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ABSTRACT adds some flexibility at the transmitter by allowing the number of

In this paper, we present a new space-time transmission framewo ta streams to be different from the number of transmit antennas.

for Multiple Input Multiple Output (MIMO) Code Division Multiple ontrarily to [10] and [11], full spatial spreading of each data
Access (CDMA) systems. A Constrained Space-Time Spreadiﬁgeam across the transmit antennas is glso permltteq in[12]. _
(CSTS) model is proposed by using a tensor modeling formalism. N this work, we present a constrained space-time spreading
The key feature of the CSTS model is the presence of two constrafPde! for MIMO systems which is based on a tensor modeling
matrices controlling the spatial spreading of the data streams2PProach with constraint matrices. The proposed model allows one
and the reuse factor of the spreading codes across subsets Bt derive several multiple-antenna transmit schemes with different
transmit antennas. The proposed CSTS model allows one fPace-time spreading patterns by simply adjusting the structure
derive several multiple-antenna transmit schemes with differenp! tWo constraint matrices of the tensor signal model. The first
space-time spreading patterns by simply adjusting the structure dfonstraint matrix controls the coupling of data streams and transmit
these two constraint matrices. Finite sets of CSTS schemes for 2Nténnas while the second one controls the coupling of spreading
3 and 4 transmit antennas are derived, which ensures the blin§odes and transmit antennas. )

recovery of the transmitted data streams. Exploiting the constrained As opposed to [12], where each data stream is spread over
tensor model of the received signal, a joint blind detection using?ll the available transmit antennas using necessarily different
the alternating least squares algorithm is used for performancespreading codes, the proposed model allows the reuse of the same

evaluation of several CSTS schemes. spreading code by each data stream, with the possibility to go
from full code reuse to full code multiplexing. Some examples
1. INTRODUCTION of constrained space-time spreading schemes are presented for

illustrating our modeling approach. Multiuser detection based on
The growing research interest in Multiple Input Multiple Output an alternating least squares algorithm is considered for recovering
(MIMO) Code Division Multiple Access (CDMA) systems comes the transmitted data streams in a complete blind setting, without
together with the expectation that mobile users will be equippedising training sequences and not even spreading code knowledge.
with two or more antennas in the near future. A generalizatiorSimulation results are provided for performance evaluation of
of classical spatial multiplexing schemes for CDMA systems wasseveral constrained space-time spreading schemes using this blind
proposed in [1]. Transmit diversity schemes for MIMO-CDMA detection.
have been proposed in [2, 3]. These methods, commonly called This paper is organized in the following manner. Section 2
space-time spreadingure capable of providing maximum transmit gescribes the basic system model and assumptions. In Section 3, we
diversity gain without using extra spreading codes and withoupresent the constrained space-time spreading model using a tensor
an increased transmit power. However, space-time spreadingrmalism. Feasible CSTS structures ensuring the blind recovery
methods put more emphasis on diversity than on multiple-access the transmitted data streams are also presented in this section.
interference. ) ) ~ The tensor received signal model for blind detection is described in
~In a seminal paper [4], the problem of multiuser detectionSection 4. The blind receiver is presented in Section 5 along with
in the context of CDMA systems is linked to Parallel Factor computer simulation results for performance evaluation of some

(PARAFAC) modeling.  Following this work, some model CSTS schemes. The paper is concluded in Section 6.
generalizations were proposed [5, 6, 7, 8, 9] under different

assumptions concerning multipath propagation structure (e.g.
including frequency-selectivity and/or specular multipath). All 2. GENERAL SYSTEM MODEL AND ASSUMPTIONS
these works are limited to single-antenna transmissions.
Recently, tensor decompositions have also been consider
for modeling multiple-antenna transmissions [10], [11], [12]. A
multi-antenna scheme exploiting the Khatri-Rao product structur
of the received signal is proposed in [10]. Despite its diversity-rat
flexibility and built-in blind identifiability, this multiple-antenna

e consider a MIMO system wittM transmit andK receive

tennas.R denotes the total number of independent transmitted
data strearmds and J denotes the number of spreading codes
Qvailable at the transmitter. The block diagram of the considered
MIMO-CDMA system is shown in Fig. 1. Each transmitted data
stream consists df symbols. The wireless channel is assumed to

scheme relies on temporal-only spreading of the data strea : : :
(as in a conventional (?DMA sy}éterﬁ:) Sin%e there is no spati € flat-fading and_constant dun_mg symbol _perlods. We assume
: hatR,J, andM satisfy the following inequality:

spreading of the data streams across the transmit antennas, ho
transmit spatial diversity is obtained. In [11], a generalized tensor
model is proposed for multiple-antenna CDMA systems with blind 1<R<JI<M.
detection. However, this modeling approach only considers spatial
multiplexing, where the number of data streams is restricted to be it is worth mentioning at this point that tHR data streams can belong
equal to the number of transmit antennas. The approach of [12p different users. We do not distinguish between both interpretations here.
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Figure 1: MIMO-CDMA system model Figure 2: CSTS block-diagram

The multiple-antenna transmission is structured in the followingwheregm(r, j) is the (r, j)-th element 0iGy, € CR*J. This matrix
manner. TheM transmit antennas are partitioned irfosmaller  defines the coupling betweéhdata streams an#ispreading codes
antenna subsets &, antennas each so thit = M +--- + Mg. at them-th transmit antenna. Let us define

At the r-th antenna subset, space-time spreading is performed to

provide transmit diversity to theth data stream using different M T RxJ

spreading codes whede=J; +--- + Jg and G= ngGm =Wo cC

1§Jr§Mr7 I’:l.,R . .. .
' as a matrix synthesizing the overall CSTS structu&is called
We assume that th® antenna subsets are formed by adjacenthere thecoupling matrix and is given by the inner product of two
antennas. Different antenna subsets transmit different data streamenstraint matrices# € CR*M and @ ¢ C?*M, Both matrices
using different spreading codes, i.e., there is no sharing of datare composed of canonical vectors controlling the coupling of
streams and spreading codes between any two different antendata streams and spreading codes at thé transmit antennas,
subsets. It is to be noted that full transmit diversity and full spatialrespectively. ¥ can be viewed as atream-to-antenna selection
multiplexing are special cases of this transmission model. We camatrix and® as acode-to-antenna selection matriAt this point,
distinguish the following types of transmit schemes that are coverede define the basic structure of these constraint matrices:

by our constrained space-time spreading model: e The columns of# and ® are canonical vectofshelonging
. rFr{m:Iti[i'ex}]ng:' M: Full transmit diversity with full code to the canonical baseE(R — {e(lR)’m’e'(P}, and EO) =
’ J9) ) ©aly-
e R=M, J = M: Full spatial multiplexing (e.g. [1]) {e;”.....e)"}, respectively;
e R=1,J=1: Full transmit diversity with full code reuse (e.g. ¢ ¥ and® are both full rank matricesWW¥" and ®®" being
[2D); diagonal matrices with equal trabé
3. CONSTRAINED SPACE-TIME SPREADING 3.1 Generic CSTS structure

In this section, Constrained Space-Time Spreading (CSTS) i®ur final goal is the blind recovery of the transmitted data streams
formulated using a tensor modeling formalism. At the transmitter(regardless of the knowledge of the spreading codes). From an
the serial input data is parallel-to-serial converted iRcdata  identifiability point of view, the coupling involving the columns of
streams oN symbols each, where SandC determined byz, may induce rotational freedom in subsets
B of columns of these matrices. A possible choiceGothat ensures
Snr =s((r—1)N+n) X e A e ; .

the uniqueness @is given by a “row-wise” block-diagonal matrix,
denotes the-th symbol of ther-th data stream. Lety j be thep-th each row containing a non-zero row vector [13]:
element of thej-th spreading code arty ,, be the spatial channel

gain between therth transmit antenna and tketh receive antenna. [vi1--yiy, O -+ 0 -0 - o 0 ]
Let us define the following matrices .
NxR PxJ KxM 0+ 0 Yooy 07
X X X
SeC™", CeC™, HeC G— . S R )
as thesymbo] codeandchannelmatrices, where 0 0
hem=[Hlkm; Snr =[Snrs  Cp,j = [Clp,j | 0~ 0 0 -~ 0 -0 V1 - YRR |
are, respectively, the typical elements of these matrices. Rx (B +J2+ - +Ir)

At the output of the CSTS block, the discrete-time signal

sample associated with tmeth transmitted symbolp-th chip and ~ Wherey j, is the reuse factor of th¢ spreading code, i.e., the
m-th transmit antenna is represented by: number of times thg, spreading code is used in the transmission

of ther-th data streamy j, satisfies the following constraint:

Un,p.mium((n_l)P"'p)' R J

In this work, un pm is interpreted as thén, p,m)-th element of > D Wi =M. 3)
the third-order tensort € CN*P*M representing the effective r=1r=1
transmitted signal. We propose the following constrainedgeyeral CSTS schemes can be obtained from this generic CSTS

factorization for modeling the CSTS operation: structure for different choices of the;,'s
3 |
R J
) . 2 . (N) N : . F
Un,p,m = z z gm(r7 J)Snrcp,ja gm(r7 J) - UJr,m(Pj,m, (1) A canonical vector, ' € R" is a unitary vector containing an element

== equal to 1 in its-th position and O’s elsewhere.
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3.2 Examples of CSTS schemes e M = 4: Now, we have a total of 5 generating arrays:

For a fixed numbeM of transmit antennas, a finite set, or codebook, 0

of CSTS schemes exists, each element of this set being given by us=[1111, Uz = { é é (1) 1 } ,

a different combination of the two constraint matricésand ®

satisfying the generic CSTS structure (2). Bgt('P, ®) denote the

feasible set of CSTS schemes for a fiXdd each element of this 1 1.0 0

set being given by the matrix pai¥, ®). A criterion for deriving a Uz = { 00 1 1 } )

feasible sefy (W, ®) of CSTS schemes ensuring the blind recovery

of the data streams is proposed in [13] using concepts of partition 1.0 0

theory. In this work, we restrict ourselves to the presentation of 01 0
0 0 1

[eNeN
[eNeN
o O
OO
—

Uonn1= {

feasible CSTS schemes, where the constraint maticasd® are Ui111=
derived from a common set gfenerating arraysas will be clear 0 0 0
from the following examples.

ROOO

and the feasible s (W, ®) is composed of 12 different CSTS

e M = 2: The 2 generating arrays are: schemes satisfying (2):

1 O
up=[11, U= [ 0 1 ] . SW, ) = {(U4,U4): (ua,Usz1); (Ua,U22) 5 (Us,Uz11); (Us,U1111)
—_— e — — ——
J=1 J=2 J=3 J=4
The setS(W,®) of feasible CSTS schemes ftd = 2 can be R-1
derived from these generating arrays by: (Ua1,Us1); (Uaz,Uza) ; (U1, Ua11); (Uaz, Uags)
S(W,®) = { (uz,U2); (Uz,U11); (U11,U11) } =2 =3
(N W R=2
J=1 J=2 R=J=2
—— — —
R=1 (U211,U211) ; (U211, U1111) ; (U1111,U1111) }
J=3 J=4 R=J=4

Note that 3 CSTS schemes are possible. The first one, where
WY = & = uy, indicates that a single data stream is transmitted over R=3

This is a full transmit diversity scheme with full code reuse. Inthe same number of transmitted data streams and spreading codes
the second scheme we halle= uz and ® = Uy3, meaning that pyt differing in the way the transmit antennas and spreading codes
the single data stream is now associated with 2 different spreadinge shared between the data streams. Let us take now the two
codes at the first and second transmit antennas. In this case, transhemegUsy, Uz11) and(Uzp, Up11). Both transmie data streams
diversity with full code multiplexing takes place. Finally, the third gyer 4 transmit antennas usiBgpreading codes.
schemel = ® = Uy, indicates that two different data streams are | et ys also look at schen&la1, U»11). It transmits the first data
transmitted from both antennas using different spreading codegiream over 3 transmit antennas using 2 different spreading codes
This full spatial multiplexing scheme with full code multiplexing (one is reused at 2 transmit antennas) and the second data stream is
(i.e. _dlf'fe_rent codes at different antennas), as in a standard spatighnsmitted by a single antenna using a single spreading code. On
multiplexing CDMA system [1]. the other hand, the scherfid,,, U»11) transmits both data streams
e M = 3: In this case, we have 3 generating arrays: by assigning 2 transmit antennas to each one. The first data stream
is associated with a single spreading code while the second one uses
1 0 0 2 different spreading codes.
uz=[111, Uy = { é é 2 } ,Uim=|0 1 0. All the component CSTS schemes belonging to the sets
0 0 1 S(W,P), S3(W, ) and (W, ®) satisfy the generic structure (2)
which is required for the blind recovery of the transmitted data
The feasible sef(W, ®) is given by: streams. It is worth noting thatot all the pairwise combinations
of generating arrays is a feasible CSTS scheme. For instance,
the schemdW, ®) = (Uy,,U31) is not feasible for blind symbol
S(W,P) = {(U3,U3); (uz,U21); (uz,U111); recovery. In this scheme, tlsamespreading code is reused by the
— Y two differentdata streams, inducing a coupling between different

1 =2 =3 data streams. It can be shown [13] that this coupling leaves
R=1 rotational freedom within the antenna subset associated with the
second data stream, thus affecting uniquenesS @hly the first
(U21,U21); (U21,U111) 5 (U111,U111) }, data stream can be uniquely recovered). Therefore, care must be
ﬁ:z—’ T ?JT’ taken when deriving the CSTS schemes from the generating arrays.
R=2 4. RECEIVED SIGNAL MODEL

yielding a total of 6 possible CSTS schemes. The first schemét the receiver, the discrete-time chip-rate sampled baseband
Y — & = u3 is a 3-antenna transmit diversity with full code reuse. version of the received signal at theth symbol periodp-th chip,

The last ondP = @ = U, is a spatial multiplexing system using andk-th receive antenna (in absence of noise) is defined as:
different spreading codes at each transmit antenna. In between .

both extremes, we have 4 intermediary schemes which are different Xnpk = X((N—=1)P+p),

combinations of transmit diversity and spatial multiplexing with ; } ; ;

different code reuse patterns. For instance, the second and thigereﬁ"x’%iés the (n, p k)-th _element of a receweo! S|gqal tensor
schemes transmit a single data stream using 2 or 3 spreading coddsE &~ " The MIMO signal model is then given in tensor
respectively. Similarly, the fourth and fifth schemes transmit 2 datd10tation by:

streams using 2 and 3 spreading codes, respectively. M

Xn,pk = Z Un,p,mhk,m (4)
=1
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The structure of the CSTS model defined in (1) yields the following5.2 Blind receiver

noise-free received signal model: As the blind receiver, we make use of the alternating least squares
w R _ h 5 (ALS) algorithm [4, 14]. Given the received signal tensbre

Xn,pk = mzlr; j;lgm(r, j)snrCp,jhim. ®) CN*P=K this algorithm consists in alternated least squares updates
of S, C andH based on the constrained model (&), andH

It is worth noting that (5) is known in the specialized literature s . )
as a Tucker3 m%del [1(4%gm(r i) being the(rpj.m)-th element &re randomly initialized before starting the algorithm. At thib
' o iteration, the three least square updates are:

of the core tensoig of dimensionR x J x M. To be specific,

(5) is a constrained Tucker2 model becaugehas only 1's and . R . to
0’'s elements, since we have defingd(r, ) = Urm®jm. Instead C(Tt> = [(Hu,l)os(t,l)%dﬂ] X1
of using the Tucker2 notation, we will adopt here a “constrained h
PARAFAC” notation for representing (5) in matrix form, since it g(Tt) — [(é(t)q’Oﬁ(tfn)‘PT] X5,
allows us to explicit the constraint matrices when working with the
model. ~T a A Te
The received signal tensor can be organized as a set of matrices Hy = [(S@)WoC(t)cD)} Xs, ©)

{X.x} €CN*P k=1, ... K, each one containinly symbolsx P

. N . . . . " i i i KNP pai
chips of the received signal associated withkith receive antenna. WhereXy = X1 +Vy is the noisy version oK1, V € C*™*" being
It can be shown thafX.., admits the following “constrained @an additive white gaussian noise matrix. The convergence of the

PARAFAC" factorization [9]: %gc;rithm at .thecij-th iteﬁltion is d((aqutared wh?n t?ederror. be}weer:h
TAT e true received signal tensor and its reconstructed version from the
X,"k - Ska(H)m C , K - LK, 6)  estimated matrices does not change significantly between iterations
whereDy(H) is a diagonal matrix holding thk-th row of H on  t andt+ 1. In this work we assume th@tis known at the receiver so
the main diagonal. We can also define two other matrix¥gtsc  that the first estimation step in (9) is skipped. The estimatidbisf
CP*K collecting the received signal samples oRechips andK  aifected by an inherent scaling factor, i.8.= S- Diag(5; - - 3r),
receive antennas associated with thth transmitted symbol; and  \yhere5,, ... 8 are the scaling factors. These scaling factors are
X.p. € C**N collecting the received signal samples oXesymbol  eliminated by assuming that the first transmitted symbol of each
periods and receive antennas associated with ghth chip of the  data stream is equal to one [4].
spreading code. These matrices can be respectively factored as

Xn.=C®Dy(SW)HT, X.,. =HDp(COW'S', (7) 5.3 BER performance

n=1...,N, p=1,...,P. The received signal models (6) and (7) e first compare the performance of different CSTS schemes. We
are three different (but equivalent) writings of the received signakonsider the schemelp, U11) and (Ugg,Uspq) for M = 2, and
tensorx e CN*PxK, the schemegU>1,U»1) and (Up11,U111) for M = 3. Note that
Let us define the three matric¥s = [XTlmXTK]T € CKNxP (U11,U11) and(U111,U111) are full spatial multiplexing schemes,

Xo=[XT. - XTp |7 € CPXN andXg = [X] --- X[ |T e CNP*K (uz,U11) is a full transmit diversity scheme, whil@)z1,Uz1) is a
concatenating the third-mode, second-mode and first-mode slice&®mbined transmit diversity and spatial multiplexing scheme. The
of the received signal tensor, respectively, so fMaf_yninp=  receiver works withk = 2 antennas and a data block Nf= 10
[X2)(p_1)Kk 1kn = [X3l(n_1)p+pk = ¥n,pk- It can be shown [9] that symbols. Figure 3 shows the performance of these schemes with

these matrices admit the following constrained factorization: blind detection. Consideriny/ = 2, we can see thafup,U11)
outperformgUj1,U11) as expected, but this comes with a reduction

X1 = (HoSW)(Co)T in spectral efficiency by a factor of two. Also f = 3, (Uz1,Us1)
X, = (Coo H)(Sq_,)T offer; a better performance théd;1,U11).
T Figure 4 shows the performance of two CSTS schemes
X3 = (SWoCO)H', (8)  (Uz1,Us1) and (Uspq,Usp1q) valid for M = 3. We consider both
whereo is the Khatri-Rao (column-wise Kronecker) product. orthogonal and random spreading codes. Note that both schemes
have the same spatial spreading pattern With 2. The difference
5. SIMULATION RESULTS is on the code reuse patteth=£ 2 or 3). Here, we assumi¢ = 2,

N =10 andP = J. First we note that a performance degradation

The Bit-Error-Rate (BER) performance of some CSTS schemeg.crs when the spreading codes are not orthogonal (e.g. due to
fs?r;m;wcgl-sCDA'\f{ltér Eft;eimls [[?]ee\sl?r#j;%nbggfgnzo%fsC?rzgp&?‘narmultipath propagation). This causes a loss in the diversity gain, as
receiver is described and t%e simulation results arg ShOV\'In “Shown in Fig. 4. Note also that the scheme vt~ Uiy, (J = 3)
: offers a better performance than the scheme itk Uyq (q =2).

5.1 Simulation assumptions Such an improvement is due to the use of more spreading codes.

) Now, we consider a CSTS scheme Mr= 5 transmit antennas
The average BERversus Signal-to-Noise Ratio (SNR) curves using(W,®) = (Uz1,U1121). In this schemeR = 3 data streams
are obtained from 5000 Monte Carlo runs. Unless otherwisere transmitted using = 4 spreading codes. The first data stream
stated, the BER results represent the average performance gftransmitted oveM; = 2 antennas usinly; = 2 spreading codes.
the R data streams. At each run, the additive noise powelThe second data stream is also transmitted dee= 2 antennas,
is generated according to the sample SNR value given byut using only a single spreading code. The third data stream is
SNRzldoglo(||X1||%/\|V1||%). The spatial channel gains are transmitted by a single antenna using a single spreading code. We
redrawn from an i..d. complex-valued Gaussian generator. Thécus on the individual performance of each data stream in order to
transmitted symbols are redrawn from a pseudo-random Quaternanyvestigate the influence of the number of used transmit antennas
Phase Shift Keying (QPSK) sequence.  When consideringind codes on their performance. We consider 3, N = 10 and
orthogonal spreading codes at the receiver, Hadampod(des are P = 4. Figure 5 shows the performance of each data stream. A
used. For simulating the presence of inter-chip interference duperformance gain of the third data stream over the second one is
to multipath propagation, we consider pseudo-random codes as tlobtained considering both orthogonal and random spreading codes.
“effective” codes, which are redrawn from an i.i.d. complex-valuedNote that the third data stream uses different spreading codes while
Gaussian generator at each run. We assume that “guard chips” atee second data stream reuses the same spreading code. This result
used to avoid inter-symbol interference, following the approach otonfirms that using different codes for transmit diversity generally
[4]. In this caseP denotes the number of ISI-free chips/symbol.  provides a higher diversity gain than reusing the same code [1].
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Figure 4: Performance of two CSTS schemes using orthogonal and
random spreading codes.

6. CONCLUSION

(8]

In this paper, we have presented a constrained space-time spreading
(CSTS) framework for MIMO-CDMA systems relying on a tensor
modeling of the space-time spreading process. We have shown tha{tg]
the two constraint matricd# and® characterizing the CSTS model
can be viewed as stream-to-antenna and code-to-antenna selection
matrices, respectively. The proposed CSTS model covers several

classes of multiple-antenna CDMA schemes, spatial multiplexing10]

with

reuse.

full code multiplexing to transmit diversity with full code
By focusing on the blind joint detection of the data

streams, we have presented sets of CSTS schemed fer2,3

and

4 transmit antennas for different choices of the constrain

1]

matrices. Bit-error-rate performance of some CSTS schemes has
been evaluated using a blind alternating least squares receiver.

(1]
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