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that they were obtained by a least-squares (LS) fitting to the

Over the last decade, the mobile wireless telecommunica-
tion industry has undergone tremendous changes and expe-
rienced rapid growth. The reason behind this growth is the
increasing demand for bandwidth hungry multimedia appli-
cations. This demand for even higher data rates at the user’s
terminal is expected to continue for the coming years as more
and more applications are emerging. Therefore, current cel-
lular systems have been designed to provide date rates that
range from a few megabits per second for stationary or low
mobility users to a few hundred kilobits per second for high
mobility users. In addition to the frequency-selectivity char-
acteristics caused by multipath propagation, the channel of-
ten exhibits time-variant characteristics caused by the user’s
mobility. This results in the so-called doubly selective (time-
and frequency-selective) channels.

In [1, 2], linear and decision feedback equalizers have
been developed for single carrier transmission over doubly
selective channels. There, the time-varying channel was ap-
proximated using the basis expansion model (BEM). The
BEM coefficients are then used to design the equalizer (lin-
ear or decision feedback). So far, it was assumed that the
BEM coefficients are perfectly known at the receiver, and

noiseless underlying communication channel (modeled us-
ing Jakes’ model). In other words, perfect channel state in-
formation (CSI) was assumed to be known at the receiver
side. This is, however, far from being realistic, since a more
realistic approach is to estimate the channel or directly ob-
tain the equalizer coefficients. This can be achieved by us-
ing training symbols, or blindly or semiblindly by combin-
ing training with blind techniques. In this paper we will fo-
cus on pilot-symbol-assisted-modulation- (PSAM-) based,
blind, and semiblind techniques for channel estimation and
direct equalization of rapidly time-varying channels.

PSAM techniques rely on time multiplexing data symbols
and known pilot symbols at known positions, which the re-
ceiver utilizes to either estimate the channel or obtain the
equalizer coefficients directly. In this context, we first derive
the optimal minimum mean-squared error (MMSE) inter-
polation filter. Then we derive the conventional BEM channel
estimation technique based on LS fitting. While the MMSE
interpolation filter requires the channel statistics, the latter
does not require a priori knowledge of the channel statis-
tics. It was shown in [3, 4] that the modeling error between
the true channel and the BEM channel model is quite large
for the case when the BEM period equals the time window.
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This case corresponds to a critical sampling of the Doppler
spectrum. Reducing this modeling error can be achieved by
setting the BEM period equal to a multiple of the time win-
dow [5]. In other words, we can reduce the modeling error
by oversampling the Doppler spectrum. In [6] the authors
treated the first case ignoring the modeling error. However,
when BEM oversampling is used, LS fitting of the BEM chan-
nel based on pilot symbols only is sensitive to noise. Here,
we show that robust-PSAM-based channel estimation can be
obtained by combining the optimal-MMSE-interpolation-
based channel estimation with the LS fitting of the BEM.
Although this can be applied to the critically sampled case
as well as to the oversampled case with oversampling fac-
tor greater than one, little gain is obtained for the critically
sampled case. In addition, we show that the channel esti-
mation step can be skipped and obtain the equalizer coef-
ficients directly based on the pilot symbols. This is referred
to as PSAM-based direct equalization.

The training overhead imposed on the system can be
completely eliminated by using blind techniques for chan-
nel estimation and direct equalization. Due to the poor per-
formance of blind techniques and their high implementa-
tion complexity, better performance and reduced complexity
semiblind techniques can be obtained. Semiblind techniques
are obtained by combining blind techniques with training.

For our blind techniques we focus on deterministic ap-
proaches. For time-invariant (TT) channels, a least-squares-
based deterministic channel estimation method is discussed
in [7], and deterministic mutually referenced equalization
is proposed in [8, 9]. Subspace-based methods have also
been proposed for channel identification/equalization for TI
channels [10-15]. For doubly selective channels, determinis-
tic blind identification/equalization techniques are proposed
in [16, 17], where for a zero-forcing (ZF) FIR solution to ex-
ist, the number of subchannels (receive antennas) is required
to be greater than the number of basis functions used for
BEM channel modeling. In [18, 19] blind techniques based
on linear prediction are proposed for doubly selective chan-
nels, where second-order statistics of the data are used. How-
ever, these techniques also require the number of receive an-
tennas to be greater than the number of basis functions of the
BEM channel. However, we propose an approach for which
the ZF solution already exists when only two subchannels
(receive antennas) are used.

This paper is organized as follows. In Section 2, the sys-
tem model is introduced. PSAM techniques are introduced
in Section 3. In Section 4, blind and semiblind techniques are
investigated. Simulation results are given in Section 5. Finally
our conclusions are drawn in Section 6.

Notations

We use upper (lower) bold face letters to denote matri-
ces (column vectors). Superscripts *, T, H, and 1 repre-
sent conjugate, transpose, Hermitian, and pseudo-inverse,
respectively. Continuous-time variables (discrete-time) are
denoted as x(-) (x[-]). &{-} denotes expectation. We denote
the N X N identity matrix as Iy, the M X N all-zero matrix as

0xxN> and the M X N all-one matrix as 1j1xn. Finally, diag{x}
denotes the diagonal matrix with vector x on its diagonal.

2. SYSTEM MODEL

We assume a single-input multiple-output (SIMO) system
with N receive antennas. Focusing on a baseband-equivalent
description, the transmitted signal consists of discrete sym-
bols that are pulse shaped with the transmit filter g (t) and
transmitted at a rate of 1/7T symbols per second (the symbol
rate). Hence, the baseband transmitted signal can be written
as

[eY]

x(t) = > xlklgu(t —KT), (1

k=—o00

where x[k] is the kth transmitted QAM symbol. The re-
ceived signal, on the other hand, is filtered with the receive
filter grec(t). Assuming the channel time-variation is negligi-
ble over the time span of the receive filter, the input-output
relationship can be written as

y(’)(t)

= 3wk | g gl - KT - 7 - gec(s)dsdr
k=—oco —o0

+ v (1),
(2)

where g(")(¢; 7) is the doubly selective channel characterizing
the link between the transmitter and the rth receive antenna,
and v(")(t) is the baseband equivalent additive noise at the rth
receive antenna. The received signal is then sampled at the
symbol rate 1/T.! Defining y)[n] = y)(nT), the discrete-
time input-output relationship can be written as

W= 3 <k [ gt

[
Xgu((n— k)T — 7 — 5) grec(s)ds dr

+v ()

= > x[klgW[mn -kl +v[n],
k= —oo

(3)

where g\ [n;n — k] is the discrete-time impulse response of
the doubly selective channel characterizing the link between
the transmitter and the rth receive antenna, and v(")[#] is the
discrete-time additive noise at the rth receive antenna.

! Temporal oversampling is also possible here to obtain a SIMO system.
In this paper we consider the use of multiple receive antennas. Assuming
temporal oversampling, to some degree, is equivalent to using multiple
receive antennas, where the number of receive antennas is equal to the
temporal oversampling factor.



Imad Barhumi et al.

For causal doubly selective channels of order L, the input-
output relationship (3) can be written as

L

y I [n] = > ¢ mllx[n — 1] + v [n]. (4)
1=0

Basis expansion channel model

The mobile wireless channel can be characterized as a time-
varying multipath fading channel, where each resolvable
path consists of a superposition of a large number of inde-
pendent scatterers (rays) that arrive at the receiver almost
simultaneously. This is referred to as Jakes’ channel model
[20]. In this model the variation of each tap can be simulated
as

Q-1
; (r)
g(f)[n; 1] = Z Gl(’:t)eJZHfmaxTCOS(plwn’ (5)
u=0

where Qj is the number of scattering rays, Gﬁ) is the complex
gain, ‘/’1(;) is the angle of arrival of the uth ray of the Ith tap,

respectively, and fmax is the maximum Doppler spread. G;;)
are independent identically distributed (i.i.d) complex Gaus-
sian random variables with zero mean and variance o7/(2Qy)
per dimension, where o} is the Ith tap power, and (/51;) are
i.i.d. random variables uniformly distributed over [0,27].
Note that the model in (5) implies the wide sense stationarity
(WSS), where the channel correlation function is invariant
over time.

The channel model in (5) has a rather complex struc-
ture due to the large (possibly infinite) number of parameters
to be identified, which complicates, if not prevents, the de-
velopment of low complexity equalizers. This motivates the
use of alternative models that have fewer parameters. This
is the motivation behind the basis expansion model (BEM)
(16, 21-23]. In this BEM, the time-varying channel g\ [n;1]
over a window of N samples is expressed as a superposi-
tion of complex exponential basis functions with frequen-
cies on a discrete Fourier transform (DFT) grid. In other
words, the time-varying channel ¢g(”[n,1] is approximated
forn € {0,...,N — 1} by a BEM as

Q/2
h(r)[n;l]: Z h;tl)ejann/K, (6)
q=-Q/2

where (Q + 1) is the number of basis functions, and K
is the BEM period. Q and K should be chosen such that
Q/(2KT) is larger than the maximum Doppler frequency,
that is, Q/(2KT) > fmay. Finally, hf;l) is the coefficient of the
qth basis of the Ith tap of the time-varying channel character-
izing the link between the transmitter and the rth receive an-
tenna, which is kept invariant over a period of N T, but may
change from block to block. The BEM coefficients h(fl) may
be approximated as complex Gaussian random variables.

Training Data
[0z [T 01z |

Training Data
[ 01 [ 01z | |

FIGURE 1: Optimal training for doubly selective channels.

3. PSAM TECHNIQUES
3.1. PSAM channel estimation

For the sake of simplicity we assume the number of receive
antennas N, = 1, that is, we assume a SISO system. This
is a valid assumption because we can decouple the SIMO
channel estimation problem into N, parallel SISO channel
estimation problems. Using the time-domain training pro-
cedure proposed in [6, 24], the doubly selective channel of
order L can be viewed as L flat fading channels on the part
of the received sequence that corresponds to training. The
data/training multiplexing is shown in Figure 1, where the
training part consists of a training symbol surrounded by L
zeros on each side. Assuming we use P such training clusters
where the pilot symbols are located at positions ny, ..., np_1,
the input-output relation on the pilot positions can be writ-
ten as

ylnpil = glnpillx[ny] +v[nyl, 7)

where n,; = n, +lforl =0,...,L.

Define yy = [ylno,...,ylnp-ii]1', Xo =
diag{[x[n01)~ .. )x[nP—l]]T}> gl = [g[”oﬂ]» .. 7g[nP—1§l”Ty
and vi; = [v[noy],...,v[np_1,]]7, the input-output relation
in (7) can now be written in vector form as

Vi1 = Xi8el + Vi (8)

In this section, we first derive the optimal minimum
mean-squared error (MMSE) PSAM-based channel estima-
tion, which leads to the development of the optimal inter-
polation filter. However, since the BEM coefficients of the
time-varying channel are needed to design the equalizers
(linear and decision feedback), the PSAM-based estimation
of the BEM coefficients is also discussed and combined with
PSAM-based MMSE channel estimation to enhance the LS
fitting of the true channel and the estimated one.

3.1.1.  MMSE channel estimation

From (8), an estimate of the /th tap of the time-varying chan-

nel g = [g[0s1],...,g[N — 1;1]]7 is obtained by applying a
P x N interpolation matrix W as

g = Wiy ©)
Define the mean-squared error cost function ¢ as
F(W1) = €llg - Wiyl (10)

where g; = [g[0;1],...,g[N — 151]]7 is the channel state in-
formation at the Ith tap.
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The MMSE interpolation matrix W; is then obtained by
solving

n‘}\}ln g. (11)
Minimizing this cost function, we obtain [25]

Wimse) = (XRpiXF +Ry) X,Ryy, (12)

where R, is the Ith tap channel correlation matrix on the
pilots given by
Rp,z

rg,l[o]
reiln—no]

roilno—np1]
reiln —npa]

reilno—mi]
rg,l[o]

real0]

reilnp1—nol rei[npa—m]
(13)
and Ry is given by
reilno]  rgilno — 1] reilno — N +1]
reilm]  rgilm —1] reiln — N +1]

Rei = . . . >

reilnp-1 — N +1]
(14)

reilnp_1] rgi[np_1 —1]

with rg (k] = E{g[n;1]g* [n —k;1]}. Ry is the covariance ma-
trix of the channel estimation error at the pilot positions.
Both R, and R, are assumed to be known (assuming Jakes’
model, then it only requires the knowledge of the system
maximum Doppler shift fn.c and the power delay profile).
Assuming i.i.d input symbols x[n], the training is of Kro-
necker delta form (i.e., x[n,] = 1 Vp = 0,...,P — 1), and
white noise with normalized power f3, then Ry = fSIp. The
MMSE interpolation matrix on the Ith tap Wyysg, can now
be written as

Whamse, = (Rp, +/31P)_1Rg,l~ (15)

Note that for channels with uniform power delay profile, the
matrices Rpj, Re ), and Wyvsg, are identical and indepen-
dent of [, which means that they need to be computed once.

3.1.2. BEM channel estimation

For time-varying FIR equalization, where the time-varying
FIR equalizers are designed according to the BEM, the BEM
coefficients of the time-varying channel are then required
to design these equalizers. To this end, we define h; =
(h—qs2>--->hqn]T as the vector containing the BEM coeffi-
cients of the Ith tap of the time-varying channel. In the ideal
case, where the time-varying channel g is perfectly known at
the receiver, a LS fit of the BEM to the time-varying channel
model can be obtained by solving

min g — £hy|%, (16)
]

where
1 .. 1
e~ J2m(Q2)(V/K) £i27(Q/2)(1/K)
L= . . . 7)

efj2ﬂ(Q/2)((N71)/K) ej271(Q/2)((N71)/K)

The solution of (16) is given by
h; = QCJrg[. (18)

In practice, only a few pilot symbols are available for
channel estimation. From (8) the channel BEM coefficients
can be obtained by solving the following LS problem (assum-
ing that x[n,] = 1,for p = 0,...,P — 1)

min Iy, — Zih]’, (19)
]
where

e~ i2m(Q/2)(no,/K)

L) = : : . (20)
e*jzﬂ(Q/Z)(le—l,z/K) ejZH(Q/Z)(”P—l,l/K)

ej2n(Q/2)(ng,1/K)

The solution of (19) is obtained by

~t
h[ = £l YtJ' (21)

It has been shown in [6] that when critically sampling the
Doppler spectrum (K = N) and ignoring the modeling error,
the optimal training strategy consists of inserting equipow-
ered, equispaced pilot symbols. However, critically sampling
the Doppler spectrum results in an error floor due to the
large modeling error. On the other hand, oversampling the
Doppler spectrum (K = rN, with integer r > 1) reduces the
modeling error when the ideal case is considered [3, 26, 27],
that is, when (16) is applied. However, this channel estimate
is sensitive to noise when PSAM channel estimation is used.

A robust channel estimate can then be obtained by com-
bining the optimal-MMSE-interpolation-based channel es-
timate obtained in (9) with the BEM channel estimate ob-
tained in (16) as follows.

(i) First, obtain the channel estimate g; as in (9).
(ii) Second, obtain the LS solution of the following prob-
lem:

min g - Lh|)%. (22)
1

The solution of (22) can be obtained as
h = £'g, (23)
or equivalently in one step as
hy = LIWE e v (24)

Even though this applies to critically sampled Doppler
spectrum as well as to oversampled Doppler spectrum, little
gain is obtained when combining the MMSE-interpolation-
based channel estimate with the critically sampled BEM (K =
N), as will be clear in Section 5.
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3.2. PSAMdirect equalization

In this section we propose a PSAM-based direct equaliza-
tion of doubly selective channels, where the time-varying
FIR equalizer coefficients are obtained directly without pass-
ing through the channel estimation step. Applying the time-
varying FIR equalizer w")[n;v] to the rth receive antenna se-
quence y”'[n], an estimate of x[n] (within a specific range as
indicated later on) can be obtained as

N, o0
Xn—dl=> > wOmvlyTn-», (25
r=1 v=—o

where d is the decision delay.

Using the BEM to design the time-varying FIR filters,
each time-varying FIR equalizer w(") [n; 7] is designed to have
L' + 1 taps. The time-variation of each tap is modeled by
Q' + 1 complex exponential basis functions with frequencies
on some DFT grid not necessarily the same DFT grid as the
one for the channel. Therefore, the time-varying FIR filter
corresponding to the rth receive antenna can be written as

v Qr
w ] = > Slv-11 > wéf?l,eﬂ”q'””(, (26)
I'=0 q'=-Q/2

where w;t,)l, is the BEM coefficient of the g'th basis of the
I'th tap of the equalizer, and K is the BEM resolution of the
equalizer. Substituting (26) in (25) we obtain

roQn
Rn—d) =Y > &MKyD yOn-1].  (27)
=0 ¢=-Q/N2
T T . )
Define w") = [w&rg),/z,...,w(r,)z]T with w,(;) = [w,gf’o,. o

wf;’)y 17, then a block level formulation of (27) can be written

as
N;
xI = way(” =wly, (28)
r=1

where X, = [X[L —d],...,xIN—=d —1]]T,w = [wDT |
wiNITIT and Y = [yWDT, | yWNITT 0 with Y@ a
(Q + 1)L + 1) x (N — L") matrix containing the time-
and frequency-shifts of the received sequence given by

(r) (r) (r) (r)
Yy = Y Q0> Yqars--Yamus-->Yanur]'- The

q'th frequency-shifted and /' th time-shifted version of the re-
ceived sequence on the rth receive antenna is given by

Yoy = DyZiy", (29)
with Z;y and Dy defined as

Zy = [Ov—1)x(w 1) IN-1, On—1)x1' ]

. I (30)
D, = diag{[1,...,e/2rd W-L'=D/K]T1

and y") = [y"[0],...,y" [N —1]]7.

Assume that we have P pilot symbols collected in the vec-
tor x; = [x[no],...,x[np_1]]7. Note that for direct equal-
ization, the optimal training strategy is unknown. There-
fore, we assume that the pilot symbols are inserted at po-
sitions ny,...,np_; and that the pilot symbols are not nec-
essarily surrounded with zeros on each side. Defining Y, as
the collection of columns of Y that corresponds to the train-
ing symbol positions subject to some decision delay, defin-
ing [Y]; as the ith column of the matrix ¥, and defining
Y, = [[Ylarnes--->[Yaen 1, the PSAM direct equalizer
BEM coefficients are generally obtained by minimizing the
following cost function:

min|jw" ¥, — x|’ (31)
which is obtained as

w= (%Y Yrx. (32)

The solution in (32) is no more than the LS solution. A more
robust LS solution can be obtained by solving the regularized
LS problem as [28]

min |[w" Y, = x/||* + [|R}wl " (33)
The solution of this problem is then obtained as

w= (Y Y +Ry) Yix, (34)

which reduces to

w= (Y7 YT +021p) " Yrx,, (35)

for the additive white Gaussian noise Ry = ¢21.

A ZF time-varying FIR equalizer can be obtained as in
(32) if the number of training symbols P = N, (Q"'+1)(L'+1).
This is achieved provided that N,(Q" + 1)(L" + 1) > (Q +
Q +1)(L+L"+1) (see [1]). This is a necessary condition for
the channel matrix J (see (40)) to be of full column rank,
and therefore for a ZF time-varying FIR serial linear equal-
izer (SLE) to exist. Note that for (35), this condition is re-
laxed.

4. BLIND AND SEMIBLIND TECHNIQUES
4.1. Channel estimation

In this section we focus again on the problem of channel es-
timation, where the channel estimate is obtained via blind
techniques or semiblind techniques. We first discuss deter-
ministic blind channel estimation procedure. In blind meth-
ods the channel is estimated up to a scalar ambiguity and,
for example, computed from the singular value decompo-
sition (eigenvalue decomposition) of a large matrix. To re-
solve the scalar ambiguity, a blind technique combined with
a training-based technique is favorable resulting in a semib-
lind technique, which is discussed in a second section.
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4.1.1. Blind channel estimation

Here we discuss a deterministic subspace based blind channel
estimation [29]. It operates on time- and frequency-shifted
versions of the received sequence. Assume that (Q" + 1)
frequency-shifts and (L + 1) time-shifts of the received se-
quence related to the rth receive antenna are stored in a
(Q +1)(L' +1) x (N — L") matrix Y

Approximating the doubly selective channel using the
BEM, we can write the received vector at the rth receive an-

tennay" = [y"[0],..., y [N - 1]]7 as
Q2 B
y") = z h;fl)ﬁqllx +v™), (36)
1=0 g=-Q/2

where ﬁq = diag{[1,..., e/ aN-V/K Ty 7, — [Onx(z-1), In,
Onxi], x = [x[—L],...,x[N —1]]7, and v(") is defined similar
to y"). Hence, yf;))l, can be written as

L Q2

Yq l, Z Z ei2ma(L l)/Kh(f Dy Z1+1X+Vé )1” (37)
1=0 g=-Q/2

where Zy = [O-1)x@+r—k)> In-1> Ov-1)xk ], and Vf;?lr is

similarly defined as y‘(;))l,

Define X = [X-(Q+Q2,05- > X~(Q+Q/2L+L+1)>- - +>
X(@+Qy2w+L+1)) T where X,k is the pth frequency-shifted and
kth time-shifted version of the transmitted sequence ob-
tained as

Xpk = D, Zix. (38)

A relationship between Y and the transmitted se-
quence can be obtained by substituting (36) in 4" resulting
in

YO = g0+ v, (39)

where #P isa (Q + 1)L’ +1) X (Q+ Q + 1)(L+L +1)
matrix given by

g

Q_qnH (—rg)/z QonH 832 0

where Q, = diag{[e JZ”qL/K s ; 1, ande is given by

(r
qo o HY

H = . (41)

The noise matrix V") is similarly defined as 4

Stacking the N, resulting matrices ¥ = [y“)T, s
YNITIT e obtain

Y=HX+V, (42)

where ¢ = [H#WT, ., #™TT and v = [vIIT |

'V(NV)T] T,
Let us assume the following.

(A1) # has full column rank (Q+ Q"+ 1)(L+L" + 1) (see
[1]).

(A2) X hasfullrowrank (Q+ Q"+ 1)(L+L" +1) [9].

(A3) N—-L =N, (Q +1)(L' +1).

Under these assumptions, the matrix % has I = N, (Q" +
DL +1) - (Q+Q + 1)(L+L" +1) zero singular values in
the noiseless case (in the noisy case, these singular vectors are
referred to as noise singular values associated with the I mini-
mum singular vectors, see below). Suppose thatu,...,u; are
the I left singular vectors corresponding to the I zero singular
values. Then we can write

u H = 0o+, Vie{l,... I} (43)

(N,)T ] (nT (V)T ]T

[uz@/za N HO)
17, Then (43) can be equivalently

Define ui:[ugl)T,. .. ,u

>

i,q’,o"" lq L
written as

Uh = 01 (qrq+n@sr+1), Vi€ {1,...,1}, (44)

where h = [h“)T,...,h(Nv)T] with h = [hggg, hQ,z] ,
0 Q_on#")), QonHy), andh’ = [h0),...,h1T. In (44), W= [, U™,
(40) where U;" s deﬁned as
Q; Q/Zuz D2 Q;)/z QIQ/zuzQ’ 20Q/z 0
Uy = , (45)
0 QYU e, 0 - 0P UG 0,
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with ‘UELI)/ an (L+1) X (L + L+ 1) Toeplitz matrix given by training symbols as
N t
(") (r) he = (Iy, ® X5,) 'y (52)
Uigo " UigU 0 . . . .

U = . . (46) To avoid the under-determined case, that is, the matrix Iy, ®

b N » - o ’ X%, is not of full column rank, it is required that the number

0 Mi;i',o s ui;,,L, of training symbols be N; = (Q + 1)(L + 1). To have non-

Q; = diag{[1,e/>"K,. ., e/7/K]T} and Q, = diag{[l,
ei2n/K | pi2n(L+L KT},

Collecting the results for the I left singular vectors we ob-
tain

uHh = 01(Q+Q’+1)(L+L’+1)><1, (47)

where U =[Uy, ..., Us], from which h can be computed up
to a scalar ambiguity. In the presence of noise, we compute
the I left singular vectors of Y corresponding to the I small-
est singular values. We denote these vectors as Uy, .., Uy, and
obtain the corresponding U in a similar fashion as U. The
channel estimate is then obtained as

mhin||ﬁHh||2. (48)

The solution is obtained by the singular vector of U corre-
sponding to the smallest singular value.

4.1.2.  Semiblind channel estimation

In blind methods, the channel is estimated up to a scalar
multiplication. To resolve the scalar ambiguity, training sym-
bols are used along with the blind technique resulting in the
so-called semiblind technique. In semiblind techniques, the
channel estimate is obtained by minimizing a cost function
consisting of two parts. The first part corresponds to the
training, and the second part corresponds to the blind es-
timation.

First, let us consider the channel estimate that relies on
known symbols. To facilitate channel estimation, we write
the input-output relationship as

vyl =hT(Iy, ® Xg) + V7, (49)

wherey = [y, ,yNWITT v = [vDT  y(NOT]T "and
the (Q+1)(L+1)x N matrix Xy, = [ifQ/z,o, .. ,fQ/z)L] T with
the gth frequency-shift and Ith time-shift of the transmitted
sequence x is given by

Xgl = ﬁqu. (50)

Let us assume that N; symbols are used for training, and the
remaining symbols are data symbols. Collecting the received
symbols that correspond to training in one vector y;, and the
corresponding columns of X, in a matrix X, we can write
the received sequence corresponding to training as

ye = (In, ® XSTb)t)h-f—v,. (51)

An LS channel estimate ﬁtr is then computed based on the

overlapping data and training the optimal training strategy
again consists of (Q + 1) clusters of 2L + 1 training symbols.
Each cluster consists of a training symbol and L surrounding
zeros on each side [6]. Therefore, the training overhead is
actually (Q+1)(2L+1), and the non-overlapping part is Ny =
(Q+1)(L+1). This training overhead can be greatly reduced
by combining the training with a blind estimation technique
resulting in a semiblind technique.
The semiblind channel estimate can be obtained as

flsb = argn}lin jlochT/‘lZ*i(\Th* +lyf =hT(Iy, ® Xsb,t)Hz},
(53)

where a > 0 is a weighting factor. In (53) the first part cor-
responds to blind estimation while the second part corre-
sponds to training. If « is large, then the blind method is
emphasized, whereas the LS training-based estimation is em-
phasized for small a.
The solution for the semiblind channel estimation prob-
lem is then obtained as
~ . -1
B = (aUU +1y ® (XuXH)") Iy, @ X5y
(54)

4.2. Directequalization

In direct equalization the equalizer coefficients are ob-
tained directly without passing through the channel esti-
mation stage. There are many techniques that can be ap-
plied to obtain directly the equalizer coefficients for the case
of frequency-selective channels. These techniques are either
stochastic or deterministic. However, due to the fact that
we assume the BEM channel model, and the fact that the
channel BEM coefficients may change from block to block,
stochastic techniques cannot be applied. In this section we
will rely on deterministic direct equalization techniques. We
first discuss a deterministic blind direct equalization tech-
nique that relies on the so-called mutually referenced equal-
ization (MRE). MRE has been successfully applied to TI
channels [8, 9]. In MRE the idea is to tune a number of equal-
izers, where the output of one of these tuned equalizers is
used to train the other equalizers in a mutual fashion. For the
case of time-varying channels, the same idea can be applied,
but taking into account the time- and the frequency-shifts of
the received signal. A semiblind algorithm is again obtained
by combining the training-based LS method and the blind
MRE method.

4.2.1. Blind direct equalization

The idea of MRE-based blind direct equalization is to tune
various equalizers associated with reconstructing the trans-
mitted signal subject to a time- and frequency-shift. Define
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w;k as the time-varying FIR equalizer that reconstructs the
pth frequency-shifted and kth time-shifted (delayed) version

of the received sequence in the noiseless case as
wh % =x"Z[D,. (55)

In order to have mutually referenced equalizers training each
other for frequency-shifts p € {—(Q+Q’)/2,...,(Q+Q")/2}
and time-shifts (delays) k € {0,...,L + L'}, we set x =
(015241 XL, 01524111 T, with X, a data vector of length M =
N-—-L-2L".

Define %ka = yD,ka, with Zk = [0nxio> Ings OMX(LJrLLk)]T.
Hence, we can write (55) as

wg)kyp,k =xL. (56)

In order for (56) to lead to a ZF solution in the noiseless
case, we require that assumptions (A1) and (A2) required for
channel estimation to be satisfied in addition to

(A3’) the datalength M > N,(Q" + 1)(L" + 1),

Taking the Oth frequency-shift and the Oth time-shift equal-
izer woo as a reference equalizer and collecting the dif-
ferent equalizer coefficients in one vector w = [w{,,

T T T T T
W Q42,00 > s Wl Ll WO Lo+ > Wiy ] > We ar-
rive at the following:

WY = 0em(Qe@+1) L+ +1)> (57)
where
yo,o yo,o e yo,o
—Y_(@+a)20 0 0
y - 0 _y—(Q+Q’)/2,l
0 T 0 _y(QJrQ’)/Z,LJrL’

(58)

Note that in the noiseless case, it can be proven that the rank
of Yis (Q+Q + 1)2(L+L +1)2 - 1.

The different w, ;’s are linearly independent and cannot
be obtained from each other. The different equalizers can be
usedasrowsofa (Q+Q +1)(L+L +1) XN, (Q +1)(L" +1)
matrix 'W. Based on the ZF conditions we obtain the follow-
ing relation:

WH = yliQ+1)r+1+1)» (59)
where y is some scalar ambiguity satisfying
Wo0 Y00 = w;,k%p,k =yxL, Vpkp#0,k#0. (60)

We can solve (57) either by using LS or by a subspace
decomposition [9]. For the LS solution we constrain the first
entry of w to 1 and solve (57) for the remaining entries of W
resulting in
T) -1—H

wi=(¥'9) 7y (61)

where ? is the matrix obtained after removing the first row of
Y and y is this row multiplied by —1. The subspace approach

is obtained by taking ||lw||?> = 1, and then w is found as the
left singular vector corresponding to the minimum singular
value of Y.

Note that if channel estimation is required, then using
(59) the channel can be estimated subject to some scalar am-
biguity.

4.2.2. Semiblind direct equalization

The MRE blind algorithm estimates the transmitted signal
up to a scalar ambiguity y (see (60)). In addition, the blind
MRE is very complex. These two difficulties with the blind
MRE can be resolved by combining training with the blind
MRE method resulting in a so-called semiblind direct equal-
ization method. The proposed semiblind approach consists
of a combination of the training-based least-squares (LS)
method [30] and the blind MRE method [8, 9], both well-
known for frequency-selective channels, but here applied to
doubly selective channels. Again we consider different SLEs
that detect different time- and frequency-shifted versions of
the transmitted sequence. While during training periods, the
training symbols are used to train all equalizers, during data
transmission periods, each equalizer output is used to train
the other equalizers.

Starting from (56), we assume that N; symbols in x, are
training symbols and the remaining Ny = M — N; sym-
bols in x, are data symbols. Let us then collect the train-
ing symbols of x4 in x4, and the data symbols of x4 in
X4,4. Let us further collect the corresponding columns of
You i Y,k and Y, 4> respectively. Splitting (56) into its
training part and data part and stacking the results for p €
{(—(Q+Q)/2,...,(Q+Q")/2} and k € {0,...,L+ L'} we
arrive at the following:

T T T
W'Y, Y, ] = A xd oty s (62)
where % and E jare defined as
¥,
[ Y1200
= Py ,
i Y@y
4y
[ Y1204
= yf(Q+Q')/2,L+L',d bl
i Yy d

Iy, = lixr ® Iy,

Iy, = lixr ® Iy,
(63)

whereR=(Q+Q +1)(L+L +1).



Imad Barhumi et al.

In the noisy case, we then have to solve

2
min{{w' [, 8, ] - B b1 69
The solution for x4 4 is given by
Xpa=w'Y RIL, (65)

Substituting (65) in (64), we obtain

gl 79, 2 - W ol 00
where Z, is given by
Z,

R=DY_orqy20a " —Y¥_(r@)204

=R!

R = DY s L d
(67)

- %(Q+Q’ )/2,L+L,d

In (66), the left and right parts, respectively, correspond
to the training-based LS method [30] and the blind MRE
method [8, 9], now applied to doubly selective channels.
So far in our analysis we considered all possible time- and
frequency-shifts which means that the method exhibits a
similar complexity as the blind technique. Due to the exis-
tence of the training part, we can limit the number of time-
and frequency-shifts resulting in a much lower complexity
semiblind technique. Therefore, we can redo the above anal-
ysis for time-shifts k € {0,...,K;} with K; < (L + L") and
frequency-shifts p € {-Ks,..., K3} with K; < (Q + Q)/2.
In other words, by the aid of training the number of tuned
equalizers can be greatly reduced resulting in a much lower
complexity than the blind techniques. In contrast, for blind
techniques, for a ZF solution to be found, we require to
tune the equalizers corresponding to all possible time- and
frequency-shifts.

5. SIMULATION RESULTS

In this section, we evaluate the performance of the proposed
channel estimation and direct equalization techniques. As di-
rect techniques are still complex and prohibitive for practi-
cal reasons, only PSAM and semiblind techniques are sim-
ulated. We consider a rapidly time-varying channel simu-
lated according to Jakes’ model with fn.« = 100Hz, and
sampling time T" = 25us. The channel order is considered
as L = 3. The channel autocorrelation function is given by
reilk] = UIZIQ(ZHfmanT), where Jj is the zeroth-order Bessel
function. In the simulations the channel is assumed to be
WSS uncorrelated scattering with uniform power delay pro-
fileof = 1forl =0,..., L. For the simulations, we consider a
window size of N = 800 symbols unless stated otherwise. For
the BEM, we consider the critically sampled Doppler spec-
trum K = N, as well as the oversampled Doppler spectrum
with oversampling rate 2 (i.e., K = 2N). The number of basis
functions is, therefore, chosen to be Q = 4 for the critically
sampled case, and Q = 8 for the oversampled case.

5.1. PSAM techniques
(i) PSAM-based channel estimation

We use PSAM to estimate the channel. We consider equipow-
ered and equispaced pilot symbols with D the spacing be-
tween the pilots. The number of pilots is then computed as
P = [N/D] + 1. Since we adhere to the time-domain train-
ing [6], this training scheme consists of P-clusters, and each
cluster consists of a training symbol and L surrounding ze-
ros at each side as explained in Figure 1. This means that the
training overhead is P(2L + 1)/N.

First, we study the normalized channel MSE versus
signal-to-noise ratio (SNR), where the MSE channel estima-
tion is computed as

MSE

L
- O] — oD [
NcthN(LJrl)i:Z“:ZM:O;)'h [n5v] — g7 [msv] |,
(68)

where Ng, is the number of channel realizations, and
h")[n;v] is the estimate of (6) with the estimated BEM co-
efficients plugged in.

We evaluate the performance of the different estimation
techniques, in particular, a BEM (21) with K = N, a com-
bined BEM and MMSE (24) with K = N, a BEM with
K = 2N, a combined BEM and MMSE with K = 2N, and
finally the MMSE channel estimate (9). Note that the MMSE
and BEM techniques will exactly coincide if and only if the
underlying channel impulse response is perfectly described
by the BEM. We consider the case when the spacing between
pilot symbols is D = 165 which corresponds to P = 5 pilot
symbols dedicated for channel estimation. This choice is well
suited for K = N, where the number of BEM coefficients to
be estimated is Q+ 1 = 5. We also consider the case when the
spacing between pilot symbols is D = 95, which corresponds
to P = 9 pilot symbols. This case is well suited for K = 2N
where 9 BEM coefficients are to be identified. As shown in
Figure 2, when D = 165 all the MSE channel estimates suf-
fer from an early error floor. However, combining the criti-
cally sampled BEM with the MMSE results in a slightly better
performance. On the other hand, when D = 95 the perfor-
mance of the BEM with K = N suffers from an early error
floor, which means that increasing the number of pilot sym-
bols does not enhance the channel estimation technique. For
the case when K = 2N, the MSE curves do not suffer from
an early error floor. However, the oversampled BEM chan-
nel estimate is sensitive to noise. A significant improvement
is obtained when the combined BEM and MMSE method is
used, where a gain of 9dB at MSE = —20dB is obtained over
the conventional BEM method, when the oversampling rate
is 2. Note also that the performance of the combined BEM
and MMSE method when K = 2N coincides with the per-
formance of the MMSE only.

Second, we measure the MSE of the channel estimation
techniques as a function of the maximum Doppler frequency.
We design the system to have a maximum target Doppler fre-
quency of fmax = 100Hz (used to design Wynvise). We then
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F1GURE 2: MSE versus SNR for D = 165 and D = 95.
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FIGURE 3: MSE versus fnay for P =5, D = 160, and SNR = 25 dB.

examine the performance of the channel estimation tech-
niques for different maximum Doppler frequencies at a fixed
SNR = 25dB. The results are shown in Figure 3 for the case
when P = 5 pilot symbols are used for channel estimation,
and when P = 9 pilot symbols are used. For either case, the
channel estimation techniques maintain a low MSE as long
as the channel maximum Doppler frequency is smaller than
the target maximum Doppler frequency.
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F1GURE 4: MSE channel estimation versus number of pilot symbols
P at SNR = 25dB.

Third, we measure the MSE of the channel estimation
techniques as a function of the number of pilot symbols P
(this can be easily translated to pilot spacing D). In this sense,
we vary the number of pilot symbols P, while keeping the
same maximum Doppler frequency fnax at 100 Hz, and as-
suming the SNR = 25 dB. As shown in Figure 4, for the case
of K = N, increasing the number of pilot symbols (reducing
D) does not have a real impact on the MSE performance. This
is not due to the choice of D, but rather due to the modeling
error. On the other hand, the MSE channel estimation is sig-
nificantly reduced by increasing the number of pilot symbols
for K = 2N.

Finally, the estimated channel BEM coefficients are used
to design time-varying FIR equalizers serial and decision
feedback. We consider here a single-input multiple-output
(SIMO) system with N, = 2 receive antennas. We con-
sider the MMSE-SLE [1] as well as the MMSE serial decision
feedback equalizer (MMSE-SDFE) [2]. For the case of the
MMSE-SLE, the SLE is designed to have order L’ = 12 and
the number of time-varying basis functions Q" = 12. For the
case of the MMSE-SDFE, the time-varying FIR feedforward
filter is designed to have order L’ = 12 and the number of
time-varying basis functions Q" = 12, while the time-varying
FIR feedback filter is designed to have order L = L and
Q" = Q. The SLE coefficients as well as the SDFE coefficients
are computed as explained in [1] for the MMSE-SLE, and in
(2] for the MMSE-SDFE. The BEM resolution of the time-
varying FIR filters matches that of the channel. QPSK signal-
ing is assumed. We define the SNR as SNR = (L + 1)Ey/02,
where E; is the QPSK symbol power. As shown in Figure 5,
for the case of MMSE-SLE, the BER curve experiences an er-
ror floor when D = 165 for the different scenarios. For the
case of D = 95, we experience an SNR loss of 11.5dB for the
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FIGURE 5: BER versus SNR using the MMSE-SLE.

case of K = 2N compared to the case when perfect channel
state information (CSI) is known at BER = 1072, while the
SNR loss is reduced to 6 dB for the case of combined BEM
and MMSE when K = 2N. For K = N, both cases (BEM and
combined BEM and MMSE) suffer from an error floor. Sim-
ilar observations can be made for the case of MMSE-SDFE as
shown in Figure 6.

(if) PSAM direct equalization

We use here the same channel setup. We assume that the
training overhead is 50%, that is, we insert a pilot symbol
every second symbol. The simulation results are shown in
Figure 7 for a BEM resolution K = N as well as for a BEM
resolution K = 2N. We consider the LS criterion (32) and
the regularized LS criterion (35). We choose the equalizer
to have a fixed order L’ = 4 and variant Q" = 4,8, and 12.
As one can deduce from this figure, the PSAM direct equal-
ization performance relies heavily on the design parameters
of the equalizer. As shown in this figure, the performance
of the direct PSAM equalizer does not necessarily improve
by choosing larger Q" and/or L', which suggests that there
is an optimal (Q’, L") pair. For Q" = 4, the performance of
the direct PSAM equalizer for K = N and K = 2N almost
coincide, which means for this equalizer setup, BEM over-
sampling is almost of no effect. The same can be said when
Q' = 8. For Q' = 12, the performance of the direct PSAM
equalizer for K = N outperforms the one for K = 2N. For
K = 2N the performance is even worse than for Q" = 8.
When Q" = 12, BEM oversampling has a negative impact
on the performance. This can be explained by considering
the fact that increasing Q" on one hand increases the equal-
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- - Combined BEM and MMSE, K = 2N

FIGURE 6: BER versus SNR using the MMSE-SDFE.
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FIGURE 7: BER versus SNR for PSAM-based direct equalization.

izer time-variations which is supposed to have a positive im-
pact on the performance, but on the other hand, it means
more parameters have to be identified. For perfect knowledge
of CSI, the performance of the time-varying FIR equalizers
naturally improves by increasing the number of BEM basis
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Figure 8: MSE versus SNR for the semiblind channel estimation
technique.

functions. Note that in the above analysis we did not distin-
guish between the LS and the regularized LS as they perform
almost the same for this setup.

5.2. Semiblind techniques
(i) Semiblind channel estimation

For semiblind channel estimation, we again study MSE ver-
sus SNR, where the MSE channel estimation is obtained as
in (68). For this case we use the same channel setup as be-
fore. We again consider the BEM resolution K = N as well as
K = 2N. The training part consists of two training clusters of
L+ 1 training symbols each. The first one is placed at the be-
ginning of the transmitted block and the other one is placed
in the middle of the transmitted block.

First, we study the channel MSE versus SNR for a fixed
a = 0.1. The simulation results are shown in Figure 8. The
MSE channel estimate suffers from an error floor for K = N,
whereas it shows a slight improvement for K = 2N specially
for SNR = 15dB.

Second, the MSE channel estimate is plotted versus « for
a fixed value of SNR = 30dB. The simulation results are
shown in Figure 9. For this channel setup, and for BEM res-
olutions K = N and K = 2N, it is found that the MMSE
channel estimate is obtained for & = 0.1. This actually justi-
fies the choice of & in the first part of the simulations.

(ii) Semiblind direct equalization

For semiblind direct equalizer estimation, we consider a
SIMO system with N, = 4 receive antennas. We assume a
doubly selective channel with Doppler spread of fnax = 100
and order L = 3. We use QPSK signaling. We assume the data
sequence and the additive noises are mutually uncorrelated
and white.

Channel MSE (dB)

-15

0 02 04 06 08 1 12 14 16 18 2

«

— MSE,K =N
--- MSE, K = 2N

F1GURE 9: MSE versus « for the semiblind channel estimation tech-
nique at SNR = 30dB.

We consider a time-window of NT = 200T. When NT <
1/(2 fmax)> which is the case here, an accurate channel model
can be obtained by taking Q = 2. We insert a pilot symbol af-
ter every four data symbols (i.e., training overhead of 20%).
We consider three SLE designs: ideal design where perfect
channel state information is assumed to be known at the re-
ceiver (see [1, 3]), the direct training-based design where the
equalizer coefficients are obtained directly based on PSAM
using the LS (32) as well as the regularized LS (35) criterion
(see also [25]), and the direct semiblind design proposed in
this paper. For all designs, we assume Q" = 2, L" = 3, and
d = (L+L")/2 = 3. For the direct semiblind design we take
Ki = L and K, = Q/2, that is, we consider the time-shifts
k € {0,...,L}, and frequency-shifts p € {-Q/2,...,Q/2}.
For the ideal design, we first fit a BEM to the true doubly se-
lective channel over the time window of NT = 2007, and use
the obtained BEM coefficients to design the BEM coefficients
of the SLE. The simulation results are shown in Figure 10.
From this figure, we can draw the following conclusions:

(1) the direct semiblind design clearly outperforms the di-
rect PSAM when the LS criterion is invoked, where an
SNR gain of 16 dB is observed at BER = 1072,

(2) compared to the regularized direct PSAM, the semib-
lind has superior performance for the indicated range
of SNR for the case of BEM resolution K = N. For this
case, an SNR gain of 6 dB is observed at BER = 1072,
For the case of BEM resolution K = 2N, the semib-
lind technique outperforms the regularized LS direct
PSAM for low to moderate values of SNR. The regu-
larized LS direct PSAM slightly outperforms the direct
semiblind for SNR > 20dB. At BER = 1072 an SNR
gain of 2.5dB for the direct semiblind over the regu-
larized LS direct PSAM is observed,

(3) compared to the performance of the MMSE SLE for
the perfect CSI, an SNR loss of 5dB is observed at
BER = 1072 for the direct semiblind design.
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FiGure 10: Comparison of different SLE designs for doubly selective
channels.

6. CONCLUSIONS

In this paper, we have proposed channel estimation and di-
rect equalization techniques for transmission over doubly
selective channels. In particular, we have proposed PSAM,
blind, and semiblind techniques. In PSAM techniques we rely
on pilot symbols for channel estimation or direct equaliza-
tion. We consider the case when the Doppler spectrum is
critically sampled (K = N) as well as when the Doppler spec-
trum is oversampled (K = rN with integer r > 1). While
in the first case, the estimation scheme suffers from an early
error floor due to the large modeling error, the estimation
is sensitive to noise in the oversampled case. It has been
shown through computer simulations that combining the
MMSE-interpolation-based channel estimate with the over-
sampled BEM significantly improves the channel estimation.
We have also shown that the channel estimation step can be
skipped by performing direct equalization based on PSAM.
For a fixed training scheme, the PSAM-based direct equal-
izer depends heavily on the equalizer parameters and on the
oversampling factor. Whereas, in some cases the oversam-
pled BEM outperforms the critically sampled one, in oth-
ers the critically sampled outperforms the oversampled BEM.
In blind techniques, no training overhead is used to esti-
mate or directly equalize the doubly selective channel. How-
ever, they are practically prohibited due to the complexity
involved. Semiblind techniques, on the other hand, are ob-
tained by combining the training-based techniques with the
blind techniques. Doing so, the scalar ambiguity of the blind
techniques is resolved, and the complexity may be greatly re-
duced especially for the case of direct equalization.

ACKNOWLEDGMENTS

This research work was carried out at the ESAT Labora-
tory of the Katholieke Universiteit Leuven, in the frame of
the Belgian State, Prime Minister’s Office—Federal Office for
Scientific, Technical, and Cultural Affairs—Interuniversity
Poles of Attraction Programme (2002-2007), P5/11 “mo-
bile multimedia communication systems and networks”, the
Concerted Research Action GOA-MEFISTO-666 (Mathe-
matical Engineering for Information and Communication
Systems Technology) of the Flemish Government, and Re-
search Project FWO no. G.0196.02 “design of efficient com-
munication techniques for wireless time-dispersive multi-
user MIMO systems”. The scientific responsibility is assumed
by its authors. The first author was partly supported by
the Palestinian European Academic Cooperation in Edu-
cation (PEACE) Programme. The second author was sup-
ported in part by the NWO-STW under the VIDI Program
(DTC.6577).

REFERENCES

[1] I. Barhumi, G. Leus, and M. Moonen, “Time-varying FIR
equalization for doubly selective channels,” IEEE Transactions
on Wireless Communications, vol. 4, no. 1, pp. 202-214, 2005.

[2] . Barhumi, G. Leus, and M. Moonen, “Time-varying FIR
decision feedback equalization of doubly-selective channels,”
in Proceedings of IEEE Global Telecommunications Conference
(GLOBECOM °03), vol. 4, pp. 2263-2268, San Francisco, Calif,
USA, December 2003.

[3] G. Leus, I. Barhumi, and M. Moonen, “Low-complexity serial
equalization of doubly selective channels,” in Proceedings of 6th
Baiona Workshop on Signal Processing in Communications, pp.
69-74, Baiona, Spain, September 2003.

[4] 1. Barhumi, G. Leus, and M. Moonen, “Per-tone equalization
for OFDM over doubly-selective channels,” in Proceedings of
the IEEE International Conference on Communications, vol. 5,

Pp- 2642-2647, Paris, France, June 2004.

[5] T. Thomas and E Vook, “Multi-user frequency-domain chan-
nel identification, interference suppression, and equalization
for time-varying broadband wireless communications,” in
Proceedings of the 1st IEEE Sensor Array and Multichannel Sig-
nal Processing Workshop (SAM °00), pp. 444—448, Cambridge,
Mass, USA, March 2000.

[6] X. Ma, G. B. Giannakis, and S. Ohno, “Optimal training
for block transmissions over doubly selective wireless fad-
ing channels,” IEEE Transactions on Signal Processing, vol. 51,
no. 5, pp. 1351-1366, 2003.

[7] G.Xu, H. Liu, L. Tong, and T. Kailath, “Least-squares approach
to blind channel identification,” IEEE Transactions on Signal
Processing, vol. 43, no. 12, pp. 2982-2993, 1995.

[8] D. Gesbert, P. Duhamel, and S. Mayrargue, “On-line blind
multichannel equalization based on mutually referenced fil-
ters,” IEEE Transactions on Signal Processing, vol. 45, no. 9, pp.
2307-2317, 1997.

[9] G.B. Giannakis and C. Tepedelenlioglu, “Direct blind equaliz-
ers of multiple FIR channels: a deterministic approach,” IEEE
Transactions on Signal Processing, vol. 47, no. 1, pp. 62-74,
1999.

[10] E. Moulines, P. Duhamel, J.-f. Cardoso, and S. Mayrar-
gue, “Subspace methods for the blind identification of



14

EURASIP Journal on Applied Signal Processing

multichannel FIR filters,” IEEE Transactions on Signal Process-
ing, vol. 43, no. 2, pp. 516-525, 1995.

[11] K. Abed-Meraim, P. Loubaton, and E. Moulines, “A subspace
algorithm for certain blind identification problems,” IEEE
Transactions on Information Theory, vol. 43, no. 2, pp. 499—
511, 1997.

[12] K. Abed-Meraim, W. Qiu, and Y. Hua, “Blind system identifi-
cation,” Proceedings of the IEEE, vol. 85, no. 8, pp. 1310-1322,
1997.

[13] X. Wang and H. V. Poor, “Blind multiuser detection: a sub-
space approach,” IEEE Transactions on Information Theory,
vol. 44, no. 2, pp. 677-690, 1998.

[14] L. Tong and S. Perreau, “Multichannel blind identification:
from subspace to maximum likelihood methods,” Proceedings
of the IEEE, vol. 86, no. 10, pp. 1951-1968, 1998.

[15] G. B. Giannakis, Y. Hua, P. Stoica, and L. Tong, Eds., Sig-
nal Processing Advances in Wireless & Mobile Communications:
Trends in Single and Multi-User Systems, Prentice-Hall, New
York, NY, USA, 2001.

[16] G. B. Giannakis and C. Tepedelenlioglu, “Basis expansion
models and diversity techniques for blind identification and
equalization of time-varying channels,” Proceedings of the
IEEE, vol. 86, no. 10, pp. 1969-1986, 1998.

[17] H. Liu and G. B. Giannakis, “Deterministic approaches for
blind equalization of time-varying channels with antenna ar-
rays, IEEE Transactions on Signal Processing, vol. 46, no. 11,
pp. 3003-3013, 1998.

[18] J. K. Tugnait, “Linear prediction error method for blind iden-
tification of time-varying channels: theoretical results,” in Pro-
ceedings of IEEE International Conference on Acoustics, Speech
and Signal Processing (ICASSP ’01), vol. 4, pp. 2125-2128, Salt
Lake City, Utah, USA, May 2001.

[19] J. K. Tugnait and W. Luo, “Blind identification of time-varying
channels using multistep linear predictors,” IEEE Transactions
on Signal Processing, vol. 52, no. 6, pp. 1739-1749, 2004.

[20] W. C. Jakes, Ed., Microwave Mobile Communications, John Wi-
ley & Sons, New York, NY, USA, 1974.

[21] A. M. Sayeed and B. Aazhang, “Joint multipath-doppler diver-

sity in mobile wireless communications,” IEEE Transactions on
Communications, vol. 47, no. 1, pp. 123-132, 1999.

[22] X. Ma and G. B. Giannakis, “Maximum-diversity transmis-
sions over doubly selective wireless channels,” IEEE Transac-
tions on Information Theory, vol. 49, no. 7, pp. 1832-1840,
2003.

[23] G. Leus, S. Zhou, and G. B. Giannakis, “Orthogonal multi-
ple access over time- and frequency-selective channels,” IEEE
Transactions on Information Theory, vol. 49, no. 8, pp. 1942—
1950, 2003.

[24] A.P.Kannu and P. Schniter, “Capacity analysis of MMSE pilot-
aided transmission for doubly selective channels,” in Proceed-
ings of the IEEE 6th Workshop on Signal Processing Advances
in Wireless Communications (SPAWC °05), vol. 2005, pp. 801—
805, New York, NY, USA, June 2005.

[25] J. K. Cavers, “An analysis of pilot symbol assisted modulation
for Rayleigh fading channels [mobile radio],” IEEE Transac-
tions on Vehicular Technology, vol. 40, no. 4, pp. 686—693, 1991.

[26] I. Barhumi, G. Leus, and M. Moonen, “Frequency-domain
equalization for OFDM over doubly selective channels,” in
Proceedings of 6th Baiona Workshop on Signal Processing
in Communications, pp. 103—107, Baiona, Spain, September
2003.

[27] G. Leus, “On the estimation of rapidly time-varying chan-
nels,” in Proceedings of the European Signal Processing Confer-
ence (EUSIPCO °04), pp. 2227-2230, Vienna, Austria, Septem-
ber 2004.

[28] D.W. Clarke, “Generalized-least-squares estimation of the pa-
rameters of a dynamic model,” in Proceedings of Ist IFAC
Symposium on Identification and System Parameter Estimation,
Prague, Czechoslovakia, 1967.

[29] G. Leus and M. Moonen, “Deterministic subspace based blind
channel estimation for doubly selective channels,” in Proceed-
ings of the 4th IEEE Workshop on Signal Processing Advances in
Wireless Communications (SPAWC °03), pp. 210-214, Rome,

Italy, June 2003.

S. Ratnavel, A. Paulraj, and A. G. Constantinides, “MMSE
space-time equalization for GSM cellular systems,” in Proceed-
ings of IEEE 46th Vehicular Technology Conference (VTC °96),
vol. 1, pp. 331-335, Atlanta, Ga, USA, April-May 1996.

(30

Imad Barhumi was born in Palestine in
1972. He received the B.S. degree in elec-
trical engineering from Birzeit University,
Birzeit, Palestine, in 1996, the M.S. in
telecommunications from University of Jor-
dan, Amman, Jordan, in 1999, and the -
Ph.D. degree from the Katholieke Univer- é

siteit Leuven, Leuven, Belgium, in 2005. Y &

From 1999 to 2000, he was with the Electri- "Tw

cal Engineering Department at Birzeit Uni-

versity as a Lecturer. After his Ph.D. graduation, he served one year
as a Postdoctoral Research Fellow at the Electrical Engineering De-
partment of the Katholieke Universiteit Leuven. Currently, he is an
Assistant Professor with the Electrical Engineering Department of
the United Arab Emirates University, Al-Ain, UAE. His research in-
terests are in the area of signal processing for mobile and wireless
telecommunications.

Geert Leus was born in Leuven, Belgium, in
1973. He received the Electrical Engineering
degree and the Ph.D. degree in applied sci-
ences from the Katholieke Universiteit Leu-
ven, Belgium, in June 1996 and May 2000,
respectively. He has been a Research Assis-
tant and a Postdoctoral Fellow of the Fund
for Scientific Research-Flanders, Belgium,
from October 1996 till September 2003.
During that period, he was affiliated with
the Electrical Engineering Department of the Katholieke Univer-
siteit Leuven, Belgium. Currently, he is an Assistant Professor at
the Faculty of Electrical Engineering, Mathematics and Computer
Science of the Delft University of Technology, The Netherlands.
During the summer of 1998, he visited Stanford University, and
from March 2001 till May 2002, he was a Visiting Researcher and
Lecturer at the University of Minnesota. His research interests are
in the area of signal processing for communications. He received
a 2002 IEEE Signal Processing Society Young Author Best Paper
Award and a 2005 IEEE Signal Processing Society Best Paper Award.
He is a Member of the IEEE Signal Processing for Communications
Technical Committee, and an Associate Editor for the IEEE Trans-
actions on Signal Processing and the EURASIP Journal on Applied
Signal Processing. In the past, he has served on the editorial board
of the IEEE Signal Processing Letters and the IEEE Transactions on
Wireless Communications.




Imad Barhumi et al.

15

Marc Moonen received the Electrical En-
gineering degree and the Ph.D. degree in
applied sciences from the Katholieke Uni-
versiteit Leuven, Leuven, Belgium, in 1986
and 1990, respectively. Since 2000, he has
been an Associate Professor at the Electri-
cal Engineering Department of Katholieke
Universiteit Leuven, where he is currently
heading a research team of 16 Ph.D. can-
didates and postdocs, working in the area
of signal processing for digital communications, wireless ommu-
nications, DSL, and audio signal processing. He received the 1994
K.U.Leuven Research Council Award, the 1997 Alcatel Bell (Bel-
gium) Award (with Piet Vandaele), and was a 1997 “Laureate of the
Belgium Royal Academy of Science.” He was Chairman of the IEEE
Benelux Signal Processing Chapter (1998-2002), and is currently a
EURASIP AdCom Member (European Association for Signal Pro-
cessing, 2000 to present). He is Editor-in-Chief for the “EURASIP
Journal on Applied Signal Processing” (2003 to present), and a
Member of the editorial board of “Integration, the VLSI Jour-
nal,” “IEEE Transactions on Circuits and Systems II” (2002-2003),
“EURASIP Journal on Wireless Communications and Network-
ing,” and “IEEE Signal Processing Magazine.”




	Introduction
	Notations

	System Model
	Basis expansion channel model

	PSAM Techniques
	PSAM channel estimation
	MMSE channel estimation
	BEM channel estimation

	PSAM direct equalization

	blind and semiblind techniques
	Channel estimation
	Blind channel estimation
	Semiblind channel estimation

	Direct equalization
	Blind direct equalization
	Semiblind direct equalization


	Simulation Results
	PSAM techniques
	(i) PSAM-based channel estimation
	(ii) PSAM direct equalization

	Semiblind techniques
	(i) Semiblind channel estimation
	(ii) Semiblind direct equalization


	Conclusions
	Acknowledgments
	REFERENCES

