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Iterative Turbo Channel Estimation for OFDM
System over Rapid Dispersive Fading Channel

Ming Zhao, Student Member, IEEE, Zhenning Shi, Member, IEEE, and Mark C. Reed, Senior Member, IEEE

Abstract—Coherent OFDM detection requires accurate chan-
nel state information (CSI). Mobile radio channels are both
time and frequency dispersive, especially at high vehicular
speeds, which makes channel estimation a challenging problem
in system design. Conventional preamble-based and pilot-aided
channel estimation require numerous reference signals, which
significantly compromises the system throughput. This paper
proposes a novel low complexity iterative turbo channel esti-
mation technique which makes use of preamble, pilots and soft
decoded data information in an iterative fashion to improve the
system performance over the time and frequency selective fading
channel while maintaining the system throughput. The numerical
and analytical results show that the proposed technique can
approach the performance of systems with perfect CSI with much
fewer preamble and pilots symbols compared to existing channel
estimation methods.

Index Terms—OFDM, channel estimation, turbo iterative,
rapid dispersive fading channel.

I. INTRODUCTION

ORTHOGONAL Frequency Division Multiplexing
(OFDM) is an attractive technique for high data rate

transmission over wireless channels. The most important
advantage of an OFDM system over a single carrier system
is that it transforms the frequency selective channel into a
parallel collection of flat fading subchannels, which simplifies
the equalization at the receiver. OFDM has been adopted in
several wireless standards such as digital audio broadcasting
(DAB), digital video broadcasting (DVB-T), the IEEE
802.11a [1] Wireless Local Area Network (WLAN) standard
and the IEEE 802.16a/e [2], [3] Metropolitan area network
(MAN) standard. OFDM is also a potential candidate of next
generation (4G) mobile wireless communications.

With the knowledge of channel state information (CSI),
coherent detection can be performed on OFDM symbols.
Realistic mobile radio channels are characterized by the time
and frequency dispersive nature due to the multipath delay
profile and the Doppler spread of the channel. Fig.1 shows the
channel frequency response of IMT-2000 vehicular-A channel
[4] over subcarriers and OFDM symbols at vehicular speeds
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3kmh, 120kmh, and 333kmh respectively for the carrier fre-
quency of 5GHz. It can be seen that the channel variation be-
comes more significant in both time and frequency domain as
mobility increases. Therefore, rapid dispersive fading channel
with time and frequency selectivity makes channel estimation
and tracking a challenging problem in OFDM system design.

In order to estimate selective channels, training signals
are employed in OFDM packets. In the uplink, pilot signals
are inserted in OFDM data symbols, while a preamble is
transmitted prior to the data symbols in the the downlink
OFDM frames. More specifically, conventional OFDM sys-
tems [1]–[3] assume the channel is static within one frame,
and only use channel estimates obtained from the preamble for
data symbol detection. Such approach performs well in static
channels but incurs a severe performance degradation in the
rapid dispersive fading channel. In [5], Dowler et al. proposed
a data derived method, which uses decoded hard decision data
of the current symbol to re-estimate the channel for the next
symbol. This method partially tracks the channel variation, but
also introduces delays and error propagation.

In the uplink transmission, pilots are often multiplexed into
the data sequence and channel estimation can be performed
by interpolation. Negi et al. [6] proposed least square (LS)
based channel estimation and discussed optimal pilot spacing.
In [7]–[9], channel estimators for OFDM system have been
proposed based on the singular value decomposition (SVD)
and frequency domain filtering. Time domain filtering has
been proposed in [10] to further improve the channel es-
timator. Extended from Beek’s work, Li et al. investigated
the correlation of channel frequency response over times
and frequency and proposed a robust minimum mean-square-
error (MMSE) channel estimator [11]. On the other hand,
complexity prohibits their application to practical systems.

In order to resolve time selective channels, Stamoulis et
al. [12] developed a channel estimator based on linear in-
terpolation of partial channel information. Shin et al. [13]
approximated LMMSE estimation by representing the channel
in basis expansion model (BEM) to obtain the channel impulse
response from interpolation of the partial channel information
with discrete orthogonal legendre polynomials. Schniter [14],
[15] proposed channel estimation using FFT and specific time-
domain pilot signals, however, due to the utilization of time-
domain pilot signals, it may not be compatible with existing
OFDM standards. Furthermore, although above methods can
track the rapid dispersive channel, system throughput is sac-
rificed due to the enormous amount of pilots inserted.

Emerging iterative receivers based on the Turbo principle
[16] are shown to be able to provide near-optimal performance
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Fig. 1. Time and frequency selective channel with carrier frequency 5GHz.

in space-time processed systems with ideal CSI. When the
CSI is not available, Li et al. [17]–[19] proposed decision-
directed LS channel estimator and its simplified variant for
space-time trellis-coded (STTC) OFDM systems. Song et al.
[20] proposed iterative joint zero forcing (ZF) channel esti-
mation and signal detection algorithm based on hard decision
feedback. Wang et al. [21], [22] proposed an iterative receiver
for space-time block-coded (STBC) OFDM system based on
expectation-maximization (EM) approach. Moon et al. [23]
developed an iterative receiver well suited for wireless local
area network (WLAN). However, under high mobility situa-
tion, aforementioned receivers have degraded performance.

To address dispersive channels, Park et al. [24] proposed an
iterative channel estimator by employing time and frequency
domain MMSE filters for mobile radio channels. Tomasin et
al. [25] proposed an iterative receiver with ICI cancellation
and MMSE channel estimation for extremely high mobility
condition. These receivers are computationally complex and
infeasible for practical systems.

In this paper, a low complexity iterative channel estima-
tion technique that uses a turbo processing approach [16]
is proposed. Compared to conventional non-iterative channel
estimation methods, the proposed technique makes use of
preamble, pilots and soft decoded data information to track
the channel frequency response in every OFDM symbol within
the data packet or data frame. Compared to existing iterative
channel estimation methods, a three-stage estimation scheme
is proposed to reduce the complexity and adapt the channel
estimates w.r.t the feedback information. More precisely, we
estimate the channel based on the improving a priori in-
formation of the decoded data, preamble and the pilots by
adaptively weighting the statistics according to the respective
levels of reliability. The performance of channel estimation is
significantly enhanced which in turn leads to improved system
performance. The proposed technique also allows for high
throughput transmission since there is a substantial saving on
the number of preambles and pilots required.

The rest of the paper is organized as follows. In Section
II, the OFDM system under time and frequency selective
fading channel is described. Section III briefly introduces
the iterative receiver. In Section IV, the novel iterative turbo
channel estimation technique is proposed. In Section V, lower
bounds in terms of MSE for two advanced methods are derived
for MLE and MMSE channel estimators. This is used as the
benchmark for performance comparison. Section VI discusses
the complexity of the proposed channel estimator. Simulation
results are shown in Section VII. Section VIII concludes the
paper. Matrices and vectors are denoted by symbols in bold

face and (·)∗, (·)T and (·)H represent complex conjugate,
transpose and Hermitian transpose. E{·} denotes the statistical
expectation. [X]i,j indicates the (i, j)th elements of a matrix
X, and similarly, [x]i indicates the element i in a vector x.
Finally, {x} represents the sequence x.

II. SYSTEM MODEL

The discrete-time OFDM system with N subcarriers con-
sidered in this paper is shown in Fig. 2. The information
bits {b(i)} are first encoded into coded bits {d(i)}, where
i is the time index. These coded bits are interleaved into
a new sequence of {c(i)}, mapped into M -ary complex
symbols and serial-to-parallel (S/P) converted to a data se-
quence of {X(i)

d }. Pilot sequence {X(i)
P } are inserted into

data sequence {X(i)
d } at pilot subcarriers to form an OFDM

symbol of N frequency domain signals represented as vector
X(i) = [X(i)(0), X(i)(1), · · · , X(i)(N − 1)]T . N -point IDFT
is performed on X(i), which is given by:

x(i)(n) =
1√
N

N−1∑
k=0

X(i)(k) · exp
j2πkn

N
, (1)

where 0 ≤ n ≤ N − 1. After adding the CP of length G, the
OFDM symbol is converted into a time domain sample vector
x(i) = [x(i)(−G), x(i)(−G + 1), · · · , x(i)(N − 1)]T . These
time domain samples are then digital to analog converted and
transmitted over the multipath fading channel.

The multipath fading channel can be modeled by the time-
variant discrete impulse response with h(i)(n, l) representing
the fading coefficient of the lth path at time n for ith OFDM
symbol. The fading coefficients are modeled as zero mean
complex Gaussian random variables. Based on the wide sense
stationary uncorrelated scattering (WSSUS) assumption, the
fading coefficients for different paths are statistically inde-
pendent, while the fading coefficients for a particular path are
correlated over time. The autocorrelation function of h(i)(n, l)
is given by [26]:

E{h(i)(n, l) · h(i)(m, l)∗} = αl · J0(2π(n − m)fmTs), (2)

where J0(·) is the first kind of Bessel function of zero order,
Ts = 1/BW is the sample time, BW is the bandwidth of
OFDM system, fm is the maximum Doppler spread and αl

is the average power of the lth path. The channel gain is
normalized as given by:

L−1∑
l=0

E{‖h(i)(n, l)‖2} =
L−1∑
l=0

αl = 1, (3)
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Fig. 2. OFDM system with iterative turbo channel estimation.

where the number of fading taps L = �τmax/Ts� is the
maximum delay in terms of OFDM samples.

Assuming that the CP is longer or at least equal to the
maximum channel delay spread L, i.e. L ≤ G, after removing
the CP, the sampled received signal can be characterized in
the following tapped-delay-line model [27]:

y(i)(n) =
L−1∑
l=0

h(i)(n, l)x(i)(n − l) + w(i)(n), (4)

where w(i)(n) is the additive white Gaussian noise (AWGN)
with zero mean and variance σ2

w. In the range of 0 ≤ n ≤
N−1, the received signal y(i)(n) is immune to the interference
by previous OFDM symbol due to the CP. The demodulated
signal in the frequency domain is obtained by taking a N -point
DFT of y(i)(n) as:

Y (i)(m) =
1√
N

N−1∑
n=0

y(i)(n)e−j2πmn/N = H(i)
m,mX(i)(m)

+
N−1∑
k �=m

H
(i)
m,kX(i)(k) + W (i)(m), (5)

where

H(i)
m,m =

1
N

N−1∑
n=0

L−1∑
l=0

h(i)(n, l)e−j2πlm/N

=
1
N

N−1∑
n=0

h̄(i)
m (n), (6)

H
(i)
m,k =

1
N

N−1∑
n=0

{
L−1∑
l=0

h(i)(n, l)e−j2πlk/N}e−j2π(m−k)n/N

=
1
N

N−1∑
n=0

h̄
(i)
k (n)e−j2π(m−k)n/N , (7)

and

W (i)(m) =
1√
N

N−1∑
n=0

w(i)(n)e−j2πmn/N , (8)

are the multiplicative distortion at the desired subcarrier m, the
neighboring subcarrier k, and AWGN after DFT respectively.
In (6), h̄(i)

m (n) is the channel frequency response of subcarrier
m at time n in ith OFDM symbol. If the channel is assumed to
be time-invariant during one OFDM symbol period, h̄

(i)
k (n) is

constant in (7), and H
(i)
m,k vanishes. In this case, Y (i)(m) in

(5) only contains the multiplicative distortion at the desired
subcarrier, which can be easily compensated by a one-tap
frequency domain equalizer.

Denote the received time-domain signal in (4) by a N × 1
vector y(i) = [y(i)(0), y(i)(1), · · · , y(i)(N − 1)]T , the IDFT
coefficients by a N × N matrix whose (m, n)th element
is [F]m,n = ej2πmn/N/

√
N , AWGN as N × 1 vector

w(i) = [w(i)(0), w(i)(1), · · · , w(i)(N−1)]T , and time-domain
channel matrix by N ×N matrix in (9), (4) can be expressed
as:

y(i) = h(i)FX(i) + w(i) (10)

The received frequency-domain signal after DFT is given by:

Y(i) = FHy(i) = FHh(i)FX(i) + FHw(i)

= H(i)X(i) + W(i), (11)

where H(i) = FHh(i)F and W(i) = FHw(i). For a general
time-varying channel, H(i) has non-trivial off-diagonal ele-
ments [H(i)]m,k given by (7). Estimation of the entire N ×N
channel matrix incurs a prohibitive complexity. Therefore,
only the diagonal coefficients of H(i) are estimated in practice.
The degradation caused by ignoring the off-diagonal inter-
carrier interference (ICI) terms in H(i) can be evaluated by
investigating the cross-correlation between elements in H(i) ,
which is given by:

E{H(i)
r,s · (H(i)

p,q)
∗} =

1
N2

L−1∑
l=0

αl · e−j2π(s−q)l/N

·
N−1∑
n=0

N−1∑
m=0

J0[2πfm(n − m)Ts]

·e−j2π(r−s)n/Nej2π(p−q)m/N (12)
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Fig. 3. ICI Power for IMT-2000 vehicular-A channel with central frequency
of 5GHz and 256 subcarriers.

for H
(i)
r,s and H

(i)
p,q. The power of ICI for a particular subcarrier

m is expressed as:

Pm
ICI = E{‖

∑
k �=m

H
(i)
m,kX(i)(m)‖2} =

∑
m �=k

‖H(i)
m,k‖2

=
1

N2

∑
k �=m

L−1∑
l=0

αl{N + 2
N−1∑
p=1

(N − p)

·J0(2πfmpTs)cos[
2π(m − k)p

N
]}, (13)

and the average power of ICI over all subcarriers is given by:

PICI =
1
N

N−1∑
m=0

Pm
ICI

=
N − 1

N
+

4
N3

L−1∑
l=0

αl

N−1∑
p=1

(N − p)J0(2πfmpTs)

·
N−1∑
q=1

(N − q)cos(
2πpq

N
), (14)

Fig. 3 shows average ICI Power for IMT-2000 vehicular-A
channel [4] at various mobile speeds with central frequency of
5GHz and 256 subcarriers [2], [3]. It can be seen that ICI for
the mobile channel in most practical Doppler spreads is below
-20dB. Therefore, we focus on the diagonal channel states in
(6) and treat the ICI term as an additional embedded Gaussian
noise, according to the central limit theorem.

III. ITERATIVE RECEIVER OUTLINE

The proposed receiver is shown in Fig. 2, where a channel
estimator, a demapper module, and a maximum a posteriori

(MAP) decoder work in an iterative fashion. At each iteration,
channel estimator estimates the channel frequency response
based on the soft decoded data information from previous
iteration, the demapper computes the a posteriori probability
(APP’s) P (X(i)

d (m)|Y (i)(m), H̃(i)
m,m) 0 ≤ m ≤ N − 1 given

the channel estimates H̃
(i)
m,m and received symbol Y (i)(m),

and outputs extrinsic information for the coded bits in symbol
X

(i)
d (m). More specifically, the demapper outputs log like-

lihood ratio (LLR) λe
1 of the kth coded bits ck in symbol

X
(i)
d (m) as in (15), where U+

k is the constellation set that
contains all the symbols whose kth bit is 1, and U−

k is the
constellation set that contains all the symbols whose kth bit
is 0. The conditional probability is computed as in (16).

The LLRs on the coded bits are de-interleaved and passed to
the MAP decoder to be decoded. The MAP decoder feedbacks
the extrinsic information λe

2(ck(X(i)
d (m))), which is used to

compute the soft data symbol as follows:

X̂
(i)
d (m) =

∑
sj∈U(A)

sj · P (X(i)
d (m) = sj), (17)

P (X(i)
d (m) = sj) =

log2 |U(A)|∏
l=1

P (cl(X
(i)
d (m))), (18)

where |U(A)| denotes the cardinality of the set U(A). In the
case of BPSK and Gray-coded QPSK, the soft data symbol
can be obtained by:

X̂
(i)
d (m) = tanh(λe

2(c(X
(i)
d (m)))/2), (19)

X̂
(i)
d (m) =

1√
2
(tanh(λe

2(c0(X
(i)
d (m)))/2)

+j tanh(λe
2(c1(X

(i)
d (m)))/2)). (20)

The soft symbols will be used in channel estimation as detailed
in the following section.

IV. ITERATIVE TURBO CHANNEL ESTIMATION

In this section, we present a novel iterative channel esti-
mation method with three distinctive operation stages, namely
initial coarse estimation stage, iterative estimation stage, and
a final estimation stage. Assuming that OFDM symbols are
transmitted on a frame by frame basis. In the downlink
transmission, each frame consists of one preamble followed
by a number of data symbols. In each data symbol, pilots
are evenly distributed across used subcarriers. In the uplink
transmission, there is no preamble but only pilots. These
configurations are specified in [2], [3].

A. Initial Coarse Estimation Stage

Initial coarse estimation stage is performed at the first
iteration. The system model for pilot symbol transmission is
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λe
1(ck(X(i)

d (m))) = ln

∑
sj∈U+

k (A) P (X(i)
d (m) = sj |Y (i)(m), H̃(i)

m,m, λe
2)∑

sj∈U−
k (A) P (X(i)

d (m) = sj |Y (i)(m), H̃(i)
m,m, λe

2)
, (15)

P (X(i)
d (m) = sj|Y (i)(m), H̃(i)

m,m, λe
2) =

1
2πσ2

w′
exp(−‖Y (i)(m) − H̃

(i)
m,mX

(i)
d (m)‖2

2σ2
w′

)
∏
l �=k

P (cl(X
(i)
d (m))), (16)

given by:

Y (i)(p) = H(i)
p,p

√
EpX

(i)
P (p) +

∑
q �=p

H(i)
p,q

√
EpX

(i)
P (q)

+
∑

n�=p,q

H(i)
p,n

√
EdX

(i)
d (n) + W (i)(p), (21)

where Ep and Ed are the energy of pilot and data symbol,
respectively. Channel frequency response at pilot subcarrier is
obtained by the LS approach:

H̃(i)
p,p = Y (i)(p)

(X(i)
P (p))∗√

Ep

= H(i)
p,p +

∑
q �=p

H(i)
p,qX

(i)
P (q)(X(i)

P (p))∗

+
∑

n�=p,q

H(i)
p,n

√
Ed

Ep
X

(i)
d (n)(X(i)

P (p))∗

+
W (i)(p)(X(i)

P (p))∗√
Ep

= H(i)
p,p + W

′(i)
P (p), (22)

Assuming pilots and data symbols are independent, it can be

shown that W
′(i)
P (p) is N (0,

σ2
w+σ2

ICI

Ep
=

σ2
w

′
Ep

).

For OFDM data symbols, channel tracking is applied to
obtain initial coarse channel estimates. In the downlink trans-
mission, channel estimates for the ith symbol is given by:

H̃(i) = H̃(i−1) + filt(H̃(i)
p − H̃(i−1)

p ), (23)

where H̃p is the channel estimates at pilot subcarriers. filt(·)
denotes the interpolation filter, which can be FFT based,
MMSE based, or linear interpolation based. In this paper,
linear interpolation is employed due to its low complexity.
More specifically, assuming the pilot spacing is δ, H̃

(i)
p,p and

H̃
(i)
p+δ,p+δ are the channel estimates from two adjacent pilots.

The channel estimate H̃
(i)
m,m at subcarrier m, which is between

pilot subcarrier p and p + δ is given by:

H̃(i)
m,m =

[
1 − m−p

δ
m−p

δ

] ·
[

H̃
(i)
p,p

H̃
(i)
p+δ,p+δ

]
, (24)

In contrast, in the uplink transmission, the initial channel
estimates for the ith symbol is given by:

H̃(i) = filt(H̃(i)
p ), (25)

where the design of the interpolation filter is based on the
pilots allocation in practical OFDM systems. After initial
coarse channel estimates, data detection is performed in the
demapper module.

B. Iterative Estimation Stage

In the iterative estimation stage, LS estimation is first
performed for both pilot and data subcarriers, followed by
frequency-domain combining and time-domain combining.
Similar to the pilot tones, the system model for data symbol
transmission is given by:

Y (i)(m) = H(i)
m,m

√
EdX

(i)
d (m) +

∑
n�=m

H(i)
m,n

√
EdX

(i)
d (n)

+
∑
p�=m

H(i)
m,p

√
EpX

(i)
P (p) + W (i)(m), (26)

Because the data detection in previous iterations may not be
reliable, the energy of soft decoded data symbol in (19) and
(20) may be less than 1. If the soft decoded data symbol is
directly applied to LS estimation, the channel estimates are
subject to a bias due to the imperfect decoding information. To
overcome this problem, channel estimate at the mth subcarrier
is normalized by the average energy of the soft decoded data
symbols within a moving average window (MAW) as:

H̃(i)
m,m = Y (i)(m)

(X̂(i)
d (m))∗√

Ed‖X̂(i)
d∈MAW‖2

= H(i)
m,m

X
(i)
d (m)√

‖X̂(i)
d∈MAW‖2

(X̂(i)
d (m))∗

+
∑
n�=m

H(i)
m,n

X
(i)
d (n)√

‖X̂(i)
d∈MAW ‖2

(X̂(i)
d (m))∗

+
∑
p�=m

H(i)
m,p

√
EpX

(i)
P (p)√

Ed‖X̂(i)
d∈MAW ‖2

(X̂(i)
d (m))∗

+
1√

Ed‖X̂(i)
d∈MAW‖2

W (i)(m)(X̂(i)
d (m))∗

≈ H(i)
m,m

√
‖X̂(i)

d∈MAW‖2 + W
′(i)
d (m), (27)

where

‖X̂(i)
d∈MAW ‖2 = E{X̂(i)

d∈MAW (m)(X̂(i)
d∈MAW (m))∗}, (28)

is the average energy of soft coded data information in the
MAW. With the similar assumptions in the pilot estimation, it

can be shown that W
′(i)
d (m) is N (0,

σ2
w+σ2

ICI

Ed
=

σ2
w

′
Ed

).

Due to the correlation in the frequency domain, low pass
filtering can be performed by combining channel estimates
from both pilot tones and soft coded data information within
the MAW to generate improved channel estimates. The size
of the MAW is determined by the system coherent bandwidth
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and subcarrier spacing1. Assuming within the MAW, the
channel frequency response is highly correlated, i.e. H

(i)
p,p ≈

H
(i)
d,d ≈ H

(i)
m,m, the weighted average for the channel frequency

response at subcarrier m is given by:

Ĥ(i)
m,m = ωp

∑
p∈MAW

H̃(i)
p,p + ωd

∑
d∈MAW

H̃
(i)
d,d

= ωp

∑
p∈MAW

(H(i)
m,m + W

′(i)
P )

+ωd

∑
d∈MAW

(H(i)
m,m

√
‖X̂(i)

d∈MAW ‖2 + W
′(i)
d )

= (Npωp + Ndωd

√
‖X̂(i)

d∈MAW ‖2)H(i)
m,m

+ (ωp

∑
p∈MAW

W
′(i)
P + ωd

∑
d∈MAW

W
′(i)
d )

︸ ︷︷ ︸
N (0, Npω

2
p

σ2
w

′
Ep

+ Ndω
2
d

σ2
w

′
Ed

)

, (29)

where Np and Nd are the number of pilot and data symbols
within the MAW. The optimal weight values {ωp, ωd}, can
be determined using the Maximum Ratio Combining (MRC)
principle, which is mathematically formulated into the follow-
ing Lagrange multiplier problem:

{ωp, ωd} = arg min
ωp,ωd

{(Npω
2
p

σ2
w′

Ep
+ Ndω

2
d

σ2
w′

Ed
) + λ(Npωp

+Ndωd

√
‖X̂(i)

d∈MAW ‖2 − 1)}, (30)

where λ is the Lagrange multiplier. Hence, the optimal weights
{ωp, ωd} can be derived as:

ωp =
1

Np + Nd
Ed

Ep
‖X̂(i)

d∈MAW‖2
, (31)

ωd =

√
‖X̂(i)

d∈MAW‖2

Np
Ep

Ed
+ Nd‖X̂(i)

d∈MAW ‖2
. (32)

To further improve channel estimates, time domain MAW
combining is applied to the channel frequency response. Based
on the coherence time of the channel for practical OFDM
system, it is observed that OFDM channel frequency responses
are highly correlated in the time domain [28] for consecutive
OFDM symbols, i.e. H

(i−1)
m,m ≈ H

(i)
m,m. Therefore, another

MRC can be performed, which is given by:

ˆ̂
H(i)

m,m = αĤ(i−1)
m,m + βĤ(i)

m,m = (α + β)H(i)
m,m

+ (αW
′′(i−1)(m) + βW

′′(i)(m))︸ ︷︷ ︸
N (0, α2σ2

w′′(i−1) + β2σ2
w′′(i))

. (33)

In (33), α and β are weighting parameters obtained by
minimizing the estimation error, that is:

{α, β} = argmin
α,β

{(α2σ2
w′′(i−1) + β2σ2

w′′(i)) + λ(α + β − 1)},
(34)

1In the system configuration as mentioned in Section VII, the subcarrier
spacing is 5.12kHz, while the coherent bandwidth is 54kHz for the channel
considered in this paper. Therefore, it is reasonable to define a MAW of size
9.

which are given by:

α =
σ2

w′′(i)

σ2
w′′(i−1) + σ2

w′′(i)
, (35)

β =
σ2

w′′(i−1)

σ2
w′′(i−1) + σ2

w′′(i)
. (36)

The advantage of the proposed method is that the weights
in (31), (32), (35) and (36) are adaptive to the number and
power of pilots and data symbols in the MAW, and most
importantly, the reliability of decoding data information in
the specific OFDM symbols. Therefore, the combining is
performed in perfect proportion to the available information.
As the iterations proceed, the available a priori information
on data signals improves, the weights associated with the
data-aided channel estimates increase accordingly, where the
decoding data serve as virtual reference signals.

C. Final Estimation Stage

The final estimation stage is performed on the final iteration,
where the decoding information from MAP decoder becomes
very reliable, and can serve almost as good as reference
signals. For an OFDM symbol full of virtual reference signals,
maximum likelihood estimator (MLE) or MMSE estimator is
able to provide a further improvement over the LS based MRC
channel estimator in previous section. To see this clearly, we
reformulate the OFDM system channel estimation model in
(11) as:

Y(i) = X
′(i)H

′(i) + W
′(i), (37)

where X
′(i) = diag(X(i)

0 , X
(i)
1 , . . . , X

(i)
N−1) is the N × N

diagonal matrix with assumption that pilot and data sym-
bols are taken from a PSK constellation with unit energy,
i.e.,‖X(i)

m ‖ = 1. H
′(i) is the N×1 channel frequency response

vector under investigation, and W
′(i) is the equivalent N × 1

noise vector with σ2
w′ = σ2

w + σ2
ICI . If X

′(i) is perfectly
known, the LS estimation is given by:

H̃
′(i)
LS = [(X

′(i))HX
′(i)]−1(X

′(i))HY(i)

= H
′(i) + [(X

′(i))HX
′(i)]−1(X

′(i))HW
′(i)

= H
′(i) + (X

′(i))−1W
′(i), (38)

where (X
′(i))−1W

′(i) is statistically equivalent to W
′(i) for

a PSK constellation. Hence, a new signal model [29] based
on (38) is used for estimating H

′(i), given by:

H̃
′(i)
LS = H

′(i) + [(X
′(i))HX

′(i)]−1(X
′(i))HW

′(i)

= Gh
′(i) + [(X

′(i))HX
′(i)]−1(X

′(i))HW
′(i)

= Gh
′(i) + (X

′(i))−1W
′(i), (39)

where G is the N × L matrix with element [G]n,l =
e−j2πnl/N , 0 ≤ n ≤ N − 1 and 0 ≤ l ≤ L − 1.
h

′(i) = [h
′(i)
0 , h

′(i)
1 , · · · , h

′(i)
L−1]

T is a L × 1 channel impulse

response vector, where h
′(i)
n is given by:

h
′(i)
l =

1
N

N−1∑
n=0

h(i)(n, l), (40)
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If H
′(i) is assumed to be a deterministic and unknown vector,

the MLE can be derived following the invariance property
[30], given by:

Ĥ
′(i)
MLE = G(GHG)−1GHH̃

′(i)
LS

= G(GHG)−1GH [(X
′(i))HX

′(i)]−1(X̂
′(i))HY(i)

=
1
N

GGH(X̂
′(i))−1Y(i), (41)

where X̂
′(i) is soft coded OFDM symbol from the last second

iteration with pilot tones.

As H
′(i) is random in nature, Bayesian estimators are able

to improve the performance by exploiting the priori knowledge
on channel statistics. In this paper, we consider the MMSE
estimator [29], given by:

Ĥ
′(i)
MMSE = GRh′h′ (GHGRh′h′ + σ2

w′ IL)−1GHH̃
′(i)
LS

= GRh′h′ (NRh′h′ + σ2
w′ IL)−1GHH̃

′(i)

= GRh′h′ (NRh′h′ + σ2
w′ IL)−1

·GH(X̂
′(i))−1Y(i), (42)

where Rh′h′ = E{h′
h

′H} = diag(αl) is the L × L
covariance matrix of h

′
based on the WSSUS assumption.

IL is the L × L identity matrix, and GHG = NIL.

V. MEAN SQUARE ERROR ANALYSIS OF ITERATIVE

TURBO CHANNEL ESTIMATION

In this section, we derive the lower bound of MSE for MLE
and MMSE methods. In both methods, the MSE lower bounds
are calculated for MLE and MMSE estimators in section IV-C.
Extended from (41), the MLE can be expressed as:

Ĥ
′(i)
MLE = H

′(i) + G(GHG)−1GH(X
′(i))−1W

′(i), (43)

whose mean can be obtained as E{(Ĥ′(i)
MLE)} = H

′(i), and
the covariance matrix can be obtained as:

C
Ĥ

′(i)
MLE

= E{(Ĥ′(i)
MLE − H

′(i))(Ĥ
′(i)
MLE − H

′(i))H}
= σ2

w′G((GHG)−1)HGH

=
σ2

w′

N
GGH , (44)

where (X
′(i))−1((X

′(i))−1)H = IN for PSK constellation
considered in this paper. Hence, the corresponding MSE for
MLE is given by:

MSEMLE =
1
N

Tr(C
Ĥ

′(i)
MLE

) =
1
N

Tr(
σ2

w′

N
GGH) =

σ2
w′ L

N
,

(45)
where Tr(·) is the trace operation.

Similarly, for the MMSE estimator, the covariance matrix
of Ĥ

′(i)
MMSE is given by:

C
Ĥ

′(i)
MMSE

= E{Ĥ′(i)
MMSE(Ĥ

′(i)
MMSE)H}

= σ2
w′GRh′h′ (NRh′h′ + σ2

w′ IL)−1GH ,(46)

and the Bayesian MSE is given by:

MSEMMSE =
1
N

Tr(C
Ĥ

′(i)
MMSE

)

= σ2
w′Tr{Rh′h′ (NRh′h′ + σ2

w′ IL)−1}

=
σ2

w′

N
Tr{diag(

αl

αl + σ2
w′ /N

)}

=
σ2

w′

N

L−1∑
l=0

1
1 + σ2

w′ /(Nαl)
. (47)

MSEs in (45) and (47) will be used as benchmarks to
evaluate the performance for proposed channel estimator in
the following section. It can be shown that MSEMMSE ≤
MSEMLE as the MMSE estimator utilizes channel statistical
information in the estimation to enhance the performance.

VI. COMPLEXITY ANALYSIS

In this paper, the computational complexity of the proposed
iterative turbo channel estimation is evaluated by the number
of complex multiplications. Although the MAP decoder has
significant computational complexity, this complexity exists
regardless of the channel estimation scheme chosen. We there-
fore analyze only the complexity of the channel estimation
techniques.

Assuming there are altogether M iterations, and N subcar-
riers. In the initial estimation stage, pilot estimation requires
Np complex multiplications. To obtain the coarse channel fre-
quency response at data tones, the linear interpolation between
pilot tones requires (N − Np) complex multiplications.

In the iterative estimation stage, every iteration requires
the same computational complexity. More specifically, in each
iteration, the soft data channel estimation requires (N − Np)
complex multiplications. The calculation of ωp, ωd coefficients
requires N × NFD

MAW multiplications, frequency-domain fil-
tering requires N × NFD

MAW complex multiplications, where
NFD

MAW is the frequency-domain MAW size. The calculation
of α, β coefficients is real multiplication, hence it is ignored
because the complexity to do real multiplication is consider-
ably lower. The time-domain filtering requires 2N complex
multiplications. Therefore, there are totally (M − 2)× (3N −
Np + 2N × NFD

MAW ) complex multiplications.

In the final estimation stage, only soft data channel estima-
tion and MLE or MMSE operation are performed. Similar
to iterative estimation stage, soft data channel estimation
requires (N − Np) complex multiplications. MLE operation
requires O(N2) complex multiplications and MMSE operation
requires O(N3). Therefore, the total complexity is N+O(N2)
for MLE and N + O(N3) for MMSE estimator. Table I
summarizes the number of complex multiplications involved
in each stage. It can be seen that if the final estimation stage
is excluded, the complexity of initial coarse estimation stage
and iterative estimation stage is N + (M − 2)× (3N −Np +
2N × NFD

MAW ), which is in the order of O(N). Compared
to conventional MLE or MMSE estimation, the additional
complexity from iterative channel estimation remains low.
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TABLE I
NUMBER OF COMPLEX MULTIPLICATIONS

Operations First Stage Second Stage (per iteration) Final Stage

Pilot Estimation Np 0 0

Soft Data Estimation 0 N − Np N − Np

Linear Interpolation (N − Np) 0 0

ωp, ωd Calculation 0 N × NFD
MAW 0

Frequency-domain Filtering 0 N × NFD
MAW 0

Time-domain Filtering 0 2 ∗ N 0

ML Estimation 0 0 O(N2)

MMSE Estimation 0 0 O(N3)

Total for each stage O(N) O(N) O(N2)orO(N3)

VII. SIMULATION RESULTS

A. Simulation Setup

In this section, an OFDM system with N = 256 subcarriers,
and 8 pilot tones as in [3] is considered. The carrier frequency
is 5GHz, and the bandwidth is 5MHz. The subcarrier spacing
is approximately 5.12kHz. The IMT-2000 vehicular-A channel
[4] is generated by Jakes model [26], with exponential decayed
power profile {0, -1, -9, -10, -15, -20} in dB and relative path
delay {0, 310, 710, 1090, 1730, 2510} in ns. The coherent
bandwidth is approximately 54kHz. The frequency-domain
MAW size is set to 9 to ensure that the correlation of channel
frequency response within the window is sufficiently high.
Unless stated otherwise, the vehicular speed is 333kmh, which
is translated to a Doppler frequency of fm = 1540.125Hz.
The CP duration is 16 samples. A rate-1/2 (5, 7)8 convolu-
tional code is used for channel coding. Random interleaving
is adopted in the simulation and the modulation scheme is
QPSK. The maximum number of iterations is set to 6. There
are ten OFDM symbols per frame transmission. The energy
of the pilot symbols is same as data symbols. Pilot tones are
evenly distributed across subcarriers.

For the downlink transmission, the OFDM receiver with
proposed iterative turbo channel estimation technique is com-
pared to the OFDM receiver with preamble-based channel
estimation [31] and iterative data derived channel estimation
[5]. For the uplink transmission, the proposed receiver is
compared to the conventional OFDM receiver with pilot-aided
channel estimation [30], [31] using P = 64 pilot tones.
Hereafter, the iterative turbo MLE channel estimation and
MMSE channel estimation refer to the iterative methods with
ML estimation and MMSE estimation performed in the last
iteration respectively. Performance comparisons are made in
terms of frame error rate (FER) and channel estimation MSE.
Performance of MSE will be compared to lower bounds for
MLE and MMSE estimators respectively, which are derived in
Section V. In addition to the 333kmh vehicular speed case, the
performances of the proposed receiver at 120kmh and 60kmh
are presented. Furthermore, the effect of carrier frequency
offset (CFO) is considered as in the realistic OFDM systems
[2], [3] due to channel delays and the difference between
transmitter and receiver oscillators. Residual CFO of up to

4% of the subcarrier spacing is present after synchronization
and acquisition, which causes ICI and degrades the system
performance.

B. Numerical Results

Fig. 4 shows the downlink performance of the proposed
receiver over a number of iterations altogether with that
using conventional preamble channel estimation and data
derived channel estimation. The conventional receiver with
just preamble estimation fails at such high mobility. The
OFDM receiver with data derived channel estimation per-
forms much better than the conventional preamble estimation,
while the OFDM receiver with the proposed iterative channel
estimation achieves the best performance among the three,
and approaches that with perfect channel state information
(CSI). As shown in Fig. 4(b), in the last iteration, the MSE of
proposed iterative turbo channel estimation approaches MLE
lower bound. This verifies the observations shown in Fig. 4(a).

Fig. 5 shows the uplink performance of the proposed
receiver together with that using conventional pilot-aided
channel estimation. Eight pilots are embedded in each OFDM
symbol for the proposed system while 64 subcarriers are used
for pilots in the other. In the first iteration, the proposed
channel estimator has poor performance due to fewer pilots
available for initial coarse estimation stage. However, as
decoded soft data symbols are available for channel estimation
in the later iterations, the iterative channel estimator outper-
forms the pilot-aided estimation with 64 inserted pilots. This
demonstrates the advantage of proposed channel estimator in
both SNR and throughput. The mean square error for both
methods shown in Fig. 5(b) confirms the channel estimator
performance. Fig. 6 shows the uplink performance for the pro-
posed receiver and that with pilot-aided MLE/MMSE channel
estimation. It can be seen that the proposed iterative turbo
channel estimation performs 1dB better with much fewer pi-
lots. This observation shows that in high Doppler environment,
the proposed OFDM receiver maintains the system throughput
and has a SNR gain over advanced channel estimation filters.

Fig. 7 shows the FER performance comparison for various
vehicular speeds. The performance improves for receivers
with preamble based and data derived channel estimation as
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Fig. 4. Downlink performance between OFDM receiver with proposed iterative turbo channel estimation and OFDM receiver with conventional preamble
channel estimation and data derived channel estimation (a) Frame Error Rate;(b) Mean Square Error.
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Fig. 5. Uplink performance between proposed OFDM receiver with iterative turbo channel estimation and OFDM receiver with conventional pilot-aided
channel estimation (a) Frame Error Rate;(b) Mean Square Error.

the vehicular speed decreases. However, in all scenarios, the
proposed OFDM receiver has a significant performance gain
over other methods. It is also interesting to note that in this
paper we assume ten data symbols per frame for simulations,
while in IEEE802.16 [2], [3] standard the frame length can go
up to 16 symbols. In that case, the channel variation can be
considerable even at the vehicular speed of 60kmh and a more
significant improvement can be achieved by our proposed
receiver.

Finally, Fig. 8 shows the FER performance of the proposed
iterative receiver with up to 4% uniform distributed residual
CFO. It can be observed that the degradation ranges from
a fraction of a dB for the 60kmh case to around 1dB for
the 333kmh case, compared to that of the CFO-free system.
To address a more significant CFO, we can either employ a
separate synchronization module to perform frequency error
estimation and compensation, or mitigate the resultant ICI by
advanced interference reduction algorithms [25]. Discussion
on these approaches is beyond the scope of this paper.

To summarize, compared to OFDM receiver with existing
channel estimation techniques, the proposed OFDM receiver
with iterative turbo channel estimation can approach the
MSE lower bounds. It approaches performance of perfect
CSI even with a small number of preambles and pilots in
a rapid dispersive fading channel, which makes it an efficient
solution in terms of both SNR and throughput. Furthermore,
the proposed iterative receiver is robust w.r.t residual CFO in
practical OFDM systems.

VIII. CONCLUSION

In this paper, we address the problem of OFDM trans-
mission in a rapid dispersive fading channel. In such a
highly mobile environment, the wireless channel undergoes
fast variations both in time and frequency. In order to track
the fast varying channel, large number of pilot tones are
usually inserted to the OFDM symbol for existing receivers,
which incurs huge SNR and throughput loss. An iterative turbo
channel estimation technique which makes use of preamble,
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Fig. 6. Uplink performance between proposed OFDM receiver with iterative turbo MLE/MMSE channel estimation and OFDM receiver with conventional
MLE/MMSE channel estimation (a) Frame Error Rate;(b) Mean Square Error.
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Fig. 7. Frame error rate performance between OFDM receiver with proposed
iterative turbo channel estimation and OFDM receiver with conventional
preamble channel estimation and data derived channel estimation [5] at
different mobilities.

pilot and decoded soft data symbols in the channel estimation
is proposed to improve the performance of channel estimation
and maintain the system throughput at the same time. The
channel estimation is conducted by three estimation stages,
where a frequency-domain and time-domain combining strat-
egy is proposed to combine the channel estimates from above
signals in an efficient and low complexity manner. Numerical
results and MSE analysis have shown that, compared to the
OFDM receiver with existing channel estimation, the OFDM
receiver with proposed iterative turbo channel estimation can
approach the performance with nearly perfect CSI at various
mobility scenarios. In addition to the improvement in both
SNR and throughput benefits, the receiver is robust to fre-
quency error and has low computational complexity which
means it is possible to implement in hardware.
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Fig. 8. Frame error rate performance of proposed OFDM receiver with up
to 4% residue CFO.
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