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Abstract—1In this paper, we investigate the performance of
superimposed training-based channel estimation techniques con-
sidering an asynchronous code-division multiple-access (CDMA)
uplink transmission over frequency-selective fading channels.
In that, we analyze the performance of a channel estimation
and data detection scheme based on superimposed training for
space-time spreading (STS) systems. Our results show that the
scheme enhances the performance of the space-time system
by eliminating the interference effect from both the channel
and data estimates using two decorrelators; channel and data
decorrelators. Compared with other conventional estimation
techniques, the underlying system is more robust to channel
estimation errors. Furthermore, both simulations and analytical
results indicate that full system diversity is achieved.

I. INTRODUCTION

In multiple-input multiple-output (MIMO) systems, channel
estimation plays a crucial role in determining the system
performance [1]. While the majority of the works in MIMO
assume perfect channel estimation, relatively few researchers
have investigated the effect of channel estimation errors
and possible estimation techniques. For instance, Chong and
Milstein in [2], employed the superimposed training-based
technique on a STS system with dual-transmit and dual-receive
diversity. In their work, the channel estimation was based
on employing distinct pilot spreading codes on STS signals
transmitted from different antennas. With the help of these
pilot signals, the channel coefficients are estimated using a
conventional Rake receiver. These channel estimates are then
used to combine the received signals in a Rake-like space-time
combiner for final data estimates. It is noted that, both data
and channel estimates suffer from intersymbol interference
(ISI) and multi-access interference (MAI). In light of this,
in [3] an enhanced channel estimation and data detection
scheme based on the superimposed training-based approach
was proposed. In this paper, we analyze the performance of the
superimposed training-based channel estimation introduced
in [3] over asynchronous CDMA systems. Both analytical
and simulation results show that different from joint channel
estimation and data detection, where full system diversity is
achieved, conventional superimposed training-based channel
estimation techniques perform poorly due to the effect of
multiuser interference on channel estimates.

The remainder of this paper is organized as follows. The
following section describes the space-time system model used
in our analysis. The channel estimation and detection scheme

is discussed in Sections III and IV. In Section V, the per-
formance of the proposed estimation technique is analyzed
in-terms of the average BER. In Section VI, simulations and
analytical results are presented. Finally, conclusions are drawn
in Section VIIL

II. SYSTEM MODEL

The transmit diversity scheme considered in our work
consists of two transmit antennas at the mobile station and V'
receive antennas at the base station. The system block diagram
for the k' transmitting user is shown in Fig. 1, where real
valued data symbols using binary-phase-shift keying (BPSK)
baseband modulation and real valued spreading are assumed.
We consider the original STS scheme proposed in [4] with
two spreading codes per user. As seen in Fig. 1, following
the STS, two pilot spreading codes are assigned to each user
for the purpose of channel estimation. Each pilot sequence is
added (superimposed) on the STS signal before transmission
from the corresponding antenna. We also consider an uplink
asynchronous transmission from K users over frequency-
selective fading channel, where the fading coefficients are
fixed for the duration of M-symbol data block but change
independently from one block to another. Given the space-
time scheme in [4], the duration of the space-time codeword is
T, = 2Ty, where Ty is the bit duration. The received complex
low-pass equivalent signal at the v** receive antenna is given
by
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where p,, and p, represent the pilot and data signal-to-noise
ratios (SNRs), respectively. The data bits, bg[m] and bya[m],
represent the odd and even data streams of the k' user within
the m'" codeword interval. In (1), cx1(t) and cpo(t) are the
Ekth user’s data spreading sequences with processing gain 2N,
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where N = T, /T, represents the number of chips per bit, and
T, is the chip duration. The two pilot spreading sequences,
Pyi(t) and Pyo(t), assigned to the k*" user have a period
of 2T;. In our analysis, we assume that the pilot and data
spreading sequences assigned to the K users are mutually or-
thogonal at the transmitter side. However due to asynchronous
transmission, this orthogonality condition between codes is no
longer valid at the receiver side. 73 represents the transmit
delay of the k*" user signal which is assumed to be multiple
of chip periods within 7. 7; is the [th path delay ( 7; = IT,),
hfl’”, ¢t = 1,2, is the channel coefficient corresponding to
the k*" user, I** path from the " transmit antenna to v'"
receive antenna, and L is the total number of resolvable paths.
These fading coefficients are modeled as independent complex
Gaussian random variables with zero mean and unit variance.
We also consider a time-invariant channel over the duration of
an M-symbol data block. The noise n¥(t) is Gaussian with
zero mean and unit variance. At the receiver, the received
signal is first sent to a channel estimator, where the path
gain estimates {W}"", W/**} of the I*" path between transmit
antenna ¢=1,2, and receive antenna v are obtained. Then,
the STS signals are detected using the estimated path gains.
The receiver structure is further illustrated in the following
sections.
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Fig. 1. Block diagram of pilot-sequence-assisted STS transmission system
corresponding to a single receive antenna.

III. CHANNEL ESTIMATION

At the receiver side, the received signal at each receive
antenna is chip-matched filtered, sampled at a rate 1/T,, and
accumulated over an observation interval of (2N + T,,q2 +
L — 1) chips corresponding to the first symbol of the received
data block for the K-user system. The (Tpar + L — 1)
samples are due to the maximum multipath delay (i.e., delay
of the L' path) corresponding to the user with the maximum
transmit delay, 7,,,,. We have chosen to employ the first
symbol observation interval in channel estimation since it is
the symbol with the least MAI and ISI contributions. Let
y"[0] denote the observation vector at the v*" receive antenna

containing all samples related to the STS symbols transmitted
by the K users within the observation interval. Then

y*[0] = COJH"b[0] + C[1JH"b[1] + n’[0]  (2)

where C[0] = [C4]0], C2[0], ..., Ck[0]] represents the code
matrix corresponding to the current received symbols, b[0],
within the observation interval. The sub-matrix Cy[0], (k =
1,2,..,K)is a [2N + L — 1 + Tpe) X 4L] matrix con-
taining the pilot and data sequences of user k associated
with the L resolvable paths. In the same way, C[l] =
[C1[1], C2[1], ..., Ck[1]] represents the code matrix of the fol-
lowing received symbols, b[1], within the observation interval.
Ci[l], (k = 1,2,..,K)is a [2N + L — 1 4 Tpas) X 4L]
matrix consisting of the pilot and data code sequences of
user k associated with the following STS symbol within the
current observation window. The second term in the right-hand
side of (2) represents the interference due to the following
symbols, b[1], of the K-user system. In (2), H" is the channel
impulse response of the K-user system at the v*" receive
antenna, and is defined by H” = diag{H} H}, ..., HY%}
where HY = [HY (1), HY D (2), ... HV D (L) k = 1,2, .. K.
The superscript T' denotes transpose. H} (1), ( = 1,2,...,L) is
determined according to the STS scheme in [4]. Here, H} (1) is
modified to include the effect of pilot transmission as follows

hEv 0 0 0

0 Bk 0 0
kv kv

0 0 Ay’ hy

0 0 —hy Iy

(1) =

The transmitted data vector from the K wusers during
the m'" symbol duration, b[m], is given by b[m] =
b [m], bl [m],....bLm)]",m = 0,1,...,M — 1 where

T
bl = [\/% /% VBolm, Bbialml] k=
1,2,..., K. Finally, in (2), n[0] is a [(2N + L — 1+ Tinas ) X 1]
vector representing the additive white Gaussian noise (AWGN)
samples at the v receive antenna, each with zero mean and
unit variance. From (2), the received signal can be represented
in a more compact form as

y°[0] = C,H'b + n*[0] 3)

where C, = [C[0],C[1]], H) =L, ®@H", b= [b[0], b[1]]"
and ® denotes Kronecker product operation [5]. After sam-
pling and despearding of the received signal, y“[0], with the
pilot and data code matrix C,, the output is given by

yel0] = RpyHpb + NZ, “4)

where R, = C{,{ C,, is the pilot and data cross-correlation
matrix, N¢, is modeled as N.(0,R,) (zero mean complex
Gaussian vector with covariance R,), and H denotes Her-
mitian transpose. Note that, the authors in [2] have based
their channel estimation on the channel despreader output,
y2[0]. That is the channel estimation in [2] treats the multiuser
interference and ISI as background noise. Hence, the error
signal in the channel estimates will be affected by the presence
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of ISI, MAI and thermal noise. The self interference between

the two pilot signals of each user was also neglected in [2].

In light of this, we employ after the despreader a channel

decorrelator detector at each receive antenna to overcome the

effects of multiuser interference. In this case, the output of the
h channel decorrelator is given by

yal0] = Hyb + N¢, )

where N.4 is N.(O, R; ) Note that the cross-correlation
matrix inversion is based on the pseudo-inverse or the Moore-
Penrose generalized inverse [6]. The first 4LK elements are
then chosen from the v decorrelator output vector, y4[0], for
estimating the channel coefficients at the v*" receive antenna,
yielding to

Wi = BBy 4 wy”,
W' = BhE +wh’ k=1,2,. . K;l=1,2,..,L (6)

ﬂp k,v

where B = ,wy;  and wgl’” represent the errors in the

channel estimates corresponding to the I*" path between the
i transmit antenna (i=1,2) and the v*"* receive antenna. From
(6), we obtain the corresponding channel estimates as

i = hy” + el
REY = hhY 4 bt k=12, K;l=1,2,..,L (7
kv wfl’” .
where e;;" = -, (i = 1,2).

IV. DATA DETECTION

The effect of the pilot sequences at each receive antenna
is eliminated from the received signal defined in (1) by
subtracting the pilot signals of the K users, which are defined
using the channel estimates obtained in (7), from (1). Then,
similar to the channel estimation procedure, r (t) is filtered,
sampled at a rate 1/T,, and accumulated over an observation
interval of (2N + 7y,4, + L — 1) chips for the mth data symbol
of the received data block.

Using vector notation, the data chip-matched filter output at
the v*" receive antenna, g?[m], can be expressed as

g"[m] = C'[0JH"'b'[m] + C'[-1]H" b'[m — 1]
+ C'1JHY b [m + 1] — P[0JEY — P[-1]EV
—P[UEY +n’[m],m=1,...,M —2 (8)

where C'[0], C'[~1] and C'[1] are square matrices of the
same dimension of [(2N + L — 1 + Tyu42) X 2LK]. These
matrices include the data sequences corresponding to the
current, previous and following STS symbols of the K-
user system within the observation interval. Similarly, PI[O],
P'[—1] and P’[1] have the same definition of the correspond-
ing data matrices except that the data sequences are replaced
by the pilot sequences. In (8), the terms corresponding to the
received pilot sequences are due to the errors in the channel
estimates. The channel impulse response of the K users,
HY', is defined by H” = diag{H{ ,HY ,....H}%} where
v’ o' T o' T o' T T
H! = H} (1),H} (2),..H} (I)]",k = 1,2,..K.

H};,(l), (I=1,...,L) is defined according to the employed
STS scheme in [4] as

k,v k,v
ORI IR
_h2l hll
In (8), EY represents the channel estimation
error vector of Tthe %( usersT which is given by
EY' = [EY ,Ey ,..E% |7 where Ey =
kv kv kv kv ko T .
[11,621,612,.. elL,EQL} k = 1,2,..,K. Finally,
/T /T ;T
b'[m] is given by b'[m] = [b [m], by [m],.... by [m]]”
where by,/[m] = [Abgi[m], Abre[m]]” ,k = 1,2,..., K and

A= \/gj. Note that in the case of m = 0, one can exclude
from (8), the effect of previous STS symbols on the data
chip-matched filter output, g”[m]. Also, when m = M — 1,
the effect of following symbols are excluded. From (8), the
received signal can be represented in a more compact form
as follows

g’Im] = C4H by — BP,E* +n’[m|,m=1,...,M—2 (9)

/ / ’

€0, C[-1,c1]], P,

where Cy =
Pl], H = I

[P[0]. P[-1], P[1] ® HY, E° =
[EY"E" ,EY |7 and by = [b [m]7,b'[m — 1]7,b'[m +
1)717. After sampling the received signal, the data matched

filter output, g¥[m] (v = 1,...,V), is correlated with the

data code matrix, C,, as follows

g’[m] = R4HYb; — BCYP,E" + NY, (10)

where Ry = CdH C, represents the data cross-correlation
matrix, and INj, is modeled as N.(0,Ry). It is clear from
(10) that the data correlator output, g¥[m], suffers from
MALI and ISI. Afterwards, the output of the data correlator
(despreader) at each receive antenna is applied to a linear
mapper defined by the inverse of the cross-correlation matrix,
Rgl, corresponding to the data code sequences to give

galm] Y

where Q; = R, 'C/ P, and N, is modeled as N.(0, R; ™).
Finally, the first 2LK elements of each decorrelator output
vector, gh[m] (v = 1,...,V), are combined with the cor-
responding channel estimates defined in (7) for final data
estimates. Without loss of generality, we consider the first user
as the desired user. Thus the decision variables for the odd and
even data bits are given by

) = 33 e (B b1~ ™ g

v=1[=1

=H3b, — BQE" + Ny,

(12)
vV L

bialm] = 3" > Re {h;”* sm))ai—11 + ﬁ}z”*(gé&[mbzz,l}
v=1[=1

(13)

where (g4[m])s1 (6 = 1,2,...,2L), is the *" element of the
vt" decorrelator output vector, and Re{-} denotes real part
operation.
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V. PERFORMANCE ANALYSIS
In this section, we evaluate the performance of the proposed
estimation technique in terms of its probability of bit error. We
start by finding the decision variables corresponding to the data
estimates at the decorrelator output and after signal combining.
Then, we obtain the PDF of these decision variables which will
facilitate the evaluation of the average probability of error.

A. BER Analysis

From (11), (g4[m])21—1,1 and (g4[m])2;,1 in (12) and (13)
are given by,

(gg [m])2l71,1 = Ah};”bu[m] + Ahézvblg[m]

— B(Q4E")2—1,1 + (Ngg)a—1,1, (14)
(85[m))ai,1 = —Ahy;"bi1[m] + Ahy;"bia[m)]
— B(QuE")211 + (Ng )1 (15)

where (QgE")2—1,1 and (QgE")2;,1 are defined in terms of
the channel estimation errors corresponding to the K users at
the v receive antenna. By partitioning Q into three groups:
Qa1, Qa2 and Qg3 where each group has the same dimensions
of 6LK x 2LK, Q4E" is defined as stE“/ where Qgs =
Qa1 +Qa2+Qq3. Consequently,(QdE”)2171,1 and (Q4E")21,1
are derived as (QgE")2—1,1 = X1 EY and (QgEY)21 =
Xy E? where X; (f = 21 —1,21), is a [1 x 2LK] vector
consisting of the elements of the f" raw of Qg,. Using (7)
and (14)-(15), (12) can be written as

v L
bu[m] =3 > Re{(Alhy}"|* + Alhy"|* + Ael}*hy}”
v=11=1
+ Aeéf*h;”)bn[m] + (Aeb”*héf — Ae%f*hif)blg[m}
- thv*quEv/ - Beif*XzzﬂE”/ + Bhéf*XglE”/
+ Bey" X B + hyi" (N5 )ai-1.1 + €13 (NGg)a-1.1
— hy " (NGa)ars — €5 (NGg)ar1 ). (16)

Now consider the case of by;[m] = +1, then the probability
of error is given by P, = 1P(by1[m] < Olbia[m] =
+1) + %P(I;ll[m] < 0]bi2[m] = —1). Let the estimate
b11[m] equivalent to, Z; when bya[m] = +1, and Z, when
b12[m] = —1. Then P, can be written as

1 1
P, = *Pb(Zl < O) + ipb(ZQ < 0) (17

2
Given the complex variables = and y, we have Re{zy*} =
%(xy* +yx*). Then Z; and Zs can be expressed as a sum of
independent symmetric quadratic forms as follows:

\% 1%
Zi:ZX”HSiX“:ZZw, i=1,2, (18)
v=1 =1

v o l,v 31,0 ;10 l,v 1w 1w 1,v
where XV = [hy1", hol Ryl oo hol seq) €01, o €aT 5.

5z (NG 11 NGz (NGg)2z—1,1, (NGg)oza]” and
S; and S, are coefficient matrices. It should be noted that XV
is a [4L 4+ 2L K] complex normal vector with zero mean and

covariance matrix R. Note that the vectors X" (v =1,..., V),
are statistically independent with the same covariance matrix
R. Also, the coefficient matrices, S; and S, are identical for
each receive antenna. From (18), we can find the characteristic
function of the decision statistic Z; as [7],[8]

Vv
Oz, (w) =[] ¢z, () (19)
v=1
where
¢z,,(w) = E [exp (jwZ1y)] (20)

and E[-] denotes statistical expectation. Note that the charac-
teristic function of the quadratic form in (20) can be derived
in terms of the eigenvalues of the matrix S;R as [8],

N

1
¢z, (W) = H (1 —jwrn)

n=1

21

where \,, (n =1,...,N), are the N eigenvalues of the SR
matrix. Based on the matrix structure of S; and R, both
S; and R are symmetric matrices. Also, we can notice that
R is positive definite while S; is generally singular matrix.
Accordingly, the eigenvalues, A\, (n = 1,...,N), are real
valued but may be positive or negative. Substituting (21) in
(19), the characteristic function ®z, (w) is given by

N

1
v = =i

n=1

(22)

From (22), we can find the PDF of Z;, fz,, [9]. Using this
PDF, one can evaluate the probability P,(Z; < 0) as follows
[10]:

1100[N 1

P21 <0)=5 -5 | I1 W] (jw) ™ dw.
" 23)

The remaining integral in (23) can be evaluated using contour
integration [11] where the contour integral is given by

N

1 1
ﬁf(z)dz = %C [H (1—12)%)‘/‘| (jz)" "dz. 24)

n=1
Using the residue theorem [11], the contour integral defined
in (24) is given by

% f(2)dz = jmRes(f(z),z =0)
c

+j27rq§z:1Res <f(z),z = _qu> (25)

where Res(f(z),z,) denotes the residue of f(z) at the pole
z = z, and n; represents the number of negative eigenvalues
of the matrix S;R. In order to evaluate the residues, we use
the partial fraction expansion method of a rational function
with high order poles. In (25), for all values of V', we have

Res(f(z),z2=0) = —j. (26)
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For the remaining distinct poles, the residues are found for
different values of V' according to [12]. For instance, we have

. N )
Res (f(z),z = —;) = H 4}\,, 27
4 g =1 £ (1 - ﬁ)
and
. N
Res (f(z),ZZ—j) = jAq H A2 x
q n=1,\,#0

N 1 al 2
11 ((A;F e X =)
(28)

for V' = 1,2 receive antennas, respectively. Now using the
obtained residues, we can evaluate the contour integral in (25).
It can be shown that the integration defined in (25) can be
evaluated as [[11], theorem (19.5)]

/fo fw)dw = jmRes(f(z),z =0)

+j27rZIRes <f(z),z = j) 29)

q=1 Ag

where a represents the radius of the contour C, and w denotes
the real part of the complex variable z. Substituting (29) in
(23), we get P,(Z; < 0) for the cases V=1 and 2 antennas
respectively as follows:

Case 1 (V=1): P,(Z; <0) = ( H A,;l) x
n=1,\,#0
ni N
1
Z( II (o 1)) . (30)
q=1 q’:l,)\q/#)\q q q
N ni
Case 2 (V=2): P,(Z; < 0) = I x> ()\qx
n=1,X,#0 q=1

g =LA A d=1 A2 /\q’
(€1}

Following the same procedure, we can evaluate the probability,
P,(Z5 < 0), by replacing A, by 8, and ny by ng, where (3,
(n = 1,...,N), are the eigenvalues of SoR and ny is the
number of the corresponding negative eigenvalues. Finally, the
average BER in (17) is obtained.

VI

In this section we examine the BER performance of the STS
system employing the proposed channel and data estimation
technique. Both Monte-Carlo simulations and the analytical

SIMULATION RESULTS

results are presented for different system configurations. In
all cases, we consider a DS-CDMA system with two transmit
and V = 1,2 receive antennas. We also consider an uplink
asynchronous transmission of a data block of three symbols
(M=3) over a frequency-selective fading channel. Throughout
the simulations, we consider a multiuser system where all
users are assigned Walsh code sequences of length 64 chips for
the pilot and data sequences. The delay among user signals,
(ks k € {1,2,...,K}), are assumed to be multiple of chip
periods within Ts. Without loss of generality, we assume that
the users’ delays satisfy the condition 71 =0 < ... < 73, <
... < 17 < T [13]. The path delay is also assumed to be
multiple of chip intervals, 7, = IT. (Il = 1,2,...,L). Fig. 2
shows the BER performance for different channel estimation
and data detection techniques: (i) perfect knowledge of the
channel at the receiver (reference case); (ii) conventional chan-
nel estimation and data detection [2] (no MAI removal from
both the channel and data estimates); (iii) conventional channel
estimation followed by decorrelating data detection (only
interference removal from the data estimates); and (iv) the
proposed decorrelating channel and data estimation technique.
Confirmed by simulations, our analytical results prove that the
proposed scheme achieves a performance very close to the
perfect channel estimation case for p,=40dB. The results also
show the effect of interference removal from both the channel
and data estimates on the system performance. The third
system renders a slight improvement over the conventional
technique [2], due to the MAI removal from the data estimates
but still affected by the imperfect channel estimation. With
MAI removal from both the channel and data estimates, the
proposed receiver outperforms the other estimation techniques.
For reference, we included the BER performance of the MRC
with four diversity branches. We can notice that the proposed
scheme is able to deliver the full system diversity (2V L) at
the prescribed p,,.

—s#— Perfect channel estimation

— 8 — Joint conventional channel and data estimation [2]
——cC channel tion +Dy data
—©— Joint decorrelating channel and data estimation(Simulation)
— © — Joint decorrelating channel and data estimation(Analysis)

10 —A— MRC(1x4) i

BER

Fig. 2. Comparison between different channel estimation and data detection
techniques for the 5-user STS system with L=2 paths, p,=40dB, two antennas
at the transmitter and one antenna at the receiver side.
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Fig. 3 also shows the performance of the proposed scheme
when the number of resolvable paths is increased to L =
3 per transmit antenna. The proposed receiver is shown to
offer accurate channel estimates even when the number of
resolvable paths increases. Also note that the system in this
case offers a diversity order of six 2V L = 6), as evident from
the comparison with the equivalent MRC with same number
of diversity branches. Finally, in Fig. 4, the BER performance
of our system is examined for 2 x 2 MIMO systems with two
resolvable paths per transmit antenna and different number
of users. The results conclude that the effect of increased
interference only appears as a SNR loss and no diversity loss
is incurred. In all the results, our analytical results are shown
to be in excellent agreement with the simulated ones, and the
full system diversity is maintained.

VII. CONCLUSION

We have analyzed the performance of channel estimation
and data detection technique for CDMA space-time spreading
systems in fading channels. The scheme employs channel and
data decorrelation prior to channel and data estimation and
hence removes the effect of interference from both the channel
and data estimates. In particular, we have shown that the
underlying scheme is robust to channel interference caused
by the multiple-access transmission in asynchronous CDMA
uplinks. Through both simulations and analytical results, we
have proven that the estimation technique is able to deliver
the full system diversity.

T
—— 2-paths(Perfect) ||
e

— © — 2-paths(Analysis)
—o— 3-paths(Perfect)
.

— 8 — 3-paths(Analysis) []
—A— MRC(1x4)
—+#— MRC(1x6)

25

Pq(dB)

Fig. 3. BER performance of the superimposed estimation technique for a 5-
user STS system with L=3 paths and p,=40dB, two antennas at the transmitter
and one antenna at the receiver side.
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Fig. 4. BER performance of the superimposed estimation technique for
the multiuser STS system with L=2 paths and p,=40dB. The STS system
employs two transmit antennas and V=2 antennas at the receiver side.
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