n=ε

xne
−ωnk (68)

Inserting (68) in (67), gives

sk|ε = κ2
N−1∑
n=ε

N−1∑
i=0

die
ωine−ωnk

= βdk + κ2
N−1∑
n=ε

N−1∑
i=0
i	=k

die
ωn(i−k) (69)

where β = N−ε
N . With the change of the summations order,

it can be rewritten as

= βdk + κ2
N−1∑
i=0
i	=k

di

N−1∑
n=ε

eωn(i−k). (70)

The last summation can be simplified using the identity
N−1∑
n=ε

eωn(i−k) =
e−2 jπ (−k−iN+kN)κ2 − e−2 jπ (−k−εi+εk)κ2

e2 jπ iκ2 − e2 jπ kκ2

and taking e
2 jπ k

N as a common factor, which results in
N−1∑
n=ε

eωn(i−k) =
e2 jπ(i−k) − e2 jπε(i−k)κ2

e2 jπ(i−k)κ2 − 1
. (71)

Note that e2 jπ(i−k) = 1. Thus
N−1∑
n=ε

eωn(i−k) =
1− e2 jπε(i−k)κ2

e2 jπ(i−k)κ2 − 1
(72)

Using Euler formula, and after some algebraic manipulations,
we have

1− e2 jm=2 sinm (sinm− j cosm)

where m = πε(i−k)
N . Similarly, letting π(i−k)

N = u, gives
e2 ju − 1 = 2 sinu [− sinu+ j cosu] . Therefore,

N−1∑
n=ε

eωn(i−k) =
sinm

sinu

sinm− j cosm

− sinu+ j cosu

= − sinm

sinu
e−j(m+u)

=
sin

[
πεκ2(k − i)

]
sin [πκ2(i− k)]

e−jπκ2(ε+1)(i−k)

Finally,

sk|ε = βdk + κ2
N−1∑
i=0
i	=k

di
sin

[
πεκ2(k − i)

]
sin [πκ2(i− k)]

e−jπκ2(ε+1)(i−k)

(73)
The second term corresponds with the error caused by zeroing
some samples of x and its mean is

E

⎧⎪⎨
⎪⎩κ2

N−1∑
i=0
i	=k

di
sin

[
πεκ2(k − i)

]
sin [πκ2(i− k)]

e−jπκ2(ε+1)(i−k)

⎫⎪⎬
⎪⎭ = 0.

(74)
The variance of this error can be computed as

σ2
k = E

⎧⎪⎨
⎪⎩
∣∣∣∣∣∣∣κ

2
N−1∑
i=0
i	=k

di
sin

[
πεκ2(k − i)

]
sin [πκ2(i− k)]

e−jπκ2(ε+1)(i−k)

∣∣∣∣∣∣∣
2⎫⎪⎬
⎪⎭

= κ4E

⎧⎪⎨
⎪⎩

N−1∑
i=0
i	=k

N−1∑
v=0
v 	=k

E {did∗v}
sin

[
πε
N (k − i)

]
sin

[
π
N (i− k)

]
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×
sin

[
πε
N (k − v)

]
sin

[
π
N (v − k)

] ej π
N (ε+1)(v−i)

}
(75)

Assuming that the data samples di are independent and
identically distributed with E {didk} = 0 ∀i 
= k and variance
σ2
d, then

σ2
k = κ4

N−1∑
i=0
i	=k

E {did∗i }
sin

[
πεκ2(k − i)

]
sin [πκ2(i− k)]

sin
[
πεκ2(k − i)

]
sin [πκ2(i− k)]

=
σ2
d

N2

N−1∑
i=0
i	=k

sin2
[
πεκ2(k − i)

]
sin2 [πκ2(i− k)]

(76)

APPENDIX B
TDI-MMSE PROCESSING

For the case of MMSE equalizer without blanking, the
equalizer output s̆ can be written as

s̆ = FHλFx̆+ FH λ̄Fw (77)

where λk and λ̄k are defined in (47). Let A � FHλF and
A′ � FH λ̄F where A and A′ are circulant matrices with their
first rows defined as

A(0, :)=κ2

⎡
⎢⎢⎢⎢⎢⎢⎣

∑N−1
k=0 λk∑N−1
k=0 λke

−ωk∑N−1
k=0 λke

−ω2k

...∑N−1
k=0 λke

−ω(N−1)k

⎤
⎥⎥⎥⎥⎥⎥⎦

T

(78)

and

A
′(0, :)=κ2

⎡
⎢⎢⎢⎢⎢⎢⎣

∑N−1
k=0 λ̄k∑N−1
k=0 λ̄ke

−ωk∑N−1
k=0 λ̄ke

−ω2k

...∑N−1
k=0 λ̄ke

−ω(N−1)k

⎤
⎥⎥⎥⎥⎥⎥⎦

T

. (79)

Thus, the MMSE equalizer output in (46) can be reduced to

s̆ = Ax̆+ A
′w. (80)

Following the same approach used for the ZF equalizer, we
define Ψ̆ � A′w similar to Φ̆ except that 1/Hk is replaced
by λ̄k. Therefore,

Ψ̆(�) = κ2

⎡
⎢⎢⎢⎢⎣
∑N−1

i,k=0 wi(�)λ̄ke
−ωk〈i−0〉∑N−1

i,k=0 wi(�)λ̄ke
−ωk〈i−1〉

...∑N−1
i,k=0 wi(�)λ̄ke

−ωk〈i−N+1〉

⎤
⎥⎥⎥⎥⎦ . (81)

By denoting Λ̄i = κ
∑N−1

k=0 λ̄ke
−ωki, which is the is the FFT

of λ̄ (Λ̄ = F{λ̄}), then (81) can be written as

Ψ̆(�) = κ

⎡
⎢⎢⎢⎣
∑N−1

i=0 wi(�)Λ̄i∑N−1
i=0 wi(�)Λ̄〈i−1〉

...∑N−1
i=0 wi(�)Λ̄〈i−N+1〉

⎤
⎥⎥⎥⎦ . (82)

The symbol index � is added in (81) to denote the noise sample
taken at �th OFDM symbol, which is needed to represent the

deinterleaved noise. The first term in (80) can be written as

Θ̆(�) � Ax̆ =κ2

⎡
⎢⎢⎢⎢⎣
∑N−1

i,k=0 x�(i)λke
−ωk〈i−0〉∑N−1

i,k=0 x�(i)λke
−ωk〈i−1〉N

...∑N−1
i,k=0 x�(i)λke

−ωk〈i−N+1〉N

⎤
⎥⎥⎥⎥⎦
T

.

(83)
By denoting Λi = κ

∑N−1
k=0 λke

−ωki, which is the FFT of
λ (Λ = F{λ}), then (83) can be written as

Θ̆(�) = κ

⎡
⎢⎢⎢⎢⎣
∑N−1

i=0 x�(i)Λ〈i−0〉∑N−1
i=0 x�(i)Λ〈i−1〉N

...∑N−1
i=0 x�(i)Λ〈i−N+1〉N

⎤
⎥⎥⎥⎥⎦ . (84)

The MMSE output is

s̆(�) = Θ̆(�) + Ψ̆(�), (85)

where

s̆n(�) = κ

N−1∑
i=0

x�(i)Λ〈i−n〉 + κ

N−1∑
i=0

wi(�)Λ̄〈i−n〉. (86)

The next step is to deinterleave s̆(�), which can be calculated
by substituting (81) and (83) into (85). The result is the desired
deinterleaved signal s(�) = Θ(�) +Ψ(�), where

sn(�) = κ

N−1∑
i=0

xn(i)Λ〈i−�〉 + κ

N−1∑
i=0

wi(n)Λ̄〈i−�〉. (87)

The final step is to apply the FFT to get the N decision
variables r(�) = Fs(�) = FΘ(�)+FΨ(�), which are then
applied to the demodulator to get the information symbols.
After some algebraic manipulations, FΘ(�) and FΨ(�) can
be written as

FΘ(�) = κ2

⎡
⎢⎢⎢⎢⎣
∑N−1

m,i=0 xm(i)Λ〈i−�〉∑N−1
m,i=0 xm(i)Λ〈i−�〉e

−ωm

...∑N−1
m,i=0 xm(i)Λ〈i−�〉e

−ω(N−1)m

⎤
⎥⎥⎥⎥⎦ (88)

and

FΨ(�)=κ2

⎡
⎢⎢⎢⎢⎣
∑N−1

m,i=0 wi(m)Λ̄〈i−�〉∑N−1
m,i=0 wi(m)Λ̄〈i−�〉e

−ωm

...∑N−1
m,i=0 wi(m)Λ̄〈i−�〉e

−ω(N−1)m

⎤
⎥⎥⎥⎥⎦ . (89)

Therefore, the FFT kth pin output is given by

rk(�) = κ2
N−1∑
m=0

N−1∑
i=0

xm(i)Λ〈i−�〉e
−ωkm

+ κ2
N−1∑
m=0

N−1∑
i=0

wi(m)Λ̄〈i−�〉e
−ωkm

= κ

N−1∑
i=0

Λ〈i−�〉dk(i) + κ2
N−1∑
i=0

N−1∑
m=0

Λ̄〈i−�〉wi(m)e−ωkm.

(90)
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