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Abstract Intercarrier interference caused by fast time-varying multipath fading channels
degrades the system performance of high-mobility orthogonal frequency division multiplexing systems. This study considers the challenging problem of joint channel estimation
and signal detection in high mobility environments. The estimation method is based on a
pilot-aided linear approximation channel modeling and iterative process. After each iteration, the channel estimates are refined with the fed-back detection signal. The channel is
re-estimated iteratively, detected increasingly reliable signals. The proposed method is
independent of the Doppler-spectrum, delay-profile shape and the number of paths.
Numerical simulation results indicate that the proposed method is highly robust to fast
time-varying multipath fading channels.
Keywords OFDM · Iterative method · Joint channel estimation and signal detection ·
Linear approximation channel model

1 Introduction
Orthogonal frequency-division multiplexing (OFDM) has become a key air interface for
modern wireless communication systems such as Long Term Evolution Advanced (LTEA), digital video broadcasting (DVB), and wireless local area networks. This is because
OFDM has a high spectrum efficiency, simple implementation, robustness to frequency& Yih-Haw Jan
how@nkut.edu.tw
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selective channels and intersymbol interference (ISI) free transmission if the cyclic prefix
(CP) is longer than the channel delay spread.
Coherent OFDM communication systems need accurate channel estimation for
detecting the received signal in order to improve the OFDM system performance and the
throughput of orthogonal frequency division multiple access (OFDMA) systems. The pilotaided channel estimation is usually considered in the case of OFDM mobile communications [1]. The known training symbols are generally blended in the data payload to
improve the channel estimation accuracy. Signal detection is then performed after the
channel estimation is completed. In practice, the receiver can only obtain an imperfect
estimate of the channel, regardless of the channel estimation method. Consequently,
inaccurate channel estimation significantly degrade the detection performance.
Existing OFDM channel estimation methods are categorized into two major types,
depending on whether the OFDM symbol duration exceeds the channel coherent time. The
fading channel can be regarded as stationary when the duration within one OFDM symbol
is much smaller than the channel coherent time. In this scenario, the fading in each
subcarrier can be estimated and compensated independently [2].
Second, when the OFDM symbol duration is larger than the channel coherent time, the
channel time variation causes inter-carrier interference (ICI). The ICI significantly affects
system performances, and is particularly acute when the speed of motion increases [3]. In
high speed motion scenarios, the fast time-varying channels during communication will be
raised due to the Doppler spread. Therefore, channel estimation and signal detection
become crucial issues in system design under such environments. In order to overcome the
problems in fast time varying multipath fading channels, several methods have been
presented to suppress the ICI.
Channel estimation of fast time-varying multipath fading channels for OFDM system
can be performed in three methods, namely frequency domain [4, 5], time domain [6, 7],
and hybrid [1, 8–11]. Frequency domain method is typically the simplest, since it treats the
frequency domain channel matrix as either a diagonal or a banded matrix. Namely, the
frequency-domain method disregards large ICI, and therefore suffers from an estimate
error floor when the channels have large Doppler spreads. The time domain method performs poorly at determining the appropriate number of paths in a large channel delay
spread. This task is very difficult because one OFDM symbol in a fast time-varying
multipath channel has more number of unknown channel gains and time delays than
received signals. An iterative LS method with ICI mitigation process [7] was presented for
directly estimating the channel gains, but requires knowledge of the delay-related
information.
The hybrid method models the time-varying channels by basis expansion (BEM). The
advantage of this method is the low cost in realization since it only needs to estimate the
basis coefficients. Hence, it can efficiently decrease the number of unknown channel model
parameters below the number of unknown channel response parameters. Polynomial BEM
(P-BEM) models using multi-symbol processes can provide accurate estimation for high a
Doppler spread without ICI mitigation [1, 10, 11], but these require using the pure training
symbols. However, the pilots and data are often mixed-jointly distributed on the pilot
pattern in a typically system (e.g., for WiMAX and LTE). This approach is more complex
in channel estimation but guarantees less throughput waste. Hence, a good channel estimator should not limit itself to using only training symbols. Additionally, some methods
assume that variations of the channel impulse response during an OFDM symbol can be
approximated with first-order polynomial. Some methods [8, 9] approximate the variation
of each channel path using a piece-wise linear model based on the average gains of all
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channel paths and the corresponding slopes in every OFDM symbol. The channel model is
estimated from the CP or from both adjacent OFDM symbols. The iterative process is used
in [8] to enhance the estimation of the slope using the detected signal. To lower the
complexity of ICI mitigation, the estimate of the slope only processes the signals in CP.
However, the residual ICI remains large and implementing the signal detection makes the
algorithm highly complex [1].
This study considers the hybrid method in an iterative joint channel estimation and
signal detection for OFDM systems in rapidly time-varying multipath fading channels, in
order to achieve good performance operating over highly mobile wireless environments.
The ICI on data subcarriers is estimated iteratively, then mitigated at each iterative step.
The most reliable detected signals at data subcarriers are then purified as “virtual pilots”.
The “virtual pilots” and the actual pilots can be combined as the “virtual training symbol”.
Through the “virtual training symbol”, the channel estimation can filter out the interference
and noise efficiently, and capture the channel variations well.
The remainder of this paper is organized as follows. Section 2 describes the baseband
OFDM system model. Section 3 describes an iterative joint channel estimation and signal
detection method based on linear approximation and discusses the complexity of the
proposed method. Section 4 analyzes the characteristics of the proposed channel estimator.
Section 5 presents some simulation results. Finally, Sect. 6 concludes the paper.

2 System Description
Consider a discrete-time model baseband equivalent OFDM system with N subcarriers, and
a cyclic prefix (CP) length Ng. Let X = [X(0) X(1) … X(N − 1)]T indicate the input complex
symbols for an OFDM symbol. By N-point inverse discrete Fourier transform (IDFT), the
transmitted baseband signal is x = [x(0) x(1) … x(N − 1)]T, where
N 1
1 X
2p
XðnÞej N kn
xðkÞ ¼ pﬃﬃﬃﬃ
N n¼0

ð1Þ

where k = − Ng, − Ng + 1, …, N − 1.
Let gl(k) denote the time-variant channel gain of the path l at time instant k, where l = 0,
1, …, L − 1, and L represents the number of multipaths. At the receiver side, after removing
CP, the received signal is
yðkÞ ¼

L1
X

gl ðkÞxðk  lÞ þ zðkÞ

ð2Þ

l¼0

where k = 0, 1, …, N − 1, and z(k) is the complex additive white Gaussian noise (AWGN)
with zero-mean and variance σ2z . The overall system can be expressed in matrix notation as:
y ¼ Gx þ z

ð3Þ

where y = [y(0) y(1) … y(N − 1)]T ∊ ℂN91 represents the received data vector after the CP
removal; z = [z(0) z(1) … z(N − 1)]T ∊ ℂN91 denotes the Gaussian noise vector; (.)T
denotes the transpose operator, G ∊ ℂN9N is the channel matrix in the time domain:
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ð4Þ

After DFT, the received signal in the frequency domain is
Y ¼ HX þ Z

ð5Þ

where channel matrix H ∊ ℂN9N, Y = [Y(0) Y(1) … Y(N − 1)]T ∊ ℂN91, and Z = [Z(0) Z(1)
… Z(N − 1)]T ∊ ℂN91 indicates AWGN in the frequency domain. Each entry in the H is
Hðm; nÞ ¼

N1 X
L1
j2pðmkþðlkÞnÞ
1X
N
gl ðkÞe
N k¼0 l¼0

ð6Þ

where m = 0,1,…, N − 1, and n = 0,1,…, N − 1. The off-diagonal term of H, i.e., m ≠ n, is
the ICI response. If ICI mitigation is perfectly performed, then the ICI response is cancelled and the diagonal term represents the channel frequency response (CFR).

3 Channel Estimation Based on Linear Approximation Channel Model
The channel variation of each multipath is often modeled to be linear in an OFDM symbol
duration Ns = Ng + N. The linear approximation channel can be written as
gl ðkÞ ¼ c0;l þ c1;l k

ð7Þ

where k = − Ng, − Ng + 1, …, N − 1; c0,l and c1,l are the average and slope of channel path l.
Substitute (7) into (6), then the channel matrix is
H ¼ H 0 þ H1

ð8Þ

where each entry in H0 and H1 is
H0 ðm; nÞ ¼
¼
¼
and
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N 1 X
L1
j2pðmkþðlkÞnÞ
1X
N
c0;l e
N k¼0 l¼0
L1
X

c0;l

N 1
j2pðmkþðlkÞnÞ
1X
N
e
N k¼0

l¼0
ðm;nÞ
u0 C0

ð9Þ
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H1 ðm; nÞ ¼
¼

N1 X
L1
j2pðmkþðlkÞnÞ
1X
N
c1;l e
N k¼0 l¼0
L1
X

c1;l

l¼0
ðm;nÞ

¼ u1

N1
j2pðmkþðlkÞnÞ
1X
N
ke
N k¼0

ð10Þ

C1

for m = 0, 1,…, N − 1; n = 0, 1,…, N − 1; C0 = [c0,0 c0,1 … c0,L-1]T ∊ ℂL91, C1 = [c1,0
c1,1… c1,L-1]T ∊ ℂL91; φ(m,n)
∊ ℂ19L and φ(m,n)
∊ ℂ19L with
0
1
ðm;nÞ

u0

ðlÞ ¼

N1
j2pðmkþðlkÞnÞ
1X
N
e
N k¼0

ð11Þ

N 1
j2pðmkþðlkÞnÞ
1X
N
ke
N k¼0

ð12Þ

and
ðm;nÞ

u1

ðlÞ ¼

where l = 0, 1, …, L − 1.
Now consider equi-spaced Np pilots for the time variant channel estimation. Assume
that N/Np is an integer, the Np pilot subcarriers are at index set Sp = {pi = i 9 (N/Np) |
i = 0, 1,…, Np − 1}. The rest of N–Np data subcarriers are at index set Sd. For convenience,
let
X p ¼ ZpadðX; Sd Þ

ð13Þ

X d ¼ ZpadðX; Sp Þ

ð14Þ

and

where Xp and Xd are padding X with zeros in the rows belonging to Sd and Sp, respectively.
Hence we have X = Xp + Xd.
X ¼ Xp þ Xd

ð15Þ

Y ¼ HX þ Z
¼ HðXp þ X d Þ þ Z

ð16Þ

Substitute (8) and (15) into (5) to

¼ ðH0 þ H1 ÞXp þ HX d þ Z
Since Xd is unknown data, the term HXd in (16) is the interference induced by data
subcarriers. The expression becomes
Y ¼ U 0 C0 þ U 1 C 1 þ J þ Z
where J = HXd ∊ ℂ

N91

ð17Þ

; and each entry in U0 and U1 is
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U 0 ðm; lÞ ¼
¼

N1
N1
X
j2pðmkþðlkÞnÞ
1X
N
Xp ðnÞ
e
N n¼0
k¼0

ð18Þ

ðm;lÞ
w0 Xp

and
N1
N1
X
j2pðmkþðlkÞnÞ
1X
N
X p ðnÞ
ðk  Nc Þe
N n¼0
k¼0

U 1 ðm; lÞ ¼

ð19Þ

ðm;lÞ
w1 Xp

¼

for m = 0, 1,…, N − 1; l = 0, 1, …, L − 1; U0 ∊ ℂN9L; U1∊ ℂN9L; U0C0 = H0Xp;
∊ ℂ19N and ψ(m,l)
∊ ℂ19N is
U1C1 = H1Xp; and each entry in ψ(m,l)
0
1
ðm;lÞ

w0

ðnÞ ¼

N1
j2pðmkþðlkÞnÞ
1X
N
e
N k¼0

ð20Þ

N 1
j2pðmkþðlkÞnÞ
1X
N
ke
N k¼0

ð21Þ

and
ðm;lÞ

w1

ðnÞ ¼

where n = 0,1,…, N − 1.
Each entry of ψ(m,l)
and ψ(m,l)
can be pre-computed and stored at the receiver, since it
0
1
does not depend on the unknown data.

3.1 Channel Estimation Using Pilot Subcarriers
For an algebra solution, let U = [U0 U1] ∊ ℂN92L and C = [CT0 CT1 ]T = [c0,0 c0,1 … c0,L-1
c1,0 c1,1 … c1,L-1]T ∊ ℂ2L91, then (17) becomes
Y ¼ UC þ J þ Z
¼ UC þ E

ð22Þ

where E = J + Z.
Let Y(p) and E(p) indicate vectors of size Np with the sampled elements of Y and E
belonging to Sp, respectively. Additionally, let U(p)
p represent the submatrix of size Np 9 2L
formed with the rows of Up belonging to Sp. Thus, by sampling (22), the received signal at
pilot positions is
Y ðpÞ ¼ U ðpÞ C þ EðpÞ

ð23Þ

Note that E(p) comprises of a sum of many zero-mean uncorrelated random variables
including interference induced from data subcarriers and additive noise. Hence, by the
central limit theorem, each element in E(p) can be assumed to be many zero-mean Gaussian
variables. The least square (LS) solution of (23) is given by
C^ ¼ U ðpÞþ Y ðpÞ

ð24Þ

where + denotes the pseudo-inverse operation and Ĉ = [ĉ0,0 ĉ0,1 … ĉ0,L−1 ĉ1,0 ĉ1,1 … ĉ1,L−1]T ∊ ℂ2L91.
Substitute (24) into (7), the estimated channel can be obtained. Since Xp is already-known at the
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(p)+
receiver, the terms of U(p), U(p)
can be pre-computed and stored at the receiver. Note that
p , and Up
the proposed method is independent from Doppler-spectrum, delay-profile shape, and the number of
paths. The estimated Ĥ is determined as

^
^ 0 ðm; nÞ þ H
^ 1 ðm; nÞ
Hðm;
nÞ ¼ H
ðm;nÞ

¼ u0

ð25Þ

ðm;nÞ
C^0 þ u1 C^1

Hence the signal detection at the pilot subcarriers can be obtained by
^ þ Y; Sd Þ
X^p;0 ¼ ZpadðQ½H

ð26Þ

where function Q[.] represents the decision operation. The output of Q[.] is thus a
quadrature amplitude modulation (QAM) constellation point.
The accuracy of the initial channel estimation decisively affects the performance at the
later iterative process.

3.2 Iterative Method
The channel estimation is performed from the pilot information. However, the interference
and noise impacts initial estimation accuracy. To resolve this drawback, the pilots are
passed through the estimated channel approximating of the induced interference. Mathematically, this procedure can be expressed as
Y ¼ HX þ Z
¼ HðXp þ Xd Þ þ Z

ð27Þ

¼ Ip þ HX d þ Z
where Ip = HXp indicates the pilot induced interference. The value Ip is subtracted from
the received symbol
Y  Ip ¼ HXd þ Z

ð28Þ

Now the pilot induced interference is reduced, improving the signal detection
X~ ¼ Q½Hþ ðY  Ip Þ

ð29Þ

The detected signals at the data subcarriers are
~ Sp Þ
X~d ¼ ZpadðX;

ð30Þ

Now we have the detected data. Let the detected signal be given by:
X ¼ Xp þ X~d

ð31Þ

Next, channel estimation is performed through both the pilot and the detected data. Let
Û = [Û0 Û1], where the elements in Û0 and Û1 are
N1
N1
X
X
j2pðmkþðlkÞnÞ

^ 0 ðm; lÞ ¼ 1
N
XðnÞ
e
U
N n¼0
k¼0

¼

ð32Þ

ðm;lÞ
w0 X

and
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N1
N1
X
X
j2pðmkþðlkÞnÞ
^ 1 ðm; lÞ ¼ 1

N
U
XðnÞ
ke
N n¼0
k¼0

¼

ð33Þ

ðm;lÞ
w1 X

The new estimate, is thus:
^þ Y
C^ ¼ U

ð34Þ

The refined estimation of H and gl can thus be obtained. The refined signals can be
detected
^ þ Y
X^ ¼ Q½H

ð35Þ

The refined detection signal in the pilot subcarriers is
^ Sd Þ
X^p ¼ ZpadðX;

ð36Þ

The next question is how to determine when to stop the iteration. This study presents an
iteration stop criteria by checking the validity of the detected pilots in (35). Considering the
iteration index I, the “pilot accuracy vector” e(i) is defined as follows:

0; if X^pðiÞ ðkÞ ¼ Xp ðkÞ
ðiÞ
e ðkÞ ¼
ð37Þ
1; otherwise
where k ∊ Sp. The proposed method is designed for iterative refinement of the channel
estimation and data detection results. Hence, if e(i−1)(k) = 0 from the last iteration but it
becomes 1 on the current iteration (i.e., e(i)(k) = 1), then the iteration process is stopped
because the new process is not improved over the old one. Suppose at iteration i, the whole
processing is summarized as follows
Step 1 Initialization of the channel estimation and signal detection from (25) and (26),
setting the iteration index i = 0 for the estimated H(i) and C(i).
Step 2 At the iteration i, where i = 1, 2, …, ITER (where ITER represents the maximum
number of iterations; if i [ ITER, then end the iteration), calculate the pilot induced
(i−1)
Xp and refine the received symbol Y(i) = Y − Î(i)
interference Î(i)
p = Ĥ
p .
Step 3 Perform signal detection using Y(i)
^ ði1Þþ Y ðiÞ 
X~ ¼ Q½H

ð38Þ

Then the detected signals at the data subcarriers are
~ Sp Þ
X~d ¼ ZpadðX;

ð39Þ

X ¼ Xp þ X~d

ð40Þ

Let

Step 4 Determine U(i) from the detected signal in (41), then we get
C^ðiÞ ¼ U ðiÞþ Y
Step 5 Forming Ĥ , which allows for better signal detection
(i)
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^ ðiþÞ Y
X^ðiÞ ¼ Q½H

ð42Þ

The refined detection signals in the pilot subcarriers and data subcarriers can be
extracted by
^ðiÞ
XðiÞ
p ¼ ZpadðX ; Sd Þ

ð43Þ

Step 6 Check e(i)(k) and e(i−1)(k). If e(i−1)(k) = 0 and e(i)(k) = 1, then set the final refined
channel estimation and data detection results as
C^ ¼ C^ði1Þ

ð44Þ

and then end the iteration. Otherwise, increment the iteration number i = i + 1 and
return to Step 2.
The pilot-induced interference is thus lowered, improving channel estimation and
system performance.
To confirm verify that the iterative process is able to refine the estimate in the fast timevarying multipath fading channel, the COST 207 bad urban (BU) area channels (the
number of resolvable paths of the channel is given by L = 51) at fdT = 0.1 was employed
to examine the estimation results. For example, an OFDM system with 5 MHz bandwidth
at 2.5 GHz carrier frequency, N = 512 subcarriers, CP length Ng = N/8 = 64, and there are
Np = N/2 = 256 pilot subcarriers in an OFDM symbol. The system used QPSK modulation
with coherent demodulation. The vehicular speeds was about 400 km/h at fdT = 0.1.
Consider Eb/N0 = 40 dB, where Eb indicates the energy per bit and N0 is the variance of
the AWGN. Figure 1 illustrates a snapshot of the path variation of the true channel, initial
estimate, and multiple iterative processes. The figure shows that the initial estimates on
both the real and imaginary parts are away from the true channels. An improved
approximation to the real and imaginary part of the original gl(k) can be achieved with
three iteration estimates. The closest estimate is achieved after the third iteration. The
approximations to the true channels improve slightly from the second to the third iteration.
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−0.11
True channel
Initial estimation
1st iteration estimation
2nd iteration estimation
3rd iteration estimation
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Fig. 1 Comparisons of snapshot of path variation between true and estimated gl(k) for Eb/N0 = 40 dB using
the proposed method under COST 207 BU channels at fdT = 0.1. A channel variation of a path across one
OFDM symbol. Left: Real part; right: Imaginary part
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3.3 Computational Complexity Analysis
This subsection shows the verification of the key computational complexities above, based
on the required complex multiplications (CMULTs).
The key computations of the initialization step are the estimation of Ĉ in (21), channel
matrix reconstruction in (22) and signal detection in (23). Because Xp is known at the
receiver, U(p)+ can be pre-computed and stored at the receiver. Hence (21) requires 2NpL CMULTs. In (22), each Ĥ performs 4N2L CMULTs. From (23), Ĥ+ and Ĥ+Y require
5N3 and N2 CMULTs, respectively [12]. Table 1 summarizes the computational complexity in the initialization step.
The main complexity in the iteration procedure in Steps 2–4. In step 2, the pilot-induced
(i−1)
Xp can be determined with N2 CMULTs. The signal detection in
interference Î(i)
p = Ĥ
+
Step 3 for calculating Ĥ and Ĥ+Y(i) requires 5N3 and N2 CMULTs, respectively. In Step
4, computing Û(i) needs 2N2L CMULTs; calculating Û(i)+ requires 6N2L + 8NL2
CMULTs; Û(i)+Y(i) is obtained using 2NL CMULTs. In Step 5, updating Ĥ(i) requires
4N2L CMULTs, while updating Ĥ(i)+ and Ĥ(i)+Y(i) needs 5 N3 and N2 CMULTs, respectively. No product computation is performed in Step 6. Table 2 summarizes the
computational complexity after each iteration in the iteration process.
For example, consider a system with IDFT size N = 512. Let the CP length Ng = N/
8 = 64 and the number of pilot subcarriers Np = N/2 = 256. For convenience, assume that
Ng equals the number of channel paths, i.e., L = Ng = 64. The rightmost column in Table 1
lists the required number of CMULTs of the initialization step in this example.
Table 2 presents the ratio of computational complexity between the proposed method
and the traditional method [8]. The traditional method [8], based on interference mitigation, iteratively estimates the channel gain and slope within an OFDM symbol. The
complexity analysis of [8] is presented in [1]. As seen in Table 3, the computational
complexity ratios between the proposed and traditional methods are 101.0, 104.2, and
105.7% for first, second and third iterations, respectively. These ratios are very close to 1.
Namely, the computational complexities of the proposed and traditional methods are
similar. However, the proposed method has far superior performance to the traditional
method.

4 Performance Analysis
This section presents the performance analysis of the proposed iterative method in a noisy
channel. For convenience, the following analysis disregards the iteration index.
Table 1 Computational complexity of initialization step
NO. of CMULTS for N = 512,
NP = 256, and L = 64

Computing

No. of CMULTs

Y ðpÞ
C^ ¼ UðpÞþ
p

2NpL

32,768

Forming Ĥ

4N2L

67,108,864

Ĥ+

5 N3

671,088,640

+

Ĥ Y

N2

Total

2NpL + 4N2L + 5 N3 + N2
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Table 2 Computational complexity for the iteration process
Step

Computing

No. of CMULTs

2

(i−1)
Xp
Î(i)
p = Ĥ

N2

+ (i)

262,144

3

Ĥ Y

N2

4

Forming Û(i)

2N2L

Û(i)+

6N2L + 8NL2

Y

Û

(i)+ (i)

5

NO. of CMULTS for N = 512,
NP = 256, and L = 64

262,144
33,554,432
117,440,512

2NL

65,536

Forming Ĥ(i)

4N2L

67,108,864

Ĥ(i)+

5 N3

671,088,640

Ĥ

(i)+

Y

N2

262,144

6

–

–

Total

5N3 + 12N2L +3N2 + 8NL2 + 2NL

0
890,044,416

Table 3 Ratio of computational complexity between the proposed and traditional methods [8]
Estimation method

Proposed method (%)

The conventional method ITER iterations
1

2

3

101.0

104.2

105.7

To start, express the lth exact linear channel model gl in a vector–matrix form:
gl ¼ V l C
where gl = [gl(0) gl(1)… gl(N − 1)] for
8
1;
>
>
<
1;
V l ðn; mÞ ¼
n;
>
>
:
0;
T

ð45Þ

l = 0, 1, …, L − 1, and Vl is an N 9 2L matrix:
if m ¼ l
if n ¼ 0 and m ¼ L þ l
if n 6¼ 0 and m ¼ L þ l
otherwise

ð46Þ

for n = 0, 1, …, N − 1, and m = 0, 1, …, 2L − 1. The lth estimated gl is then written as
g^l ¼ Vl C^

ð47Þ

The error between the lth exact linear channel model and the lth estimated channel is
given by
el ¼ g^l  gl
¼ V l ðC^  CÞ

ð48Þ

Substituting (22) and (41) into (48) obtains:
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el ¼ V l U þ ðJ þ ZÞ
¼ Bl ðJ þ ZÞ

ð49Þ

where Bl = VlU+.
The normalized mean-square error (NMSE) between the lth exact linear channel model
and the lth estimated channel can be expressed as
NMSEl ¼

1
trfE½el eH
l g
N

ð50Þ

where E[.] and tr(A) represent the expectation and trace of matrix A, respectively. Thus
(49) and (50) yield:
NMSEl ¼

1
trfE½Bl ðJ þ ZÞðJ þ ZÞH BH
l g
N

ð51Þ

Note that the covariance matrix of the interference and noise can be determined as
E½ðJ þ ZÞðJ þ ZÞH  ¼ RJ þ RZ

ð52Þ

where RJ = E[JJH] and RZ = E[ZZH].
Substituting (52) in (51) yields
1
r2Z
trfBl RJ BH
trfBl BH
l gþ
l g
N
N
N
1
N
1
1
r2Z X X
¼ trfBl RJ BH
jjBl ðn; kÞjj2
l gþ
N
N n¼0 k¼0

NMSEl ¼

ð53Þ

Clearly, the performance of the proposed method depends on the interference induced by
data subcarriers (presented as RJ). The proposed iterative method reduces interference
term. The overall channel estimation NMSE is given by:
NMSEl ¼

N 1 X
N 1
r2Z X
jjBl ðn; kÞjj2
N n¼0 k¼0

ð54Þ

5 Performance of the Presented Method
This section describes the performance of the proposed channel estimation method under a
COST207 BU time-varying fading channel. An OFDM signal was generated from 5 MHz
of channel bandwidth, divided into 512 subcarriers. The varying normalized Doppler
frequencies were set at 0.025, 0.05, 0.075, and 0.1 implying vehicular speeds about 100,
200, 300, and 400 km/h, respectively, based on a carrier frequency is 2.5 GHz. According
to the COST207 channel model, the number of resolvable paths of the channel is given by
L = 51. The analysis was run using QPSK modulation with coherent demodulation. The
pilot symbols were generated with PN sequences. The normalized mean-square error
(NMSE) performances for each Eb/N0 value were obtained from 7000 simulation runs.
The NMSE performances for each Eb/N0 were compared between the proposed method
and the traditional method [8], which also utilizes the linear approximation channel model
to estimate the channel response within the duration of a single symbol. Figure 2 depicts
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the middle-speed (fdT = 0.025) and high-speed (fdT = 0.05) car-mobility. Figure 3 considers the high-speed railway environments (fdT = 0.075 and 0.1). The resulting curves
correspond to performance without interference mitigation (the initial estimation), and at
different iterations.
Figures 2 and 3 reveal that the traditional method yields a much worse performance than
the initial estimation of the proposed method. The proposed method had an initial estimate
of NMSE almost one order of magnitude better than the traditional method. Significant
differences of the NMSE were observed between the initial estimation and iterative processes regardless of Eb/N0. The NMSE induced by the interference was improved by
almost two orders of magnitude after three iterations. That is, the iterative process yielded
an apparently improved performance. The performances of the proposed method are
almost indistinguishable after the second iteration for fdT = 0.25, because the linear
interpolation can obtain a highly accurate estimation for smaller fdT. For fdT = 0.05, 0.075,
and 0.1, the difference in performances was very small after the third iteration. Simulation
results reveal that three iterations can provide a sufficiently accurate estimation. The
analytical results form an important foundation in making the method practical by limiting
its computational complexity.
The bit-error-rate (BER) performance of the entire system depends on the channel
estimation accuracy and the interference mitigation. Figures 4 and 5 illustrate BER performance comparisons with the BER of the zero-forcing (ZF) method in perfectly-known
channels included for reference (see curves marked by ‘‘ZF in perfectly-known channel”).
For fair comparison, the BER of the traditional method is also presented. The graphs
demonstrate that BER of the initial estimation was degraded with rising ICI in proportion
to fdTs. In either channel, the relative performance of the initial estimation significantly
outperformed the traditional method regardless of fdTs and Eb/N0. The first iteration of our
method lowered the BER by almost one order of magnitude from the initial estimate. The
error floor of the conventional method was observed at BER ≈ 2 9 10−1 for fdT = 0.1 and
Eb/N0 = 40 dB. In contrast, the error floor of our initial estimation was founded at
BER = 2.5 9 10−2. The BER was reduced to 3 9 10−3 after the first iteration was
performed. Clearly, the BER that improved significantly between the initial estimation and
iterative processes, irrespective of Eb/N0. Three iterations improved the BER induced by
the ICI by more than one order of magnitude. The simulation results confirm that the
iterative process yielded an apparent performance improvement. The performances were
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Fig. 2 NMSE comparison of the proposed method and traditional method [8] under the COST 207 BU
channels. Left: fdT = 0.025; right: fdT = 0.05
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Fig. 3 NMSE performance of the proposed and traditional methods [8] under the COST 207 BU channels.
Left: fdT = 0.075; right: fdT = 0.1
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Fig. 4 BER performances of different methods under the COST 207 BU channels. Left: fdT = 0.025; right:
fdT = 0.05
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Fig. 5 BER performances of different methods under the COST 207 BU channels. Left: fdT = 0.075; right:
fdT = 0.1
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almost indistinguishable after the second iteration for fdT = 0.025. The performance difference in BER three iterations was found to be very small for fdT = 0.05, 0.075, and 0.1.
Moreover, as seen in Figs. 4 and 5, BER performances of the proposed method were
comparable to the curves of ZF in perfectly-known channels. Notably, a higher fdT we
have, leads to BER values closer to the ZF in perfectly-known channel in fewer iterations.
For example, consider fdT = 0.075 and 0.1 in Fig. 5, in which the proposed method
outperformed the ZF in a perfectly-known channel, because two or three iterations were
sufficient to mitigate the interference induced from the pilots. This analysis shows that the
2nd iteration performance was better than the ZF in perfectly—known channels for Eb/N0
between 15 and 32 dB. For fdT = 0.1 at BER = 1.5 9 10−3 and Eb/N0 = 40 dB, the
proposed method had performance equal to ZF in a perfectly-known channel in three
iterations. For fdT = 0.075 at BER = 7 9 10−4 and Eb/N0 = 40 dB, the performance gain of
three iterations of our method compared to ZF in perfectly-known channel was approximately 2 dB. Furthermore, as seen in Fig. 4, the interference is not so severe for
fdT = 0.025 and 0.05 where the iterative results demonstrate performance close to that of
ZF in perfectly-known channels. For example, with fdT = 0.05 at BER = 5 9 10−4 and Eb/
N0 = 40 dB, the proposed method has a performance gain after three iterations of
approximately 3.5 dB compared to ZF in perfectly-known channel. For fdT = 0.025 at
BER = 1.3 9 10−4 and Eb/N0 = 40 dB, the performance gain of our method compared to
ZF in perfectly-known channels after three iterations was approximately 6 dB.
In summary, the simulation results confirm that the proposed method has significantly
better overall performance than the conventional method with similar computational
complexity.

6 Conclusions
Under the condition of high speed movement, ICI caused by fast time-varying multipath
fading channels raised by the Doppler spread significantly degrades the OFDM system
performance. This study proposes a hybrid method for iterative joint channel estimation
and signal detection for OFDM systems in rapidly time-varying multipath fading channels,
to enhance performance in highly mobile wireless environments, assuming that the channel
varies in a linear fashion in an OFDM symbol period. Simulation results and numerical
analysis of the proposed method shows that it has similar in computational complexity to
the traditional method while achieving superior performance. Simulation results demonstrates that the proposed method provides highly accurate channel estimation under a wide
range of normalized Doppler frequencies, even under a normalized Doppler frequency as
large as 0.075 and 0.1.
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