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Abstract— Subspace-based blind and group-blind space-time multiuser
detection is invoked for a smart antenna aided generalized MC DS-CDMA
system communicating over a dispersive Space-Time (ST) Rayleigh fad-
ing channel, where the channel estimates are attained by using subspace-
based blind techniques. In the generalized MC DS-CDMA system consid-
ered, smart antennas are employed, in order to provide increased degrees
of freedom and hence to improve the attainable performance and user ca-
pacity. Furthermore, our simulation results confirm that in the proposed
multiple antenna aided generalized MC DS-CDMA system, the blind and
group-blind space-time multiuser detectors equipped with the subspace-
based blind channel estimator are capable of achieving a similar perfor-
mance to that exploiting the perfect knowledge of the channel.

I. INTRODUCTION

Recently, considerable amount of research has been devoted to
Multi-User Detection (MUD) [2], [3], [4], [5], [1], which is capable of
essentially eliminating the effects of multiuser interference and hence
has the potential of substantially increasing the capacity of CDMA
systems. Verdu’s optimum MUD presented in [2] is capable of attain-
ing a near-single-user performance at the expense of an exponentially
increasing complexity imposed by increasing the number of users sup-
ported. By contrast, a decorrelating MUD having a lower complexity
was proposed in [6], where a slight increase of the achievable BER was
incurred. Training sequence based adaptive MUD was introduced in
[71, [8], [9], which requires the knowledge of the signature waveform
and the timing information of the desired user, but no other knowledge
is necessitated. In contrast to training sequence based adaptive MUD,
the Minimum-Output-Energy (MOE) based blind adaptive MUD [3]
does not require any training sequence and hence achieves an increased
spectrum efficiency, although its performance is suboptimum in the
high-SNR region. In [4], [10], Wang and Poor proposed a novel blind
MUD for single-carrier DS-CDMA systems based on the philosophy
of signal subspace estimation, which benefits from a lower compu-
tational complexity and a better performance compared to the MOE
based blind MUD. Group-blind MUDs having the prior knowledge of
all signature waveforms of the intracell users were then proposed in [5]
for the uplink of a single-carrier DS-CDMA system, which exhibited
a significant performance improvement over that of the blind MUDs
advocated in [4], [10]. Furthermore, in [11], a subspace-based MMSE
receiver was proposed for a Multi-Carrier Direct Sequence Code Di-
vision Multiple Access (MC DS-CDMA) system, where the orthogo-
nality between the noise subspace and the desired signal vector was
exploited for blindly extracting both the required timing and channel
information.

In this contribution, subspace-based blind and group-blind space-
time MUDs are invoked as joint space-time-frequency domain MUDs
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for the smart antenna aided generalized MC DS-CDMA system of
[12], since subspace-based estimation techniques [4], [10], [11] are ca-
pable of extracting the channel estimates required. More explicitly, the
novelty of this contribution is that we combine the benefits of subspace-
based blind and group-Blind space-time MUDs with those of the smart
antenna aided generalized MC DS-CDMA system of [12] for the sake
of improving the achievable performance of the system by jointly per-
forming multiuser detection in the space-time-frequency domain, while
achieving both frequency and spatial diversity.

The rest of this paper has the following structure. In Section II
the philosophy of the generalized MC DS-CDMA system employing
smart antennas will be described and characterized. Then, a subspace-
based blind channel estimation technique is invoked for the smart an-
tenna aided generalized MC DS-CDMA system considered in Section
III. Section IV develops subspace-based blind and group-blind space-
time MUDs in the context of a smart antenna aided generalized MC
DS-CDMA system. The attainable performance of these MUDs is
studied comparatively in Section V. Finally, we provide our conclu-
sions in Section VI.
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Fig. 1. Transmitter schematic of MC DS-CDMA using both N-chip time-

domain and V'-chip frequency-domain spreading

II. SYSTEM MODEL

The transmitter of the generalized MC DS-CDMA system is por-
trayed in Fig.1. At the transmitter side, the binary data stream by (t)
having a bit duration of 7} is spread using an N-chip Time Do-
main (TD) DS spreading waveform ¢ (t) and the chip duration was
T. = T,/N. The DS spread signals are simultaneously modulated
using BPSK and then spread using an orthogonal Frequency Domain
(FD) spreading sequence ¢’y = [¢'k,0,¢ k1, -, k,v—1] Of length
V, where we have ¢, -c'kH = 1. In this section we assume that OFDM
using V' subcarriers was invoked [13], where V' consecutive chips of
the MC DS-CDMA spreading sequences were mapped to V' different
subcarriers during an OFDM symbol and hence the OFDM-chip dura-
tion was T, = NT—; The spread OFDM chip-vector of V' subcarriers
can be expressed as s, (t) = ¢'kbi (t)cx (t) = [s1(t), s2(t), ..., sv(t)].
The Inverse Fast Fourier Transform (IFFT) is then invoked for modu-
lating the V' subcarriers by using the spread OFDM chip-vector sy (t)
[13]. The output signal of the IFFT-based demodulator is a block of
V' number of time domain samples in parallel form. After Parallel to



Serial (P/S) conversion, a sufficiently long cyclic prefix is inserted in
the OFDM symbol for the sake of compensating for the delay-spread-
induced Inter-Symbol Interference (ISI) imposed by the dispersive
channel [13]. Then, these time domain signals are transmitted through
a multipath fading channel, which is assumed to have L paths for all
the K users. Upon assuming that at the Base-Station (BS) there are M
number of receiver antenna elements and the channel encountered is
time-invariant during three consecutive bits, the Spatio-Temporal (ST)
Channel Impulse Response (CIR) h., (t) between the kth user and the
mth Antenna Element (AE) can be expressed as

L-1

him(t) = Z hama6(t —1T.), (1)

1=0

where Ay, is the complex-valued channel gain experienced by the
signal of the kth user in the /th path impinging on the mth AE, which
obeys Rayleigh fading.

At each AE, the time domain samples of the received signal corre-
sponding to the cyclic prefix are first removed and V' -point Fast Fourier
Transform (FFT) is invoked for demodulating the remaining V' sam-
ples and for generating the demodulated subcarrier signals in the fre-
quency domain [13]. Consequently, the received signal can be written

asr(t) = [rg (t),r] (t),...,ra_1(t)]", where r,,, (1) € RY is given
by
K Mp—1
I'm(t) = Z C/kam Z Akbk[l]ck(t — in — Tk)
k=1 i=0
+n, (1) )
and Hpm = [Himo, Hemos -« Hem,v—1]F  denotes  the

Frequency-Domain Channel Transfer Function (FDCTF) between the
kth user and the mth AE. In (2), M is the length of the transmitted
data frame, while Ay, {bx[i]} and 0 < 73, < T}, represent the received
signal amplitude, symbol stream and the delay of the kth user, re-
spectively. The spreading sequence cx(t) = Z;\; ()t — 5T
in (2) denotes the signature waveform of the kth user, where cx(j)
assumes values of +1 or -1 with equal probability, while ()
is a normalized chip waveform of duration 7.. Furthermore, in
(2), C'x = diag{c’x} and n,,(t) represents the AWGN vector
associated with the covariance matrix of 021y, where I, denotes
the (V' x V)-dimensional identity matrix. Since we assume that a
sufficiently long cyclic prefix was inserted and we have V' > L,
every subcarrier experiences flat fading and hence no OFDM ISI is
incurred. Therefore, the FDCTF Hy,, in (2) can be expressed as
the V-point DFT of him = [hkm,0,---, hkm,L,l]T in the form of
Hy,, = Fr - hy,,, where F is an (V x L)-dimensional matrix,
which is given by the first L columns of the DFT matrix F formulated

1 1 1

1 e*j27r/V e*j27\'(V*1)/V
as F =

i eszw({/q)/v eijW(Vf.l)(Vfl)/V

A set of M -V chip-matched filters are used for sampling the re-
ceived signal r(t) at a rate of 1/7¢. Since the delay spread is often
assumed to be one symbol interval of 7} duration in practical CDMA
systems [10], we observe the chip-matched filter outputs for a du-
ration of 273 so that despite the channel-induced ISI a completely
interference-free symbol of the desired user is guaranteed to be ob-
served. Hence the nth received signal sample of the vth chip-matched
filter corresponding to the mth AE during the /th symbol has the form

of

K
Tm,v[la Tl} = Tm,v(lTb + nTc) = Z ykm,v[ly Tl] + nm,v”y n]a (3)
k=1

where 1., [l, n] is the AWGN component and

Mp—1N—1
yk‘m,v[l?n} = Akam,vC/k,v Z Z bk[l]ck(])
i=0 j=0
xP((IN +n —j —iN)T. —73,) 4)

is the component due to the kth user’s signal received at the mth AE.
The function () = J70 (s)¥* (s — t)ds in (4) represents the chip
waveform output of the chip-matched filter.

Let us define the 2N -dimensional vectors
Frolll = [Fmo[l,0], s TmwL2N = 1), fmlll] =
M o[l 0],y o[, 2N —1)]7 and  Frmwll] =
[Yim,o[l,0], - -, Ykm,o[l, 2N — 1]]T‘ By concatenating these
V' M vectors corresponding to the V' subcarriers and the M AEs, we
obtain the following 2/N'V M -dimensional vectors

r[l] = [Foollls -, Far—nyv—n[M]", =[] =
VM
[Ag0[], - -, Blar— 1y [1])" and yll] =
VM
[Fro.0ll, - - ,yZ(M_1),v_1[lHT~ Hence, (3) can be rewritten
VM
as
K
rfl] = yk[l] + nll]. )

k=1

Without loss of generality, let b [I] represent the specific bit of the
kth user that falls completely in the /th symbol period and let us nor-
malize the value of 7, € T} to the chip duration 7. Therefore, we
have 7, = niT., where ny is an integer between zero and N — 1.
Let ¢, = [cx(0), ¢ (1),...,ck(N —1),0,...,0]T denote a vector of

——

N
length 2N, consisting of the N elements of the spreading sequence of
the kth user followed by N zeros. Following the notation in [9], we de-
fine Tr, and T r as the acyclic left shift operator and the acyclic right
shift operator processing vectors of length 2N, respectively. Then, we
use T7 and T to denote n applications of these operators, resulting
in n left and right shifts, respectively. Based on these operators, we
define v ' = T} "cp, vl = Thcpand vi = Ty e

For each asynchronous user, three consecutive bit intervals overlap
with a given observation interval of length 273. Furthermore, since
the system is chip asynchronous, two adjacent chips contribute to each
chip sample. The contribution of the kth user y[l] to the received
vector r[l] € R*MYM in (5) for the Ith symbol is therefore given by

yiell] = Di(br[l — 15, " + be[]V5 + bi[l + 1)), (6)

where Dk = dlag (Dk07Dk1 ~~~7Dk(1\/l—1)) is

a (2NVM  x 2NV M)-dimensional matrix and
ka = diag(Akam,()C,ho, ey Akam,oc/k,(), ey
AcHemv-1¢wv-1,-.., AkHim,v—1¢ kv —1).
Furthermore, we have v;,* = [(vz')",...,(v;)"]", v) =
VM
()™, (vp)]" and v = [(vi)",. ., (vi)"]". Upon sub-
VM VM



stituting (6) into (5), we arrive at

K
rfl] = Dubi V] + > Dr(bell — 13" + byl + 1]%3)
k=1
K
+ > Dpbp IV} + nll], (7)
k=2

and for notational convenience, (7) can be rewritten as

el = b [p1 + 3 bs{11p; + nll], ®)

=2

by using the equivalent synchronous model described in [9], where
b1[l] is the desired bit and p1 = D1¥!, while the remaining vectors
correspond to the ISI and MAI vectors in (7). Note that we have 2K <
J < 3K.

III. BLIND CHANNEL ESTIMATION

The eigen-decomposition of the autocorrelation matrix R of the re-
ceived MC DS-CDMA signal vector r is given by [5]

R = E{rr"}= PP + 0’ Lonvar
B " A; 0 Ul
where we have P = [p1,...,ps], U = [Us, U,] and A =

diag(As, Ay ). Without loss of generality, we assume that the vectors
P1,...,DPs are linearly independent and that J < 2NV M. There-
fore, the matrix P is a "tall” matrix having a rank of rank(P) =
rank(PPH) = J and A; = diag{\1,...,\s} contains the largest
J eigenvalues of the received signal’s autocorrelation matrix R. In
contrast to the signal space Us; = [ui,...,uy], the noise space
U, = [uj41,...,u2nv ] contains the (2NV M — J) orthogonal
eigenvectors corresponding to the smallest eigenvalues o2 in A.,.

As shown in [5], [10], the M L-dimensional CIR vector h; =
[hiy,...,hi,, ..., hi, ;)] of the desired user can be estimated by
explomng the orthogonality between the signal subspace and the noise
space. More specifically, U, is orthogonal to the column space of P
and P represents the column space of P. Therefore, we have

Ul'p1 = U Vid: = AU VIC'1Frh; =0, (10)
where we have the (2NV M x V M)-dimensional TD spreading code
matrix V§ = diag(v?,...,v9), the (VM x V M)-dimensional FD
spreading code matrix C’; = diag(C’1,...,C’;) and the (MV x
M L)-dimensional matrix F, = diag(Fp,...,Fr).

The estimate h; of the CIR vector h; can be gener-
ated by computing the minimum eigenvector of the matrix

fC’f(V?)HUnUfV?CHFL The necessary condition for such
an estimate to be unique is that we have J < 2NV M — LM. For
the worst case scenario of J = 3K, a necessary condition imposed
on the number of users for the sake of uniquely determining h; is
then K < @NV-_L)M * \When we have M > 2, the number of
users supported can be K = NV, provided that the condition of
W > L is met, which can be readily satisfied by appropriately
choosing M, N and V. Compared to the generalized MC DS-CDMA
system using a single antenna, the smart antenna aided system is capa-
ble of supporting more users, because generally speaking, increasing
the number of AEs has the potential of providing a higher degree of

freedom and hence it is capable of improving both the achievable sys-
tem performance and the user capacity. Furthermore, with the aid of an
appropriately chosen cyclic prefix, we can remove the phase ambiguity
encountered in the channel estimation process by using the techniques
proposed in [14].

If the value of 77 is not available, joint timing and channel estima-

tion must be carried out, which is summarized as follows:

1) Hypothesize a value for 71 € T3 and construct the matrix
VY (71) based on this hypothesized value;

2) Obtain  the best estimate hi(71) by
ing the minimum  eigenvector of the
FICT (V) TU, UV ()P

3) Repeat Steps 1) to 2) for different values of 71;

4) Attain the best timing estimate 7 by solving the minimization
problem of

comput-
matrix

U Ve (r)CFrh(n)])?

71 =arg m
[VO(r1)C1FLhy ()2

T ETb

; amn

5) Arrive at the best estimate h1 (1) based on 71.
In practice, we have to quantize the infinite number of possible hy-
pothesized values of 71 in the interval [0,7}] to a finite set. Since
the optimization problem in (11) is one-dimensional, not all choices
of the pair (71,h) are legitimate. The procedure described above
leads to the best estimate }_11(7'1) for a specific hypothesized value
of 7. Therefore, the search space is substantially reduced, render-

ing the above method more practical. Furthermore, since (71) =
U VY (r1)C/ 1 F by ()12

VO (r1)C/1FLhy(1)]?
a minimum within the closed interval [0, 7], which hence guarantees
the optimal choice of 7; that minimizes the cost function, provided that
we search on a sufficiently fine grid.

is a continuous function of 71, it must have

IV. BLIND AND GROUP-BLIND MULTIUSER DETECTION

Given the prior knowledge of the desired user’s signature waveform,
the linear MMSE MUD weights wi = m can be expressed in terms
of the signal subspace components Uy, A, o2 and the estimated com-
posite signature waveform p; = V(r1)C/1Frh; as

=U.A;'U!py, (12)

which is obtained by solving the following optimization problem [5]

: H_)2 —1-
m; = argwgrznlegVM E{|by —w'r|"} =R p1. (13)

Furthermore, the so-called form-II linear hybrid group-blind MUD
w1 [5], which exploits the knowledge of a group of K composite sig-
nature waveforms corresponding to K (K < K) intracell users, is
given by the solution of the following constrained optimization prob-

lem [5]

W1 = arg min _ E{|b — wi'r|’} (14)

wiErange(P)
subject to wy ip = 17, where 1, is a J-dimensional vector hav-
1ng all-zero elements, except for the 1st element, which is one, and
=[p1,...,pjlisa 2NV M x J)-dimensional matrix constructed
based on the estimated CIRs, on the timing information and on the TF-
Domain spreading signature waveforms of all the K intracell users.
Hence we have 2K < .J < 3K. Using the method of Lagrange mul-
tipliers [5] in (14), we obtain the form-II linear hybrid group-blind

MUD’s weight vector in the form of [5]

Wi, = U A UPPPPUA ' UP) 11, (15)



For the group-blind MUD of (15), the interfering signals arriving from
’known’ intracell users are nulled by a projection of the received sig-
nal onto the orthogonal subspace of these users’ signal subspace. The
unknown interfering users’ signals inflicted by other-cell users are sup-
pressed by identifying the subspace spanned by these intercell users,
followed by a linear transformation in this subspace based on the
MMSE criterion.

V. PERFORMANCE RESULTS

All investigations of this section were based on evaluating the per-
formance of the subspace-based blind and group-blind MUDs em-
ployed in the uplink of a smart antenna aided generalized MC DS-
CDMA system, when communicating over a dispersive ST Rayleigh
fading channel contaminated by AWGN. An antenna array having M
number of AEs is considered in our investigations. When the AEs are
located sufficiently far apart, the MC DS-CDMA signal experiences
independent fading upon reaching the different AEs, hence we have
the cross-correlation coefficient p = 0 among the AEs. By contrast,
when the AEs are separated by a distance of half a wavelength, we
have p = 1, which implies that these AEs are fully correlated. The
basic parameters of the blind and group-blind MUDs invoked for the
generalized MC DS-CDMA system considered are summarized in Ta-
ble I.

Parameters Value
Chips-spaced CIR length L 3
Normalized Dopper frequency | 0.01
Short cyclic prefix 2 chips
Burst length M 256
Number of subcarriers V' 4

FD Spreading gain 4

TD Spreading gain 15

TABLE I
BASIC SIMULATION PARAMETERS FOR THE BLIND AND GROUP-BLIND
MUDS INVOKED FOR THE GENERALIZED MC DS-CDMA UPLINK.

In Figure 2(a), three different types of antenna arrays, namely a
single antenna as well as an array having M = 2 correlated AEs or
M = 2 uncorrelated AEs were employed. The simulation results
showed that the group-blind MUD benefitting from the knowledge of
more intracell users’ signature waveforms attained a better BER per-
formance. Furthermore, Figure 2(a) demonstrated that as expected,
the blind MUD operating in conjunction with an antenna array having
M = 2uncorrelated AEs achieved a better BER performance than that
having M = 2 correlated AEs. The blind MUD employing a single
antenna attained the worst BER performance. In Figure 2(b) we ob-
serve that the blind and group-blind space-time MUDs equipped with
the subspace based CIR estimator perform only slightly worse than the
estimator exploiting the perfect knowledge of the CIRs, which implies
that the associated performance degradation imposed by the channel
estimator error is negligible.

In Figure 3(a), an antenna array having M = 2 uncorrelated AEs
was employed and we had p = 0, where the BER performance of
the blind and the group-blind MUDs was presented as a function of
the number of users supported. Note that the system having V' = 4,
N = 15 and hence capable of serving K = 60 users was full loaded.
Finally, Figure 3(b) characterizes the SNR gains achieved by increas-
ing the number of AEs, demonstrating that increasing the number of
AE:s is capable of providing an increased degree of freedom and hence
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Fig. 2. BER performance of the various MC DS-CDMA MUDs considered.

A total of K = 10 users were supported and the group-blind MUDs benefitted
from the knowledge of K = 8 intracell users’ spreading codes. The remaining
system parameters are summarized in Table I. (a) In this figure, three different
types of antenna arrays were studied, namely a single antenna as well as an
antenna array having M = 2 correlated and uncorrelated AEs. (b) In this
figure, an antenna array having M = 2 uncorrelated AEs was employed and
we had p = 0. Both the scenario of having the perfect knowledge of the
complex-valued CIRs and their realistic estimation were considered.

of substantially improving the attainable system performance at the
expense of a higher system complexity.

VI. CONCLUSIONS

In this contribution subspace-based blind and group-blind space-
time MUDs were investigated in the context of smart antenna aided
generalized MC DS-CDMA systems. As expected, the group-blind
MUD benefitting from the knowledge of more intracell users’ signa-
ture waveforms attained a better BER performance. The blind and
group-blind space-time MUDs equipped with the subspace based CIRs
estimator perform only slightly worse than the estimator exploiting the
perfect knowledge of the CIRs, which implied that the associated per-
formance degradation imposed by the channel estimator error is neg-
ligible. Furthermore, our simulation results suggested that increasing
the number of AEs is capable of providing an increased degree of free-
dom and hence of substantially improving the attainable performance
at the expense of a higher system complexity.
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Fig. 3. (a) BER versus the number of users, K, performance of the various
MC DS-CDMA MUDs considered. An antenna array having M = 2 uncor-
related AEs was employed and we had p = 0. The SNR was fixed to 16dB.
When considering the group-blind MUDs, the ratio of K /K was assigned to
0.4 or 0.8. (b) SNR gain versus the number of the receive antennas, M, per-
formance of group-blind MUDs at a BER of 10~%. Antenna arrays having a
cross-correlation coefficient of p = 0.7 were used. A total of K = 10 users
were supported and the group-blind MUDs benefitted from the knowledge of
K = 8intracell users’ spreading codes. The remaining system parameters are
summarized in Table 1.
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