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ABSTRACT

In this paper we consider a novel approach that can be applied
on a single transmit/receive antenna OFDM system, to increase
multipath diversity, and at the same time, enable blind channel esti-
mation at the receiver. A non-redundant linear precoder is applied
on each pair of blocks before they enter the OFDM system. It is
composed of unitary sub-matrices, which spread each symbol onto
multiple sub-carriers, thus enabling robustness to subcarrier nulls.
Due to the introduced structure, the channel can be estimated at the
receiver based on cross-correlation operations, without increasing
transmission power.

1. INTRODUCTION

During a wireless transmission, signal pulses are broadened in
time as they travel through the multipath channel, thus limiting
the speed at which data can be sent without suffering intersymbol
interference (ISI). One technique to combat ISI is Orthogonal fre-
quency division multiplexing (OFDM). The information bearing
symbols are divided into different streams and each stream is sent
over a different sub-carrier. On each sub-carrier, the symbol rate
is low in comparison to the channel delay spread, thus ISI can be
prevented. OFDM is viewed as the most promising approach for
future generation wireless systems, which will support transmis-
sion of multimedia information (e.g., video).

A weakness of OFDM systems is lack of multipath diversity.
As each symbol is transmitted via a single flat channel, in case
that channel is in deep fade, the symbol can be corrupted. Sev-
eral approaches have been proposed to compensate for the prob-
lem, such as coded OFDM [14], and linear precoded OFDM [13],
both of which introduce redundancy to the data at the expense of
bandwidth efficiency. A linear constellation precoding scheme was
developed in [7] to guarantee symbol detectability when channel
nulls occur assuming that channel state information was available
at the receiver. Multiple-antenna OFDM systems have also been
proposed in [6] for increasing multipath diversity.

In OFDM system, each sub-carrier experiences an indepen-
dent attenuation and phase shift, which needs to be compensated
for before signal recovery. An estimation of these parameters can
be obtained with pilot/training symbols at the expense of band-
width [5]. Blind channel estimation methods avoid the use of pilot
symbols and thus is well motivated for applications requiring high
spectral-efficiency [10, 3, 8, 11]
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estimation at the receiver. A non-redundant linear precoder is ap-
plied on each pair of blocks before they enter the OFDM system.
It is composed of unitary sub-matrices, which spread each sym-
bol onto multiple sub-carriers, thus enabling robustness to subcar-
rier nulls. At the same time, it introduces some structure to the
transmitted blocks, which enables blind channel estimation at the
received based on simple cross-correlation operations without in-
creasing transmission power. The approach presented here consti-
tutes an improvement over that of [9], where the concept of linear
block-pair precoding was introduced. Unlike the method of [9], it
spreads power among symbols evenly. Also, the precoding matrix
used here is better conditioned than that of [9], resulting in less
amplification of noise during equalization.

2. THE PROPOSED BLOCK PRECODING

Let dn,i, n = 0, ..., N − 1 denote the information bearing sym-
bols of thei-th block. Assume thatdn,i are zero-mean i.i.d., tem-
porally white with unit variance, and spatially uncorrelated. And
N is the number of subcarriers for the single user OFDM system.
The precoder, applied before the OFDM system, maps every two
consecutive blocks to a pair of coded blocks by a linear transfor-
mation,i.e., [

s2i

s2i+1

]
4
= W

[
d2i

d2i+1

]
; (1)

where

W =
1√

α2 + 1

[
W1 αW1

αW2 jW2

]
(2)

α is a predefined real number assumed to be known to the trans-
mitter and receiver, andj =

√−1. To keep the power constant, it
should hold:

W1W
H
1 = IN , W2W

H
2 = IN (3)

The transformed symbols blockssi, i = 0, 1, · · · are fed
into conventional OFDM system. Lethk, k = 0, ..., L − 1 be
the channel impulse response, withL being the channel length.
The channel frequency response matrix is defined as:H =

diag[H0, H1, · · · , HN−1] with Hi =
∑L−1

k=0
hke−j 2π

N
ki. The

received noisy blockyi can be expressed as:

yi = Hsi + vi (4)

wherevi is the correspondingN × 1 white Gaussian noise vector
with zero mean and autocovariance:E(viv

H
i ) = σ2

vIN .



At the receiver, minimum mean square error (MMSE) equal-
izer followed by a minimum distance quantizer can be applied to
recover the symbols, i.e.,

ŝi = Gyi (5)

and
[
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√
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whereG = ĤH(ĤĤH + σ2
vI)

−1 is equalizer matrix withĤ as
estimated channel gain matrix.

3. BLIND CHANNEL ESTIMATION

Under the assumption that the channel will remain the same over
successive symbol blocks, we consider the statistics defined as:

R
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SinceH is diagonal matrix, it holds:
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wherePkj denotes the(k, j)-th element of matrixP and γ =
α(1−j)

α2+1
is a constant. Thus, the channel recovery would depend on

the structure ofP. For example, if all ofP’s j-th column elements
are non-zero, an estimate of the channel within the scalarH∗

j can
be obtained through entry by entry division ofR andP, i.e.,:

Ĥk =
Rkj

γPkj
, k = 0, 1, · · · , N − 1 (9)

So, as long as the matrixP = W1W
H
2 has sufficient number of

linearly independent non-zero elements, the channel can be esti-
mated up to a complex scalar ambiguity, which could be removed
by introducing a pilot subcarrier either before precoding or after
precoding procedure. One of the simplest case is to require thatP
have at least one non-zero column, in which case the channel can
be obtained via (9).

In our scheme, we chooseW1 to be a Hadamard matrix and
W2 to be an identity matrix so that the channel can be estimated
by (9) even if the channel has spectal nulls. Since all the entries in
the resulting matrixP are non-zero, every column could be used
for estimation. Also, the precoderW1 would spread each symbols
onto multiple subcarries and provide multipath diversity.

4. PERFORMANCE ANALYSIS

Let us consider the equalized output as below:
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Defineek asN × 1 vector with 1 at thek-th entry and 0 at others,
we can express SINR atk-th subcarrier for2i-th block as follow-
ing:

SINR2i
k =

E2i
s

E2i
n + E2i

i

(12)

where,
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The SINR atk-th subcarrier for(2i + 1)-th block is:
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When perfect channel information is available at the receiver,
we haveĤ = H, Q1 = Q2 = IN , so

SINR2i
k = SINR2i+1

k =
Ed(α4 + 1)

(α2+1)2

N
σ2

vtr(GGH)
(16)



SINRk reaches maximum value whenα = 0 or α → ∞. How-
ever, the value of entries in estimation matrixP would be min-
imum according to (7), which will increase the channel estima-
tion error. Imperfect channel estimation then result in larger inter-
carrier interference due to the fact thatQ1 is non-diagonal, and
thus deteriorate the SINR. The choice ofα should be a compro-
mise between channel estimation error and SINR.

5. SIMULATION RESULTS

Simulations are carried out according to the IEEE 802.11a stan-
dard, which calls for blocks of lengthN = 64, and cyclic prefix
of lengthNcp = 8. The simulated channel was a3-tap (L = 3)
FIR filter, each tap being independently generated according to
Jakes’ model [4, Ch 1] using the same parameters but different
initial phases. Since the Jakes’ model is deterministic for the du-
ration of one realization, we generated different channels by ran-
domly selecting time intervals from the output of the simulator. It
is anticipated that the third-generation European cellular standards
will operate on trains moving as fast as500km/h [12]. For that
case, at5.2 GHz carrier frequency,54 Mbps data rate, 64 QAM
modulation and 3/4 coding (802.11a standard [1]), the maximum
Doppler frequency normalized with the Nyquist frequency would
be tofd = 2×10−4. We tested this fast-varying channel case, and
also provide performance curves for slow varying channel with
fd = 10−6, which corresponds to user speed roughly2.5km/h.

The results we obtained based onM = 50 Monte Carlo runs,
where between runs, independent realizations of noise, input and
channel were used. The NMSE is computed according to:

NMSE =
1

M

M∑
i=1

∑N−1

k=0
|Hi

k − Ĥi
k|2∑N−1

k=0
|Hi

k|2
(17)

whereHi
k, Ĥi

k are thei-th realization of the channel and its esti-
mation, respectively. The received blocks were divided into groups
of 2J blocks, where2J was selected so that the channel did not
change significantly during each2J-block segment. For the pro-
posed method,̂H was obtained based on:

R(k) = λR(k − 1) + (1− λ)R(k), k ≥ 2 (18)

where

R(k) =
1

J

(k+1)J−1∑
i=kJ

y2iy
H
2i+1 (19)

Although no channel length is needed, if available, channel length
information could be used to improve the estimation. One method
to achieve that, known as denoising [2], is to enforce the channel
lengthL in the time domain, that is, to perform IDFT on̂Hk, dis-
card the lastN − L samples the IDFT output, and then perform
(N -point) DFT on the truncated results.

Moreover, for high SNR, the NMSE can be further reduced
for fixed J . This can be achieved by exploiting additional infor-
mation available in the autocorrelation of the received signal. An
additional channel magnitude estimate can be extracted as follows:

|Ĥk|2 =
1

σ2
d

Zi
k,k, k = 0, ..., N − 1 (20)

where

Zi =
1

2J

2(i+1)J−1∑
l=2iJ

yly
H
l (21)

Although Zi
k,k contains the effect of noise, at high SNR it pro-

duces a better magnitude estimate than (9). In out simulations we
used the above described autocorrelation based approach to obtain
channel magnitude information.

Figure 1(a) presents the NMSE of the channel gain estimation
for fast varying channel. Once the channel was estimated, the ob-
tained estimate was used to recover the transmitted symbols via
an MMSE equalizer and a minimum distance quantizer. Fig. 1(b)
shows the resulting Bit-Error-Rate (BER) as a function of SNR,
defined here asEd/σ2

v, for 4-QAM, 16-QAM and 64-QAM. Cor-
respondingly, the NMSE and BER for slow varying channel are
shown in Fig. 2. Since the cross-correlation matrix is obtained
based on finite pair of symbol blocks, i.e.,J , for smallJ , the esti-
mation error will always equal some non-zero value, and therefore
the BER would level off at high SNR. The error floor can be low-
ered by increasingJ .

As a benchmark, we also tested the performance of the
training-based method used in the 802.11a standard, in which the
channel is estimated once only, based on two training OFDM
blocks, i.e.,

Ĥtr(k) =
1

2

2∑
i=1

yi,k/si,k, (22)

The obtained channel estimate is then used to recover a total of
600 OFDM blocks.

It can be seen that the proposed blind approach exhibits better
performance as compared to the training-based one for the case of
fast varying channels, while it is equivalent to the training-based
one for slow varying channels. A better way to see the effect of
the diversity introduced by the precoding matrix, maximum likeli-
hood decoder was used for 4-QAM,N = 4 and fast varying chan-
nel case. The BER result is shown in Fig. 3, where one can see
that the proposed method achieves much better performance that
the training based one. Unfortunately, ML is too computationally
intensive to be used with higherN and constellation orders.

6. CONCLUSIONS

We presented a novel approach for blind channel estimation for
OFDM system over frequency selective channel. The proposed
method results in good performance, while is bandwidth effi-
cient, maintains transmission power, and is computationally sim-
ple. The proposed approach introducing multipath diversity which
improves symbol detectability when channel nulls exist on some
subcarriers.
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Fig. 1. Fast varying channel: Proposed vs Training based methods
(a) NMSE versus SNR in dB. (b) BER performance.
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Fig. 2. Slowly varying channel: Proposed vs Training based meth-
ods (a) NMSE versus SNR in dB. (b) BER performance.
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Fig. 3. BER performance of the proposed approach vs. training
based methods for maximum likelihood decoder.


