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ABSTRACT

In this paper, we propose a pilot-symbol-aided iterative channel estimation for coded OFDM-

based systems. We use the symbol APP provided by the channel decoder to form groups of

virtual pilots. According to their reliabilities, we combine these groups to improve the channel

estimation. We also compare the proposed algorithm with the EM algorithm.

1. INTRODUCTION
Orthogonal frequency division multiplexing
(OFDM)  based

candidates for an air interface of future

systems are  strong

fourth-generation mobile wireless systems
which provide high data rates and high
mobility. In order to achieve the potential
advantages of OFDM-based systems, the
channel coefficients should be estimated
with minimum error. The channel estimation
can be improved using more pilot symbols
[1]. However, it causes data rate reduction
or  bandwidth

expansion.  Therefore,

spectrally efficient channel estimation

techniques should be considered. In this
case, the iterative techniques provide an
improvement on the channel estimator
performance without requiring additional
pilots.

For single carrier systems in flat fading
channels, iterative channel estimation
methods based on adaptive filtering
algorithms using all feedback information
provided by channel decoder has been
proposed in [2]. For least-squares (LS) and
interpolation based channel estimation
techniques, it is possible to increase the

number of pilots using all the hard decision
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symbols obtained by the channel decoder
[3]. It has been shown that depending on the
quality of the feedback information, iterative
channel estimation techniques do not always
improve the channel estimation accuracy [2]
[4]. OFDM-based systems are generally
used in time varying frequency selective
fading channels. In this case, the channel
transfer function changes across the
subcarriers and OFDM symbols. Therefore,
the pilots are distributed uniformly in both
time and frequency axes [5]. For pilot-
symbol-aided channel estimation techniques,
first the channel coefficients that belong to
the pilot subcarriers are estimated using the
LS. Then, these estimates are interpolated
over the entire frequency-time grid using
two dimensional or two one dimensional
Wiener filtering [6]. These methods have
been enhanced wusing all feedback
information in [7] [8]. However, these
estimation methods are performed assuming
the statistical properties of the channel are
perfectly known at the receiver side.
Alternatively, the interpolation part can be
performed using discrete Fourier transform

(DFT)-based techniques which provide an
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efficient tradeoff between complexity and
Moreover, the EM

algorithm can be also applied to enhance the

performance [9].

channel estimation by using all feedback
information [12]. In this paper, we consider
pilot-symbol-aided iterative channel
estimation methods for coded OFDM-based
systems using the LS technique with the
DFT-based interpolation in frequency axes
and the linear interpolation in time axes.
While increasing the number of virtual
pilots, we propose to

use the reliability of feedback information
instead of using all hard decision symbols.
Thus, we avoid the channel estimation errors
caused by unreliable symbols as derived in
[4] by reducing the impact of unreliable data
in the channel estimation. Since the mean
square error (MSE) of the

LS channel

proportional to the number of pilots, we

estimator is  inversely
observe an improvement on the channel
estimator by adding the reliable virtual pilots
for OFDM-based systems.

This paper is organized as follows. First, we
describe the coded OFDM system model

over time varying frequency selective
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channels in section 2. Then, we give the
proposed iterative channel estimation
method in section 3. In section4, we extend
the application of the proposed method to
orthogonal space-time block coded (STBC)
OFDM  systems. Finally, we give

performance results.

2. SYSTEM MODEL

In this section, we will examine the
transmitter and receiver structure of coded
OFDM  systems including the pilot
distribution. Then, we will describe the
pilot-symbol-aided  channel  estimation
techniques with the DFT-based interpolation
in frequency axes and the linear
interpolation in time axes.

2.1 Transmitter Structure

As illustrated in Figure 1, the vector of data
bits b is first encoded with an error
correcting code such as a convolutional or a
turbo code and interleaved to obtain the
vector of coded data bits. This vector is
mapped accordingly to the constellation and
the vector of data symbols is obtained. For
pilot-symbol-aided channel estimation, Nf

and Nt pilot symbols are inserted
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periodically with the distance Df and Dt in
frequency and time grid respectively, as
shown in Figure 2. The serial symbol vector
s is converted to the transmitted vector S
with length K £ N by a serial-to-parallel
converter where K is the number of total
subcarriers in one OFDM symbol and N is
the total number of OFDM

Figure 1: The transmitter structure of coded
OFDM system
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Figure 2: The pilot arrangement for OFDM
systems in the frequency-time grid symbols
in the frame. Each OFDM symbol vector in
the frame S(n) = [ s1(n) s2(n) ::: sK(n) ] is
modulated onto K subcarriers by an inverse
fast Fourier transform (IFFT) and the guard
interval (GI) is added. Then, the OFDM
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frame is transmitted through the time
varying frequency selective channels. This
channel is described wusing baseband
equivalent impulse response as h(n) = [
hi(n) h2(n) ::: hLf (n) ]JT where Lf is the
length of channel. We assume that the
channel is constant over one OFDM symbol
and the channel length is equal or smaller
than the length of the GI in order to avoid
intercarrier and intersymbol interference at
the receiver. In the pilot arrangement, Nf can
be chosen as greater or equal to the channel
length, Nf , Lf , and Nt can be selected by

satisfying the channel coherence time as

D, <

- LaToroe
where fd is the maximum Doppler frequency
and Torpm-Gl is the duration of one OFDM
symbols including the GI.
2.2 Receiver Structure
As illustrated in Figure 3, after removing the
Gl and applying FFT, the received signal is
obtained as

me(n) =He(n)sg(n)+mp(n) k=12...K n=12...N

(1)

where Hk(n) is the complex channel
coefficient in frequency domain for the kth
subcarrier and the nth OFDM symbol, nk(n)
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is the sample of the FFT transformed
additive white Gaussian noise with variance
2N per real dimension and sk(n) can be a
data symbol or a pilot symbol according to
its place in the frame
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Figure 3: The receiver structure of coded
OFDM system

2.3 Pilot-symbol-aided channel estimation
Using the received signals at the position of
pilots, LS channel

estimate can be performed in the frequency
domain as

re(n’) , np(n')
L ZHk'l"’)+ k T
S (1)

Hp{n') = e ()
where kO and n0 represent the place of pilot
symbols in frequency
and time axes respectively and "HkO (n0) is
the estimated
channel coefficient belonging to the pilot
subcarriers.

When the pilot and data symbols have

normalized power, the
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. . 3 40
estimation error is calculated as @er = <Ox

Thus, the estimated channel vector
I:[FILH';: =

¢ A | : .k‘ i l."\* \ "\f [\
) Iu) ) [y )

, l
can be reconstructed for each pilot OFDM
symbol. In order to obtain estimated channel
coefficients for all subcarriers, we use the
DFT-based interpolation in frequency
domain. First, we transform the frequency
channel estimate "H p(n0) into time domain
as

WP (n')=F ‘H?(n) (3)

where F is the Nf £ Nf DFT matrix. Then, we
apply a filtering matrix to "h p(n0) assuming
that the channel response is limited to Lf to
obtain the filtered channel response “h
(0)(n0)=W"h p(n0) whereWis the Lf £Nf
filtering matrix. Then, applying DFT, we get
the initial channel estimates for the nOth
OFDM symbol as

HY9»") = Vvh? ") 4)
where V is the K £ Lf matrix obtained from
the first Lf columns of the KEK DFT matrix.

In order to estimate the other channel
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coefficients in the frame, we simply apply
linear interpolation in the time domain using
the estimated channel coefficients for each
subcarrier. As a result, we obtain all the
estimated channel coefficients in the frame
to reconstruct the data symbols using simple
one-tap frequency domain equalizer as
rpe(n")

-~ "
Sk”(n )= 240,
H,. (n”)

&)

where kOO and nOO represent the place of
data symbols in frequency and time domain
respectively.

2.4 Outer Decoder

Since we use a soft-input soft-output outer
decoder, we need to calculate the channel
log-likelihood ratio (LLR) from ~ sk0O
(n00). The channel LLR of each bit umk00
(n00) form =

1;2; :::;Mc with Mc is the number of bits
per symbol is expressed As

", 2
R ()N (wj|°

Lty (")) =1n

uclpzr )

where i is the symbol in the constellation

where
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i =1,2,..,2% U, .y is the set of 2241
vectors u with

Uppr = +1 and O‘,S,,- (n") = ;_H::%

is the effective noise variance.

The channel LLR information given in (6) is
first deinterleaved and then is sent to the
soft-input  soft-output  decoder  which
produces a posteriori probability (APP),
LAPP(u0), about the transmitted bits as well
as the parity bits. This soft information is
fed back to the channel estimator after
interleaving. These soft estimates are also
used to produce hard decision symbols,

spr ().

3. PROPOSED ITERATIVE CHANNEL
ESTIMATION

In order to improve the channel estimation
accuracy, it is possible to add virtual pilots
using an iterative channel estimation and
data detection. The reduction of channel
estimation

error variance can be defined by a factor of
_ N
O = NN,
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where Nv is the number new virtual pilots
that are added in the OFDM frame [1].

One method is to use the hard decision
symbols ~ sk0OO (n00 as new virtual pilots,
calculate the LS channel estimation as given
in (2) and then apply interpolation methods
such as DFT interpolation [10].

In this paper, before applying interpolation,
we propose to divide these LS channel
estimates into groups that contains Nf
equally spaced estimates. Thus, we obtain
K=Nf j1 virtual pilot groups. For each
DFT-based

interpolation as given in (3) considering

group, we perform a
their corresponding delays to obtain “h(1) g
(n0) for g = 2;3; ::;;K=Nf . Instead of
averaging the group estimates, we propose
to combine them by taking into account their
reliability which is calculated using the APP
information. In order to obtain the reliability
of symbol, we use the bit error probability

from APP information [11] as

1
1+ &L APP(Umi)

Pg,mi = (7)

where i = g;g0+Df ;g+2Df ; :::; (Nf j1)Df +g.

From this predicted probability, we estimate
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the probability of correctness of the
associated group and can define the

reliability factor of each group as

Nr M,
Palg) = n n (1—Pemn) (8)
n=1m=1
As a result, the combining stage is
performed by
2 E/Ny 4
hn')+ 3 Balg)hy'(n')
RNV I g=2
h'Y(n') = 7 ¢
1+ E PISI{.?)
g=2

Then, we calculate “"H(1)(n0) as
HY (') = Vvh () (10)

After applying the linear interpolation in the
time domain, the symbols are estimated at
the second iteration as in (5).

channel

We compare the proposed

estimation with the unbiased EM algorithm

that uses APP information [12]. This
algorithm can be applied as
K'Y (n) = R; 1 P,r(n) (11)

where Ry o= VHdiag(E{X'(nH}diag{'E[X{n}}le.
1M,
P, = VHdiag(E(X"(n))). E(Xi(n)) = ¥ AiAPPi(A;)

=1
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and APPK;n(r1i) which is the symbol APP
probability. Then, we obtain the frequency

domain channel vector as given in (10).

4. APPLICATION TO ORTHOGONAL
STBC-OFDM

The proposed channel estimation method
can be easily extended to orthogonal STBC-
OFDM systems with two transmit antennas
[13]. For these systems, the number of pilots
should be

proportionally to the number of transmit

in time domain increased

antennas. At the receiver side, the LS

channel estimation is performed as

I:Iyln’] = (Sp () Frp(n') = Hp(n') + (Sp (n')) Eng(n)
R (12)
Sp(n') Sp(n'+1)
V. (') = " 4 . \ -
where Sy (#n') | _Sp( +1) Sp(n')
and

Hy (') = [Hp(') Hw (") hat is the

channel coefficient belongs to ith transmit
antenna. Then, the DFT-based interpolation
can be applied for the channel coefficients
of each transmit antenna individually. After
obtaining the feedback information from the
channel decoder, the virtual groups are

reconstructed and the reliability of each
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group is calculated for each transmit
antenna.

5. PERFORMANCE EVALUATION

In this section, we evaluate the proposed
iterative channel estimation method for
coded OFDM systems. The time varying
frequency fading channel has 8 taps and
normalized Doppler frequency is chosen as
fDTOFDM-GI = 0:01. We use a [7;5]
convolutional code with rate 1=2 and a
random interleaver. One OFDM frame
consists of 33 OFDM symbols with 256
subcarriers. We use uniform spacing of pilot
symbols with Dt = 16 (Nt = 3) in the time
domain and with Df = 32 (Nf = 8) in the
frequency domain. The total number of pilot
and data symbols in one frame are 24 and
8424 respectively. In this system, the data-
to-pilot power ratio is about 25dB. Since the
OFDM symbol which includes 248 data and
8 pilot symbols, we can reconstruct 31
virtual pilot groups besides 1 actual pilot
group at the second iteration. In order to
evaluate the proposed iterative channel
estimation method, first we examine the
MSE= EkHk(n)j "Hk(n)k2 versus the quality
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of feedback information. Therefore, we
assume the APP as a N(2 APP=2;2 APP)
Gaussian random variable. Choosing the
noise variance as 2N = 0:1581, we illustrate
the MSE for different values of 2 APP in
Figure 4. According to the results, the
proposed iterative channel estimation avoids
the estimation error when the quality of
feedback information is poor. Since 248 new
virtual pilots has added to the OFDM frame,
the v factor is calculated as 0:03 which is
also the MSE ratio between the first and
second iteration at 2 APP = 20.

In Figure 5, we give the bit-error-rate (BER)
performance of coded OFDM system.
According to the results, the use of the
reliability factor in the combining process,
the BER performance improves significantly
compared to first iteration. Moreover, in the
region of interest, the proposed algorithm
gives the same BER performance with the
EM algorithm while avoiding the Lf £Lf
channel inversion.

6. CONCLUSION

In this paper, we have proposed an
algorithm which combines virtual pilot

groups by taking into account their
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reliabilities  provided from  feedback
information. We have enhanced the channel
estimation compared to the pilot only
method. We have also shown that the
proposed algorithm gives the same
performance as the unbiased EM algorithm.
Similar to the EM algorithm, the proposed
method can be also applied to OFDM blind

channel estimation.
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Figure 4: The MSE versus the variance of feedback information
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Figure 5: The BER performance of coded OFDM system
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