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ABSTRACT due to dispersive property of the wireless channel, subcarri-
ers on those deep fades may be severely attenuated. To robus-

Focusing on transmit diversity orthogonal frequency division muItipIexinqify the performance against deep fades, diversity techniques
(OFDM) transmission through frequency selective channels, this paper PUiave to be used. Transmit antenna diversity is an effective
sues a novel channel estimation approach for space-time OFDM (ST'OFDV@Chnique for combatting fading in mobile in multipath wire-
systems. The paper first proposes a computationally efficient, pilot-aideigsS channels [2’ 3]_ Among a number of antenna diversity
linear minimum mean square error (MMSE) batch channel estimation a'gomethods, the Alamouti method is very simple to implement
rithm for OFDM systems with transmitter diversity in unknown wireless fad[3]' This is an example for space-time block code (STBC)
ing channels. The proposed approach employs a convenient representatm two transmit antennas, and the simplicity of the receiver
of the discrete multipath fading channel based on the Karhunen-Loeve (Kié attributed to the orthogonal nature of the code [4] The or-
orthogonal expansion and finds MMSE estimates of the uncorrelated Kthogonal structure of these space-time block codes enable the
series expansion coefficients. Based on such an expansion, no matrix invigiaximum likelihood decoding to be implemented in a sim-
sion is required in the proposed MMSE estimator. Moreover, by exploiting,ie way through decoupling of the signal transmitted from

the nature of the wireless OFDM channel the computations for estimatingiﬁerent antennas rather than joint detection resulting in lin-
the channels for the OFDM systems with transmit diversity are carried Ouboy processing [3]

in the time domain instead of the frequency domain which decreases the

computation load significantly. Multipath fading channels have been studied extensively,

and several models have been developed to describe their
variations. In many cases, the channel taps are modelled
1. INTRODUCTION as general lowpass stochastic processes (e.g., [5]), the statis-

tics depend on mobility parameters. A different approach ex-
OFDM has emerged as an attractive and powerful alternplicitly models the multipath channel taps by the Karhunen-
tive to conventional modulation schemes in the recent pakbeve (KL) series representation [6]. KL expansion mod-
due to its various advantageous in lessening the severe effetd have also been used previously in modelling multipath
of frequency selective fading. The broadband channel uachannel within a CDMA scenario. In the case of KL series
dergoes severe multipath fading, the equalizer in a converepresentation of stochastic process, a convenient choice of
tional single-carrier modulation becomes prohibitively comerthogonal basis set is one that makes the expansion coeffi-
plex to implement. OFDM is therefore chosen over a singlesient random variables uncorrelated. When these orthogonal
carrier solution due to lower complexity of equalizers [1]. Inbases are employed to expand the channel taps of the multi-
OFDM, the entire signal bandwidth is divided into a num{ath channel, uncorrelated coefficients indeed represent the
ber of narrow bands or orthogonal subcarriers, and signalisultipath channel. Therefore, KL representation allows one
transmitted in the narrow bands in parallel. Therefore, it reo tackle the estimation of correlated multipath parameters
duces intersymbol interference (ISI) and obviates the nees a parameter estimation problem of the uncorrelated co-
for complex equalization thus greatly simplifies channel esfficients. Exploiting KL expansion, the main contribution
timation/equalization task. Moreover, its structure also abf this paper is to propose a computationally efficient, pilot-
lows efficient hardware implementations using fast Fouriemided MMSE channel estimation algorithms for ST-OFDM
transform (FFT) and polyphase filtering. On the other handystems while focusing on transmit diversity OFDM trans-
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Figure 1. Space-time coding on two adjacent OFDM blocks

In this paper, we consider a transmitter diversity schem

COﬂjUnCtion with OFDM modulation. Many transmit dive encoder maps every two consecutive Symb0| blOXKB)
sity schemes have been proposed in the literature offe andX (n + 1) to the following2 K x 2 matrix:

different complexity vs. performance trade-offs. We cho

Alamouti’s transmit diversity scheme due to its simple i time —

plementation and good performance [3]. The Alamot space | X(n) —)*(*(TH‘ 1) 1)
scheme imposes an orthogonal spatio-temporal structul X(n+1) X*(n)

the transmitted symbols that guarantees full (i.e., orde: ¢ynose columns are transmitted in successive time intervals

spatial diversity. _ _ o _ with the upper and lower blocks in a given column sent si-
We consider the Alamouti transmitter diversity codingmyitaneously through the first and second transmit antenna

scheme, employed in an OFDM system utilizikgsubcar- respectively as shown in Figure 1.

rier per antenna transmissions. Note tlsatis chosen as If we focus on each received block separately, each pair

an even integer. The fading channel betweenyithetrans- ¢ nvo-consecutive received blockgn) = [V (n,0), - - ,
mit antenna and the receive antenna is assumed to be fge(n K—1D]TandY(n+1) = [Y(n+1,0), - ,Y(n+

guency selective and is described by the discrete-time basig-K —1)]” are given by
band equivalent impulse resporisg(n) = [h,o(n),- -,

h,..(n)]T, with L standing for the channel order. Y(n) = X(n)Hi(n)+ X(n+1)Hz(n)+W(n)
The input serial information symbols with symbol dura- Y(n+1) = —XT(n+1)Hi(n+1)
tion T} is converted into a data vectd(n) = [X (n,0),- -, + XT)Ha(n+1)+W(n+1) 2)

X(n,K — 1)]7 by means of a serial-to-parallel converter.
WhereX (n) denotes:th OFDM symbol block with duration Where X'(n) and X'(n + 1) are K x K diagonal matrices
KT,. Moreover, X (n) represents thieth forward polyphase Whose main diagonal form$(n) andX (n + 1) respectively.
component of the serial data symbols. Polyphase componém () is the channel frequency response between;ithe
Xi(n) can also be viewed as the data symbol to be transmiransmitter and the receiver antenna atttietime slot which
ted on thekth tone during the block instant The transmitter is obtained from channel impulse resporggn). Finally,
diversity encoder arrange§n) into two vectorsX; (n) and W (n) andW(n + 1) are zero-mean, i.i.d. Gaussian vectors
X4 (n) according to a appropriate coding scheme describauth covariance matrix?| - per dimension.
in [3]. The coded vectoKX;(n) is modulated by an IDFT From the above description, it is seen that joint estima-
into a OFDM sequence. Then cyclic prefix is added to théon/decoding in an ST-OFDM system involves the received
OFDM symbol sequence, and the resulting signal is transignals over two consecutive OFDM blocks. To simplify the
mitted through the first transmit antenna. Similadk(n) problem, we assume that the complex channel gains remain
is modulated by IDFT, cyclically extended, and transmittegonstant over the duration of one ST-OFDM code word, i.e.,
from the second transmit antenna. Hi(n) ~ Hi(n + 1) andHz(n) ~ Ha(n + 1). As will

At the receiver site, the antenna receives a noisy supdte seen further, such an assumption significantly simplifies
position of the transmissions through the fading channelte channel estimation algorithm. Similarly, the effect of this
We not only assume ideal carrier synchronization, timing an@ssumption allows us to omit dependence of channel attenu-
perfect symbol-rate sampling but also assume that the cychéions on two different time indexes. Using (2) and dropping

prefix is removed at the receiver side as well. dependence on, we have
A '!'hfe generation 0; clodleddvectd{s (n) an(;_xg(n) from_ i Y (n) [ x(n) X(n+1)][Hi(n)
the information symbols lead to corresponding transmit di- Yin+1)|T|—xTtn+1) xin) Ha(n)

versity OFDM scheme. In our system, the generation of
X1 (n) andXs(n) is performed via space-time coding, which + {W(”) } ] ©)
was first suggested in [3] and generalized in [7]. ST-OFDM W(n+1)



3. MMSE ESTIMATION OF THE MULTIPATH 4. KL REPRESENTATION OF THE MULTIPATH
CHANNELS CHANNELS

Pilot symbol assisted techniques can provide information abidug KL transformation is employed here to rotate the vector
an undersampled version of the channel that may be easltefn) so that its components are uncorrelated. The vector
to identify. In this paper, we therefore address the probler;(n) can be expressed as a linear combination of the or-
of estimating multipath channel parameters by exploiting théonormal basis vectors as follows:
distributed training symbols. L—1

Pilot symbols must be placed at same locations for two h;(n) = Z Y, gi0(n) = ¥g,(n) , i=1,2 @)
consecutive symbol blocks in ST-OFDM systems. Assum- 1=0

ing K, pilot symbols are uniformly inserted for each of theynere; can also be considered as the multipath channel in-

OFDM symbol block, hence equation (3) takes the followingjex, T = [y, - 9,4, ¥,'s are the orthonormal ba-
form: B - sis vectorsg;(n) = [gi0. -+ gi,.—1]7, andg,,’s are the
Yp=AH, + W, (4)  weights of the expansion. If we form the covariance matrix
where Cpas
Cj, = TAY! (8)
v _ | Yp(n) v | Wi(n) _ i on i :
Y,= {Yp(n 4 1)} s W, = [Wp(n 1) whereA = E{g;(n)g,(n)}, the KL expansion is the one in

which A of C;, is a diagonal matrix (i.e., the coefficients are
H — {Hl,p(”)] _ {Xp(”) Ap(n + 1)] ) uncorrelated). Therefore, the folnA ¥ is called areigen-
P Hop(n) 0P [ =X (n+ 1) Xf(n) decompositiorf Cj, due to the fact that only the eigenvec-
o _ _ _ . tors diagonalizeCy, leads to the desirable property that the
Multiplying both sides of (4) bXXJ from left, bearing in K| coefficients are uncorrelated. Furthermore, in Gaussian
mind X1 X, = 212k, , assumingl = XfY,, W = XIW, case, the uncorrelateness of the coefficients renders them in-
and substitutingd; ,(n) = Fh;(n) (i = 1,2) inits place we  dependent as well, providing additional simplicity.

get the following observation model for thi row: Thus, the channel estimation problem in this application
. . _ is equivalent to estimating the i.i.d. complex Gaussian vector
Yi=2Fhi(n)+W; , i=1,.2 (5)  g,(n) which represents KL expansion coefficient vector for

. _ __ multipath channeh;(n).
whereF is K, x L FFT matrix generated based on pilot in-

dices by selecting the rows of th€ x L FFT sub-matrix
which is placed in the left side of th& x K FFT matrix,
h;(n)isi.i.d. complex gaussian vector with ~ N (0,Cp,),

5. MMSE ESTIMATION OF KL COEFFICIENTS

In contrast to (5) in which onlyz;(n) is to be estimated, we

and now assume the KL coefficient vectgy(n) and is unknown.
5 Thus the data model (5) is rewritten as
Vi = ()Y, (n) = Xy (n+ DY, (n + 1) ‘ (B)is ren
Y; =2F%g,(n) + W, i=1,2 9)
Yo = X[ (n+1)Y,(n) + X,(n)Y,(n + 1) which is also recognized as a Bayesian linear model, and re-
- call thatg,(n) ~ N(0, A). As aresult, the MMSE estimator
Wi = X (m)W,(n) — Xy (n + W (n + 1) of g,(n) is
Wy = X (n+ )W, (n) + X, (n)Wp(n + 1). g;(n) = AQK,A+o%) " WIFY,  (10)
Due to PSK pilot symbol assumption together with the result = TUFly, | i=1,2 (11)
W; ~ N (0,202l 5k,) and the MMSE estimator df;(n) for  \here
ST-OFDM systems can be obtained as follows [8],
I' = ARK,A+0%)7 ! (12)
hi(n) = (2 K, |L+o—2c,;1)7lFT Y, , i=12 (6 _ diag{— 0 o1y
Q_K'p)\o-|-(727 72.[(1,)\[/,1 + 02
As it can be seen from (6), since MMSE estimatiorhgfn) andXg, A1, --- , Ar_; are the singular values odg.
still requires the inversion oE; ', it therefore suffers from It is clear that the complexity of the MMSE estimator in

a high computational complexity. However, it is possible td6) is reduced by the application of KL expansion. However,
reduce complexity of the MMSE algorithm by diagonalizingthe complexity of they can be further reduced by exploiting
channel covariance matrix with an KL expansion. the optimal truncation property of the KL expansion [6].



6. SIMULATIONS 107

In this section, the merits of our channel estimator are illus
trated through simulations. We choose average mean squ @
error (MSE) and symbol-error rate (SER) as our figure ¢
merits. We consider the fading multipath channel with
paths given by (13) with an exponentially decaying powe
delay profiled(r;) = Ce~7/7m> with delaysr, that are uni-
formly and independently distributed over the lendthbp.
Note thath is chosen as complex Gaussian leading to a Ray!
igh fading channel with root mean square (rms) widtf

M

=

—— Theoretical Stochastic CRLB
_ . Simulation for fd =0Hz

_,. Simulation for f =50 Hz

10”

Average Mean Square Erro
-

and normalizing constardt. In [9], it is shown that the nor- - Simulation for f, = 100 Hz
malized exponential discrete channel correlation for differer -o Simulation forf, =150 Hz

—¢ Simulation for f, = 200 Hz

107 L h | 1 1
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1 —exp (=L (1/Trms + 27jk/K)) Average SNR (dB)
Trms(l - exp(_L/Trms)) (1/Trms + 27T.]k/K) .
(13) Figure 2. Performance of the Proposed MMSE for ST-OFDM
The scenario for our simulation study consists of a wire-
less QPSK OFDM system employing the pulse shape as a
unit-energy Nyquist-root raised-cosine shape with rolioft
0.2, with a symbol period(;) of 136 us, corresponding to
an uncoded symbol rate of 7.35 Mbit/s. Transmission band-
width(5 MHz) is divided into 512 tones. We assume that th
fading multipath channel has = 10 paths with an exponen- ~ ** ¢ s
tially decaying power delay profile (13) with af,,; = 5 S
sample (1.32:s) long. 102 Ssg E
To illustrate the effectiveness of the proposed MMSE ch: ~ :
nel estimation algorithm for ST-OFDM systems, we preser g .| \?&5\\\ ]
simulation results in Figure 2 and 3 for the multipath channe% NS
h.. Figure 2 compares the performance of the ST-OFDM fc £ >
different doppler frequencies suchfs= 0, 50, 100, 150, 200 e
Hz. A QPSK-OFDM sequence passes through channel ta > — Iheoretical SER_ - \”{i“;: 4
and is corrupted by AWGN (0dB, 5dB, 10dB, 15dB, 20dB, 1*L| ~ simulation for f3:50 Hz e
25dB and 30dB respectively). We use a pilot symbol for ev —4 Simulation for f =100 Hz
ery five (A=5) symbols. The MSE at each SNR pointis av- | |-= 2:23:2::2: g; z;gg :; ‘ u
eraged over000 realizations. v e : ‘ ; :
The theoretical and experimental SER for ideal and et 0 ° 1
timated channel parameter curves depicted in Figure 3 il-
lustrate that the experimental results for ideal and estimated
channel achieve nearly same results. However, theoretical
result is slightly different due to the assumption that the com-
plex channel gains between adjacent subcarriers are approx-
imately constant.
Similar results for the channél, is obtained as well.

subcarriers is

ri(k) =

(SER)
4}

0L S ORI

mbol Eri
/7.
a

o a’

15 20
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Figure 3. Symbol Error Rate results for ST-OFDM

The scenario for ST-OFDM simulation study consists of a
wireless QPSK OFDM system. The proposed algorithm per-

In this paper, we have proposed an optimum KL-expansioftqrmS a batc_h process gstimation of the c_hannel, using_ the
based channel estimation algorithm for ST-OFDM transmit'y”vl_s,E algorlth_m emP'Oy'”g QPSK modulation _scheme with

ter diversity system, which is crucial for the decoding. Th&dditive Gaussian noise. The performance merits of our chan-
diversity scheme with two transmit and one receive antendi§! €stimation algorithms are confirmed by corroborating sim-

is considered. The channels between transmitter and recei&¢tions and compared with stochastic modified CRLB.
are generated according to doubly-selective fading channel.

7. CONCLUSION
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