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In high-mobility scenarios, the time variation of mobile radio channels leads to a loss of orthogonality among subcarriers in
orthogonal frequency division multiplexing (OFDM) systems, resulting in intercarrier interference (ICI) and performance
deterioration. Conventional channel estimation schemes are usually based on pilot tones, which are distributed in each OFDM
symbol to estimate the channel variation. Hence, the channel estimator itself suffers from ICI. In this study, a new estimation
scheme, which does not suffer from ICI, is proposed to estimate the channel variation within OFDM symbols. %e main idea is to
zero-pad (ZP) the OFDM symbol in the time domain.%en, in the middle of the ZP interval, an impulse signal is inserted as a pilot
sample, which is used to estimate the channel at the pilot signal in the OFDM symbol. Finally, a linear model is used to estimate the
channel variation over an OFDM symbol. Additionally, we derive the mean squared error (MSE) of the proposed estimation
technique under the constraint that the channel varies linearly within OFDM symbols. Simulation results show that our scheme
can achieve a substantial improvement in the bit error rate (BER) performance of OFDM, in spite of the OFDM symbol length
being increased. Moreover, in many cases, the new scheme can achieve the same BER performance as the perfect knowledge of
channel state information (CSI). %eoretical analysis and numerical simulations show that our scheme achieves excellent
performance with much lower computational complexity.

1. Introduction

Due to the rapid deployment of high-speed vehicles, such as
high-speed railway and low-altitude fly objects systems,
during the past few years, wireless communication systems
should be able to provide reliable service to the mobile
devices in such high-mobility environment [1, 2]. %us,
high-mobility communications have become an integral part
of the fifth generation (5G) of wireless systems standards,
which first deployed in the year 2020 [3, 4]. %e 5G
communication systems are expected to support high speed
up to 500 km/h and provide high data rate up to 150Mb/s,
simultaneously [5].

To achieve the 5G requirements, many technologies have
been proposed, such as massive multiple-input multiple-
output (MIMO) systems. Orthogonal frequency division
multiplexing (OFDM) combined with massive MIMO is a
promising technique for wideband massive MIMO

transmission [6]. OFDM is one of the most attractive
modulation techniques due to its high spectral efficiency and
its robustness against multipath delay. Recently, index
modulation-OFDM-spread spectrum (IM-OFDM-SS) [7]
and low-redundant energy UW-OFDM (LRE-UW-OFDM)
[8] schemes have been proposed to improve the spectral and
energy efficiencies, respectively, in OFDM systems. OFDM
has been extensively used in wired and wireless application,
digital audio/video broadcast (DAB/DVB), and many
standards such as IEEE 802.16a and IEEE 802.11e [9, 10].

However, OFDM is vulnerable to the time variation of
the channel, which is one of its main drawbacks. In high-
mobility environments, the time variation of the channel
destroys the orthogonality of the subcarriers severely,
resulting in intercarrier interference (ICI) and performance
degradation [11, 12]. Usually, the normalized maximum
Doppler frequency, ε � fd,maxTu, is used tomeasure the time
variation of the channel, where fd,max is the maximum
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Doppler spread, Tu � 1/Δf is the useful OFDM symbol
duration, and Δf is the subcarriers spacing.

2. Related Work

To estimate the channel variation over several OFDM
symbols or within one OFDM symbol, different estimation
techniques have been proposed. Most channel estimation
techniques are based on pilots’ (arrangement in OFDM)
symbols [13, 14]. In fast time-varying channel environments,
the channel variation during one OFDM symbol period
exhibits high-order variation [15, 16]. Hence, the number of
unknown channel coefficients to be estimated is very large.
To reduce the number of estimated coefficients, various
models have been developed to approximate the channel
variation, such as a basis expansion model (BEM) [17, 18], a
block-sparse Bayesian learning (BSBL) [19, 20], and a piece-
wise linear model (PLM) [21].

In this paper, a zero-padding (ZP) scheme is proposed to
estimate the channel variation in OFDM systems, which can
be summarized as follows. First, a cyclic prefixed OFDM
symbol is zero-padded. After that, an impulse signal is
inserted in the middle of these zeros, which is used in the
receiver to estimate the channel at the pilot sample of each
OFDM symbol. Lastly, a linear model is used to estimate the
channel variation within the OFDM symbol period.

%e remainder of this paper is organized as follows. First,
the proposed model of an OFDM system is described briefly
in Section 3. %en, the ICI due to time-varying channel is
described in Section 4. %e channel estimation is presented
in Section 5. Simulation results are presented and discussed
in Section 6. Finally, in Section 7, the conclusions of this
paper are drawn.

Notations: superscripts (·)− 1, (.)H, and (.)T stand for
inverse, conjugate transpose (Hermitian), and transpose
operators, respectively. [A]P, diag(.), JM×N, and IQ denote a
submatrix of A with row indices which correspond to the set
P, a diagonal matrix is constructed from the vector-valued
argument, an M × N is all-ones matrix, and Q × Q is identity
matrix, respectively. ‖ · ‖F denotes the Frobenius matrix
norm. %e notation CM×N represents the set of M × N

matrices in the complex field.

3. System Model

Figure 1 shows a discrete model of a baseband OFDM
system with the proposed scheme (dashed line blocks). %e
OFDM system with the proposed scheme is different from
conventional OFDM systems by adding and removing ZP
blocks, after and before adding and removing a cyclic prefix
(CP), respectively. After IDFT is performed, the ith time-
domain OFDM signal can be expressed as

x
(i)
n �

1
��
N

√ 

N− 1

k�0
X

(i)
k e

j2πkn/N
, 0≤ n≤N − 1, (1)

where N is the number of subcarriers and X
(i)
k is the data

symbol transmitted on the kth subcarrier.

Let x(i)
cp � [(x(i)

N− Ng+1: N)T (x(i))T]T be the discrete time
of ith OFDM symbol vector after adding the CP of length
Ng, that is, longer than the maximum delay spread of the
channel impulse responses (CIR), where
x(i) � [x

(i)
0 , x

(i)
1 , . . . , x

(i)
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T. In our scheme, first, the cyclic
prefixed symbol is extended by an interval (of zero samples)
of total length 2Ng + 1. %en, an impulse signal, Aδ− (2Ng+1),
with amplitude A, is inserted in the middle of these zeros,
which is served as a pilot.%e guard interval on the left of the
impulse signal is used for eliminating intersymbol inter-
ference (ISI) caused by multipath fading channels, whereas
the guard interval on the right is used for channel estimation.
Hence, the OFDM symbol with the time-domain pilot
samples can be written as follows:
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where δ(·) denotes the Kronecker delta function.

4. ICI Analysis

Assuming perfect synchronization of time, the received
samples of the ith OFDM symbol, after transmitting over a
time-varying multipath channel, can be expressed as (after
discarding both ZP and CP samples)

y
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n � 

L− 1

l�0
h

(i)
l,n x

(i)
n− l + w

(i)
n , 0≤ n≤N − 1, (3)

where h
(i)
l,n is the gain of lth time-domain channel path at the

nth sample, L is the total number of propagation paths, and
w(i)

n is the additive white Gaussian noise (AWGN). Let us
define the DFT of Y

(i)
k as

Y
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− j2πkn/N
, 0≤ k≤N − 1. (4)

Substituting (3) into (4) and with some manipulations,
the DFT of y(i)

n and Y
(i)
k can be written as
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Figure 1: A baseband model of an OFDM system with the pro-
posed scheme.
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where H
(i)
k,m is a channel coefficient, which represents the ICI

interference, due to Doppler spread, from themth subcarrier
on kth subcarrier. Equation (5) can be written in the matrix
form as follows:

Y(i)
� H(i)X(i)

+ W(i)
, (7)

where X(i) � [X
(i)
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T, and H(i) is the
frequency-domain channel matrix, given by (for simplicity,
the OFDM symbol index i is omitted)

H �

H0,0 H0,1 . . . H0,N− 1

H1,0 H1,1 . . . H1,N− 1

⋮ ⋮ ⋮ ⋱ ⋮

HN− 1,0 HN− 1,1 . . . HN− 1,N− 1
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5. Channel Estimation

One should note that, in our proposed scheme, the received
samples at nl � − 2Ng − 1 + l(0≤ l≤L − 1) comprise the CIR
corresponding to the pilot sample in anOFDM symbol. Hence,
the channel path’s variation during one OFDM symbol can be
estimated by using a linear model, as depicted in Figure 2.

Let r(i) denote the ith received vector, where
r(i) � [r

(i)
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. . . , r
(i)
− 1 , r

(i)
0 , r
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T ∈ CNT×1,

where NT � N + 3Ng + 1.
%e CIR through r(i) can be extracted by using row

selector matrix Ψ � [INT
]P ∈ CL×NT , while P �

n0, n1, . . . , nL− 1  denotes the set of row indices corre-
sponding to the time-domain pilot samples locations.

For symbol r(i), the CIR can be written as

r(i)
 

P
� Ψr(i)

. (9)

%en, the channel path gains at the pilot samples are
obtained by using the conventional least-squares (LS)
method. Let h

(i)

l,nl
and h

(i+1)

l,nl
denote, respectively, the LS es-

timated CIR corresponding to the pilot sample of the current
s(i) and the next s(i+1) symbols of the lth path at nl. %en, the
time-domain variation of the lth path h

(i)
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(i)

l,0 ,

h
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l,1 , . . . , h
(i)

l,N− 1]
T in the current OFDM symbol can be es-

timated as follows:

h
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h
(i+1)

l,nl
− h

(i)

l,nl
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+ h

(i)
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where n � 0, 1, . . . , N − 1, i � 1, 2, . . ., l � 0, 1, . . . , L − 1, and
nl < 0.

After estimating the time-domain variation of all paths
over an OFDM symbol period, the estimated channel matrix
in time-domain ( H

∗
) can be composed as follows (for

simplicity, the OFDM symbol index i is omitted):
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where H
∗ ∈ CL×N.

Combining (10) with (11), we can define the new linear
interpolation model in a matrix form as

H
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In order to obtain the OFDM channel matrix, H, we
rearrange the entries of H
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Figure 2: Channel approximation. Solid line: real or imaginary
part of a channel path. Dashed line: linear model approximation of
the channel path.
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Finally, the received symbol, Y, at the output of DFT is
equalized (by multiplying the vector Y by the inverse of
estimated frequency-domain channel matrix H):

X � H− 1Y, (15)

in which

H � F HFH
, (16)

where FH is the IDFT matrix.

5.1. Complexity and Noise Reduction (CNR) Criterion. In
most cases, mobile communication channel has only a few
dominant channel paths, compared to maximum delay
spread (see Table 1 as an example). Hence, many samples of
the CIR have little or no energy and comprise noise, re-
moving these nondominant paths will reduce the estimator
complexity, and it is expected to improve its performance.
%erefore, to remove those nondominant paths and con-
sequently reduce the noise effect, all paths are compared
against a threshold.

%e optimum threshold requires knowledge of the sig-
nal-to-noise ratio, which is not practically feasible for a very
high Doppler scenario. Hence, we suggested a simple but
effective method to remove most of those paths. %e sug-
gested threshold depends on the maximum absolute value of
the CIR and also on its mean value as follows:

Threshold �
βE h

(i)

l,nl
 

max h
(i)

l,nl





, 0≤ β≤ 1, 0≤ l≤L − 1, (17)

where the parameter β is used to set the threshold. If β is
set to low, some noise components are treated as channel
paths. On the contrary, if β is set high, some dominant
channel paths are removed.

In our simulation in Section 6, we set β � 0.50, such that
most of the dominant channel paths are preserved. More-
over, to reduce the probability of erroneously zeroing
dominant channel paths, the final decision to set the current
path to zero is based on both the current and next CIRs as
follows:

If both h
(i)

l,nl



 and h
(i+1)

l,nl



≤Threshold⟹ h
(i)

l,nl
� 0. (18)

%erefore, by implementing the CNR criterion, instead
of estimating numerous channel paths, only few dominant
channel paths are estimated. Hence, the CNR criterion
substantially reduces the computational complexity. Addi-
tionally, we expect better BER performance due to removing
those noise perturbation paths.

5.2. Mean-Square Error Analysis. In this subsection, we
derive an analytical expression for the mean-squared error
(MSE) under some reasonable assumptions. In our scheme,
the estimation errors come from linear interpolation and
AWGN components in the received pilot samples. First, we
assume the channel varies linearly within the OFDM symbol

and is noiseless. Hence, in this case, the proposed scheme
will estimate the channel perfectly without any error.

5.2.1. Noise-Free Case. Let the true value of the channel path
at instant time n be h

(i)
l,n . %en, by using LS estimation, the

estimated CIR at pilot samples for the lth path, 0≤ l≤L − 1,
can be found as follows:

h
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Substituting, h
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and h
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l,nl
into (10), we have
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, 0≤ n≤N − 1. (20)

Equation (20) provides an error free estimate of the lth
channel path.

5.2.2. Noise Case. In this case, we assume the channel varies
linearly over an OFDM symbol and take into account the
noise effect. %en, by using LS estimation, the estimated CIR
at pilot samples can be found as follows:

h
(i)

l,nl
� h
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+
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Substituting h
(i)

l,nl
and h

(i+1)

l,nl
into (10) yields, after simple

math manipulation,
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A
,

0≤ n≤N − 1.

(22)

Considering (20), in the noise-free case, (22) can be
rewritten in terms of h

(i)
l,n as

Table 1: OFDM simulation parameters.

Parameters Specifications
IFFT, FFT size (N) 1024
Subcarrier spacing (Δf) 10.94 kHz
Signal constellation 16QAM, 64QAM
Effective symbol duration (Tu) 91.40 μ s
Guard interval (Tg) 5.71 μ s
Sampling interval (Ts) 89.26 ns
Bandwidth 11.20MHz
Number of OFDM symbols (I) 3000
Carrier frequency (fc) 3GHz
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%e MSE of the lth channel path during the ith OFDM
symbol interval can be defined as

MSE � E h
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2
 , 0≤ n≤N − 1. (24)

Substituting (23) into (24), after some manipulation, we
have
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Since the noise is modeled as complex AWGN with zero
mean and unit variance, we can rewrite (25) as

MSE �
σ2wl,nl

A
2 2E
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%en, we have the following approximations (derived in
Appendixes A and B):
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%us, we have
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2
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2σ

2
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Since the channel paths are statistically independent.
%erefore, a general formula for the MSE of the proposed
estimator with L channel paths can be written as follows:

MSE ≈
2L

3A
2σ

2
w. (29)

5.3. Complexity Comparison. Here, we briefly discuss the
main complexity of the proposed estimator in terms of the
required complex multiplications and additions/subtrac-
tions operations. In the proposed scheme, the channel path
is obtained directly by extracting the CIR from the time-
domain received signal. %e complexity of our scheme
mainly exists in the linear interpolation between CIRs.

According to (12) and (13), our analysis shows that the
computational complexity of calculating M and H

∗
are

O(3LMDPN) and O(L2
M DPN + 3LMDPN + NT+ LMDPNT)

≈ O(L2
MDPN + 4LMDPN), respectively. %erefore, the

overall complexity of the proposed scheme is approximately
equal to O(L2

MDPN + 7LM DPN), where LMDP is the number
of most dominant channel paths (LM DP≪Ng).

On the contrary, the complexity of the BSBL scheme,
which is used for comparison, is given by O(Q3L2Niter +

Q3N3
gNiter) [19]. In addition to the direct complexity of

BSBL scheme, the number of required iterations (Niter) for
convergence is another issue for complexity analysis. Fur-
thermore, simulations (Section 6) show that the BSBL
scheme can work with a significant large Niter. However, the
complexity of the BSBL estimator is usually too high for
practical use.

Finally, both schemes need amatrix inversion to perform
the equalization in the frequency domain, in which com-
putational complexity is high, especially for large OFDM
symbol sizes (N). It should be emphasized here that our
scheme achieves better performance while providing dra-
matically lower complexity.

6. Simulation Results

To investigate the performance of our estimator, a com-
parison is made between the BER performance of OFDM
with our scheme and BSBL scheme [19], which uses the pilot
subcarriers to estimate the time-domain channel matrix.
Additionally, a BER performance of OFDM with perfect
channel state information (CSI) is considered. Furthermore,
the performance of channel estimators is evaluated by using
the normalized mean square error (NMSE), which is defined
as

NMSE �
1
I



I

i�1

H(i)
− H(i)

�����

�����
2

F

H(i)
�����

�����
2

F

, (30)

where I is the number of the channel realizations and H(i) is
the estimated channel matrix of H(i) at the ith realization.

In the simulation, an uncoded OFDM system with 16-
quadrature amplitude modulation (QAM) is considered.
Moreover, the new scheme is also tested with the higher-
order modulation constellations of 64-QAM. %e relevant
OFDM system parameters are given in Table 1.

To verify the performance of the proposed scheme, two
different channel models are considered. %e power-delay
profile (PDP) of channel #1 is the COST 207 typical urban
six-path (TU6) model which is given in Table 2. However,
the PDP of channel #2 has two paths with power profile [0.64
0.34], which are separated by 5.7 μs. In addition, each
channel path weight is simulated based on Jakes’ Rayleigh
model [22].Also, two maximum normalized Doppler
spreads of ε �0.02 and 0.07 are considered, corresponding to
a mobile terminal moving at maximum speeds of 78 and
276 km/h, respectively. Moreover, based on the simulation
results, the amplitude of the pilot signal is set equal to 10,
which gives the best results for our scheme. Furthermore, in
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the new scheme, the OFDM is zero-padded by 2Ng + 1
samples; thus, the spectral efficiency is reduced. Hence, for
fair comparison, 47 equally spaced subcarriers are allocated
for pilot subcarriers in the BSBL scheme. %erefore, both
schemes have approximately the same spectral efficiency.
Moreover, the same transmitted power is used for both
schemes.

Figure 3 shows a comparison of the analytical and
simulation results of MSE for the proposed scheme. At high
Eb/N0 s (>20 dB), excellent agreement between the ana-
lytical and simulation results is observed. However, at low
Eb/N0 s (< 20 dB), the difference between the analytical and
simulation results decreases with increasing Eb/N0 s. %is
can be explained as follows; according to (29), the MSE is
directly proportional to the number of paths. At high
Eb/N0 s, the noise power is low. Hence, the CNR criterion
removes most of the nondominant paths (noise pertur-
bation paths), so the number of estimated paths is ap-
proximately equal to the actual number of channel paths.
Hence, there is great agreement between the theoretical and
simulation MSE.

On the contrary, at low Eb/N0 s, the noise power is high.
Hence, the CNR criterion removes few nondominant paths,
so the number of estimated channel paths is very large
compared with the actual channel paths. Hence, theoretical
and simulation MSE results are not identical.

Figure 4 shows BER vs. Eb/N0 for 16QAM-OFDM with
the proposed and BSBL schemes over channel #1, for dif-
ferent values of normalized Doppler frequency (ε � 0.02 and
ε � 0.07). In case of ε � 0.01, at low Eb/N0 s (<25 dB), it is
clear that our scheme consistently outperforms BSBL
scheme whereas, at high Eb/N0 s (>25 dB), our scheme
significantly outperforms the BSBL scheme. %is is due to
the fact that, at low Eb/N0 s, the noise significantly affects the
amplitude of the pilot sample, which severely degrades the
performance of the proposed scheme. Furthermore, in case
of ε � 0.07, one can observe that our scheme effectively
reduces the error floor. Moreover, in both cases, ε � 0.02 and
ε � 0.07, the performance of the proposed scheme is very
close to the performance of CSI. Also, one can observe, in
case of ε � 0.02, our scheme has a slight performance gain
over CSI. %is is not a surprising result, since LS estimate
yields some noise reduction.

Figure 5 shows a BER performance comparison for 64-
QAM-OFDM, over channel #1. In case ε � 0.07, one can
observe that, at low Eb/N0 (<10 dB), the proposed scheme
can only achieve a slight improvement in BER performance
over the BSBL scheme. However, at high Eb/N0 s, our
scheme can achieve impressive BER performance compared
with BSBL scheme, particularly, when Eb/N0s> 20 dB.

Additionally, from Figure 5, in case of ε � 0.02, the
performance of our scheme shows a very good agreement

with the CSI. However, in case of ε � 0.07, the proposed
scheme and CSI have different performance when
Eb/N0s> 30 dB. A clear improvement in BER performance
of the proposed scheme can be observed compared with the
BSBL scheme. More specifically, the effect of ICI resulting in
an error floor is significantly decreased. %is can be
explained by the fact that, in pilot subcarrier-based estimator
(for example, BSBL scheme), the pilot itself suffers from ICI.
Consequently, the channel estimator accuracy degrades as
ICI increases. However, in pilot sample-based estimator (for
example, the proposed scheme), the pilot is affected only by
AWGN. Also, one can see from Figure 5, in case of ε � 0.02,
that the proposed scheme consistently outperforms BSBL
scheme, and it can achieve a BER of 1.1 × 10− 3 at
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M
SE
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Theoretical

Figure 3: %e MSE of the proposed estimator for 16QAM-OFDM
over channel #1, with vehicle moving at 40 km/h.

Table 2: Power-delay profile of channel #1.

Path index 1 2 3 4 5 6
Delay (μ s) 0.0 0.2 0.5 1.6 2.3 5.0
Average power (dB) − 3 0 − 2 − 6 − 8 − 10
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Perfect CSI (ε = 0.07)

Figure 4: BER performance comparison among different channel
estimators for 16QAM-OFDM over channel #1.
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Eb/N0 � 30 dB. At a BER of 2 × 10− 3, our estimator out-
performs the BSBL scheme by about 3 dB.

A BER performance comparison for 16QAM-OFDM
with the proposed and BSBL schemes over channel #2 is
shown in Figure 6. In case ε � 0.02, one can observe that our
scheme outperforms the BSBL scheme. However, ε � 0.07,
and our scheme significantly outperforms the BSBL scheme,
particularly, at high Eb/N0s. %is can be explained by noting
that the channel has only two dominant paths, so the
proposed scheme with CNR criterion removes many noise
perturbation paths, which results in significant noise re-
duction. As a consequence, substantial performance im-
provement is compared with Figure 4. On the contrary, the
BSBL scheme shows slight performance improvement
compared with Figure 4.

Figure 7 illustrates a BER performance comparison as a
function of ε% for 16QAM-OFDM. In these comparisons,
channel #1 is used and Eb/N0 is set to 30 dB. In the same
figure, one can see that the proposed scheme significantly
outperforms the BSBL scheme in BER performance, par-
ticularly, when ε< 10%. Moreover, the BER performance of
our estimator is very close to that with perfect channel
knowledge, when ε< 7%. However, when ε< 7%, the gap
between our estimator and CSI gradually increases with
respect to ε. %is can be explained that the channel variation
within OFDM symbols is no longer linear, whereas the
proposed scheme uses a linear model to approximate the
channel variation.

Figure 8 shows NMSE comparison of the estimated
frequency-domain channel for 16QAM-OFDM with the
proposed and BSBL schemes over channel #1. When
ε � 0.02, our scheme estimates the channel perfectly;
however, when ε � 0.07, the proposed scheme fails to track
channel variations within OFDM symbols, which is not
surprising, since, in this case, the channel variation no longer
linear. Hence, the linear approximation becomes ineffective,

in this case, and leads to an error floor which cannot be
overcome by increasing Eb/N0.

Figure 9 illustrates the BER performance for 16QAM-
OFDM with the two estimation schemes versus Eb/N0 and
the maximum velocity over channel #1. It can be seen that
the rate of the BER scheme increases as velocity increases for
fixed values of Eb/N0. Also, in Figure 9, one can see that the
proposed scheme can significantly improve the BER per-
formance as compared to the BSBL scheme in the high
Eb/N0 and low-speed regions, especially when
Eb/N0 > 20 dB and the velocity < 400 km/h. However, in the
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Figure 6: BER performance comparison among different channel
estimators for 16QAM-OFDM over channel #2.
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Figure 7: BER performance comparison as a function of ε among
different channel estimators for 16QAM-OFDM over channel #1,
with Eb/N0 � 30 dB.
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Figure 5: BER performance comparison among different channel
estimators for 64-QAM-OFDM over channel #1.
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high-speed regions, both schemes suffer large estimation
errors, which are due to the fact that, in high mobility, the
channel paths show high-order time variation, whereas pilot
subcarriers strongly suffer from ICI.

7. Conclusions

In this paper, a new scheme, which is mainly based on a
sample pilot with ZP in the time domain, is proposed to
estimate the channel variation over an OFDM symbol pe-
riod. Simulation results of MSE, showing excellent agree-
ment with theoretical analysis, confirm the validity of our
MSE analysis. Also, simulation results demonstrate that the
proposed scheme can greatly improve the BER performance
of the OFDM system as compared with the BSBL scheme, in
particular, at high Eb/N0 s. Additionally, results show that

the error floor resulting from the effect of ICI is significantly
decreased by implementing the new scheme. Furthermore,
the BER performance of our scheme can nearly achieve the
performance as good as the perfect knowledge of channel
state information when ε< 0.02. It is expected that our es-
timator will achieve best results when both the OFDM
symbol duration and the channel delay spread are small,
since, in this case, the separation between any two adjacent
pilot signals is minimal.%e complexity of the new estimator
is significantly lower than BSBL, while showing a better
performance.

Appendix

A. Analysis of the First Term in (20)

E n − n
(i)
l 

2
  �

1
N



N− 1

n�0
n − n

(i)
l 

2
,

E n − n
(i)
l 

2
  �

2N
2

− 3N + 1 − 6n
(i)
l N + 6n

(i)
l + 6n

(i)2

l

6
.

(A.1)

%en, we have the approximation:
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For large symbol duration and small delay spread, we
obtain the approximation:
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B. Analysis of the Second Term in (20)
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For large symbol duration and small delay spread, we
have the approximation:
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Data Availability

No data were used to support this study.
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Figure 9: BER performance comparison among different channel
estimators for 16QAM-OFDM over channel #1, at different speeds.
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