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Abstract—In this paper, a blind asynchronous single-user I. INTRODUCTION

code-reuse direct sequence code division multiple access (CDMA) s .
array receiver is proposed for the uplink. By assigning each T HAS been shown that code-division multiple access

short PN-code more than once, code reuse allows the number | (CDMA) offers significant promise in meeting the growing
of active users to be increased beyond the spreading gain. Thedemand for data rate and capacity in wireless communication
proposed receiver is based on a blind single-code multipath joint systems [1]. The long code approach (adopted in 1S-95) uses

space—time channel estimation technique that utilizes the concept .
of the spatio—-temporal array manifold, in conjunction with a PN-code sequences that span many data symbol periods, and

novel preprocessor, to deal with the multipath problem. From the this allows a large number of users to be included in the system.
estimated space—time channel parameters of a particular active The conventional long code receivers, such as the matched
code, the subset of parameters of a specific co-code user is therfilter [2] or the RAKE receiver [3], treat multiuser interference

identified, and a single-user receiving weight vector is finally 55 zdditive white Gaussian noise, such that each user can

formed. The proposed approach is a subspace type method, and . L . . .
therefore, it is “near—far” resistant. Furthermore, in contrast to be considered to be functioning in a single-user channel in

existing receivers such as the Space—Time Decorrelating Detector,th€ presence of only noi;e. The capacity of such systems is
the proposed receiver weight vector is tolerant to partial channel then limited by the total interference power and not by the

estimation errors and the incomplete estimation of channel number of available codes. In a high data rate system, the time
parameters. The theoretical framework is supported by computer dispersive nature of the communication channel introduces

simulation studies.

severe intersymbol interference (ISI), and this substantially

Index Terms—Antenna arrays, CDMA, code-reuse, interference jeteriorates the performance of these conventional receivers.

suppression, multipath channels, space-time processing, vector

Nonlinear interference cancellation techniques based on several

channels. iterative stages of decision feedback have been proposed [4],
[5]; however, the use of such methods requires complete and
NOMENCLATURE accurate knowledge of the amplitudes, phases, and delays of
A a Scalar. all users, and hence, their implementation may be impractical.
a, a Column vector. As a consequence, linear interference cancellation techniques
A Matrix. based on subspace type methods are generally preferred.
On Column vector ofN zeros. Subspace-type channel estimation techniques may be con-
1y Column vector ofN ones. sidered as the most powerful type of technique, outperforming
Onxxym  Matrix of zeros (sizeV x M). (especially in severe near—far situations) the conventional
Iy N dimensional identity matrix. “correlation type” channel estimation methods. However, such
Re(a) Real part ofa. technigues (which originally were derived for direction-finding
Sm(e)  Imaginary part ofa. array systems [6], [7]) are only applicable to the short coded
DOA Direction-of-arrival. systeminwhich each user occupies afinite number of dimensions
TOA Time-of-arrival. in signal subspace. Recently, these techniques have been em-
[a] Rounda up to nearest integer. ployed in DS-CDMA initially for single antenna systems (single
rown(A) Row N of matrix A. . path [8] and multipath [9]) and then for antenna arrays operating
exp(a)  Element-by-element exponential. in multipath environments [10]-[15]. In [16], the concept of the
® Kronecker product. spatio—temporal manifold is used in a non-CDMA environment,
ﬁ[f[‘k] ggtﬁgzﬁei?%?&j] by columnsAaf whereas in [10], it is employed to propose a subspace-type
PlA] Projection operatof onc[A] ie, P[A] = QDMA technique that is capable of |dent|fy|ng/est|mat|_ng
A(AHA)-1AH. T ]qlntly the coherent multipath dglays and DQAS of the desired
PLA] Projection operator of-[A] i.e., PL[A] = T — signals in the presence of multiple access interference (MAI),
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where the coherency between paths is removed by a one—di-
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DOA of the dominant paths is developed based on the estimated

n . . ..
§pace—t|me channel response vector of the desired user. Thisis a

subspace-type approach employing the two—dimensional (2-D)
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unitary ESPRIT algorithm as the estimator of the delays andThe problem of estimating the channel parameters of
DOAs, jointly. However, this approach restricts the multipatthe co-code users is not adequately addressed in any of the
delay spread to be a fraction of the data symbol period so tltaide-reuse methods discussed thus far. In addition, it is well
the RAKE fingers can be roughly located. In [13], an integratdchown that joint space—time processing is superior to per-
space—time multiuser array receiver has been proposed for aggnming spatial and temporal processing separately [20]. A
chronous DS-CDMA that is robust to errors in the estimation géint space—time channel estimation technique applicable to a
multipath arrival times. code-reuse system has been proposed in [14]; however, this
Subspace-based techniques have also been employedafggroach is for diffuse sources where the rays for a particular
diffused space-time CDMA frequency selective channels. Faser are spatially and temporally diffused, arriving in clusters
instance, in [14], a multidimensional subspace technique tesh that the mean and the variance of each cluster can be
been proposed to jointly estimate the channel parameters astimated. However, in this paper, it will be assumed that the
the degree of channel diffusion under the assumption that tleeeived signal arrives through a number of distinct paths (due
distribution function of the space—time parameters are known. sparse scatterers), which is a commonly used assumption
In [15], the channel estimation technique proposed in [14fpecially in macrocellular channels [21]. In addition, if the
for space—time dispersive channels has been adapted to system employs a code-reuse strategy, where the process of
chronous DS-CDMA based on two semi-blind spatio—temporebde assignment by the base station is eliminated (since each
channel estimation techniques. user may effectively choose a code randomly from the set of
The subspace-type channel estimation methods discusaedilable codes), then this may lead to an increase in system
thus far (excluding [14]) consider the case where each usepacity as well as to a simplified system design.
is assumed to have a unique short PN-code sequence, and this paper, a new space—time approach to code-reuse is pro-
consequently, the maximum number of users (capacitydpsed. The approach uses a novel joint space—time preprocessor
is constrained by the short code spreading gain. Sevet@ldeal multipath problem and a MuSiC-type cost function to
single-antenna systems have also been proposed for increabiinglly estimate the space—time channel parameters of a single
user capacity through code reuse, where each short PN-cadtive code corresponding to a group of co-code users. The pro-
sequence is assigned simultaneously to more than one userposed procedure exploits the structure of the spatio—temporal
For instance, in the sequence sharing approach of [17], eawshnifold vectors, which are defined herein. Channel parameter
user is assigned a subset of orthogonal sequences, such ektination can be performed given only knowledge of the active
a particular sequence may be shared by more than one uB®&i-code sequence and the locations of the antennas in the base
The system, hence, needs fewer orthogonal sequences thanstaiton array. From the estimated space—time channel parame-
that does not employ sequence sharing. The inevitable probltars of a particular active code, the subset of parameters of a spe-
of sequence collision is overcome by coordinating users’ staific co-code user is then identified using a “correlation analysis
times through basestation to mobile feedback. The sequenassignment” method. A new single-user receiver weight vector
are used in conjunction with the TOAs at the basestation rat combines despreading and interference cancellation is also
ceiver to distinguish the signals of different users. An alternatiy@oposed. This weight vector is tolerant to partial channel esti-
approach, which is proposed in [18], is also based on temponadtion errors and incomplete estimation of channel parameters.
processing. In this approach, the same orthogonal spreading®s is a subspace-type method and is, therefore, “near—far” re-
guence is assigned to a group of users, with the orthogonal sistant. It is a technique that has superresolution capabilities but
guence being overlaid with a different PN-code sequence faguires knowledge of the array manifold, which implies that
each user in the group. At the base station, detection is then ghe array should be properly calibrated [22], [23].
formed in two separate stages, first for the PN-code sequenc&he organization of the paper is as follows. In Section Il,
and then for the orthogonal sequence. The process is thenthe- array DS-CDMA mobile vector channel is modeled using
peated two or more times to improve the receiver’s decisiortee concept of the spatio—temporal manifold vectors. Based on
This “multiple stage spreading” approach assumes perfect tithés model, in Section Ill, a new subspace type (i.e., near—far
synchronization amongst all mobile users. Both of these temesistant) single-user receiver structure is proposed, facilitating
poral only solutions assume a nondispersive (multipath fre@)ode-reuse approach. In Section 1V, the proposed receiver is
channel. simulated and compared in terms of performance and assump-
It is well known that in general, if an antenna array systetions with the decorrelating detector [24] and the space-time
is used at the base station, communication system performa(8€)-RAKE receiver [25]. Mathematical descriptions of these
can be improved and a significant capacity gain achieved. Holsenchmark receivers are also given and adapted to the nota-
ever, the single antenna code-reuse techniques discussed tilbasemployed throughout the paper. The simulations are car-
far do not exploit the spatial aspect of the channel. In [19],ré&ed outin cases of complete and incomplete channel estimation,
code-reuse technique is proposed that employs an antenna amwégreas the case of partial channel estimation errors is also con-
such that users with the same code are separated via spatial-sidgred. Finally, in Section V, the paper is concluded.
processing. The approach employs an array receiver in conjunc-
tion with a code-reuse strategy. This code-reuse strategy ex-
ploits the higher probability of occurrence of symbol synchro-
nized code-reuse interferers among the interfering users than dtn an M-user asynchronous quaternary phase-shift keying
symbol synchronized co-code interferers to the desired user(QPSK) DS-CDMA communication system, the baseband tran-

Il. CHANNEL MODEL



MANIKAS AND SETHI: SPACE TIME CHANNEL ESTIMATOR AND SINGLE-USER RECEIVER 41

gy
a_

20d pagy,

: |
; WK ay xlsf).‘:\_
/
/
/
Nx1 II
£,
x@® \
g o
. \
carrier \i

Fig. 1. Front-end of the proposed array system.

smitted signal of théth user can be modeled as at the antenna array can be modeled as
> z(t) = [z1(1), 22(1), ..., an(D)]"
mi(t) =Y ainle; px(t — nles) 1) -
S =3 Bigsiymi(t — i) +n(t) 3)
with nT.s <t < (n + 1)T.s, Wwhere{a;[n], Vn € N} is the i=1 j=1

ith user’s sequence of channel symbiats +;)/v/2 of period \yhere n(t) € CV is the continuous-time complex white
T.; suchthat {a;[m]aj[n]} = bijémn-In (1), pr(¢) denotes  Gayssian noise vector. In (3), the veatgr= s(6;;, ¢;;) € C¥
one period of the PN waveform associated withitheuser, i.e., g the array manifold vector of thgth path of theith user,

N._1 which is defined as

Ci,PN(t) = Z ai[k]c(t - ch) (2) Sij = exp(—j[rh T9, «ny "'N]Tkz’j) (4)
k=0
wherer, € R3*! is the location vector of théth antenna

where{a,[k] € +1} corresponds to thith user's PN-code se- glement (in half wavelengths of the carrier frequency), and
quence of periodV. = T.s/T., c(t) denotes the chip pulse-

shaping waveform of duratioh,., andk7,. < t < (k + 1)T.. k;; = m[cos(8:;) cos(¢i;), sin(fi;) cos(ij), sin(epi;)]*
Let us consider that theh transmitted signal arrives at the base . .
station throughk; distinct paths (sparse scatterers). FurthelS (N€ wavenumber vector, with the azimuth anglgsneasured
more, let us assume that tfig path of theith user arrives at the With respect to the--axis. Without any loss of generality;; is
array reference point from the directi¢fy;, ¢;; }, with 6;; and assumed equal to zero for evéiy j). This implies that all users
¢;; representing the azimuth and elevation, respectively, withe Iocateq on th@m y)-plane. i i

channel propagation parametgks andr;;. Note thatr;; rep- TheN—dlmen_S|onaI received S|gnal-vegtﬁ1ft) is then sam-
resents the path delays, wherghs denotes the complex pathpIEd with a periodl; = T./q (oversampllng ifg > 1) and
coefficient and models the effects of path losses, shadowing dtFSed through a bank of tap-delay lines (TDLs), each of

random phase shifts due to reflection. In addition, the coeffEN9th2¢XVe. Upon concatenation of the outputs of the TDLs,
cients3;;, ¥ (i, j) encompass the effects of the phase offs,g?e @qN.N)-dimensional discretized signal vector thus formed

between the modulating/demodulating carriers, as well as ffe

transm_itter.powers. Itshogld be noted that this pgperfocuses on z[n] = [z1[n]7, z2[n]7, ..., zx[n]T]T. (5)

the estimation of the multipath delays and directions and not on

the complex path coefficients that can be obtained after this &$is is illustrated in Fig. 1, wherey[n] is the output from the

timation process using, for instance, [25]. Finally, it is assumédh antenna’s TDL.

that the delay spread is in the region of a channel symbol periodNote, however, that due to the multipath delay spread, the
Based on the previous environment, the baseband contiontent of each TDL contains contributions from not only the

uous-time received signal-vecteft) € CV due to theM users current but also the previous and next symbols. To model such
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contributions, the spatio—temporal manifold vector due to thvéth

jth path of theith user is modeled as H; prev = (Iy ® (J7)1V)H;

hij =sij @ Jig (6) H; next = (Iy ® J9%)H;

wherel;; = [r;;/Ts] is the discretized equivalent of the delay Bi = B, iz, ’_ﬂ ] _
of the jth path of theith user, with[e] being the roundup to andn/[n] representing the noise effects
nearest integer operator, asg is the array manifold vector whereH; = [bi1, Bis, ..., bix,] is the matrix with columns

of the jth path of th_eith_ user. In (6), the matrid is the shift of the K; “STAR” manifold vectors of theth user. In (9), the
operator matrix, which is defined as first summation involves the effects of alll. co-code users,

0 0 --- 0 0] including the desired (first) user, and can be rewritten as
N B+ Y el
05 N 0 ai[n]H18;+ ) a;[n|H;B;
J=|0 1 -~ 0 0 = | 2aNe—1 } 7 — L p
IZqNC—l 02qNC—1 desired
CCI
00 -~ 1 0] M.

and is used to model the path delay effect. In particular, every " z:; (ailn = 1H prevfBi + il 1JHy nexe i) (10)
time the matrixJ (or J7') operates on a column vector, the con-
tents of the vector are downshifted (or upshifted) by one posi-
tion, with zeros being added to the top (or bottom) of the vectd¥here the first term is the desired term, the second term repre-
that is,J'c; is a downshifted version of; by [ elements, and Sents the co-code interference (CCI) to the desired signal, and
(JT)!¢; is an upshifted version af, by I elements. Finally, the the third term represents the ISI effects (due to the previous and
vectore; € R24V. is defined as next data symbols of all co-code users including the desired
user). It is clear that the “STAR” manifold vectors associated
_ kq with the K paths of the desired (first) user are linearly com-
¢ = Z ai[k]J e ®)  bined by the fading coefficient vectg, (i.e., H;3,), and this

k=0 will make these paths indistinguishable in their contribution to

where the vectore is the oversampled chip pulse-the signal subspace associated with the covariance nftrix

( ~.

J

ISI

N.—1

shaping waveformce(t) extended with zeros, i.e¢ = of the received signat[n]|. The same is of course valid for the
[c(0), ¢(Ts), ..., c((qg — 1)Ts), quN _q]T_ If a rectangular CCI. This looks like the well-known “coherence problem” of

chip pulse-shaping waveform is employed, tda simplified Subspace-based estimation techniques, and as a consequence,

toec = [137 ogchiq]T, which, if¢ = 1 (i.e., no oversampling), it is not possible to estimate the desired users spatio—temporal
simplifies (8) to channel parameters (path delays and directions) using signal
subspace techniques such as MuSiC [6]. In the following sec-

T tion, an approach to overcome this problem is presented.

¢ = gL[O], ai[1]7 L) a’i[Nc - ll/ OKE

I1l. CHANNEL ESTIMATOR AND RECEIVER

~
ith user’s PN-code

It is important to point out that in a code-reuse system;the Initially, let us define the matrixC,

user will share its PN-code sequereg[k], 0 < k < N} with Cy = [Tley, Iy, ..., Jley, ..., JNeqy) (11)
a number of other users such thats common to all members ' ’ -
of the group of co-code mobile users. which is related to the first codg [see (8)], employed by the

We will assume, without loss of generality, that the first useatesired (first) user and its co-code partners (that is, users 2 to
is the desired user. It can now be shown thpt] can be ex- M.).
pressed as a function of the desired usetts(current) channel ~ We now define what we call the preprocessor maRix €
symbola,[n] and the “Spatio~Temporal ARray (STAR) man-R21NeNx2aNeN gg
ifold vectors”h;;, as well as the contributions of the previous

and next channel symbols, as P, =1y ® PH[Cy] (12)
M. whereCy, is formed from the matrixC; by removing its/th
z[n] = Z (a;[n)|H;B; + ai[n — 1|H; prevB; (9) column. Applying the preprocessbY, to the signalz[n] given
i=1 by (9), i.e.,
+ a; [TL + 1]H1, nextﬁi)
M y[n] = Pez[n] (13)
+ Z (ai[n]HiB; + ai[n — 1]H; prevB; implies that the preprocessBY, is applied directly on the ma-

i=Mc+1 tricesH;, H; prev andH; o for every: from 1 to M (i.e.,

+ ai[n + 1JH; nextB;) + 1n[n] for every user). However, its effects @&f; are different from
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those onH;, prev andH; .o for the desired user (i.ei,= 1) is a 1-D continuum (i.e., a curve) lying in &y.N.N-dimen-
and its co-code partners (i.€.< i < M.). Analysis of the ef- sional complex spacg*?™-"V (observation space of the signal
fects of the preprocess@, on the columns of the matril; y,[n]). This curve is the transformed manifold-curve of the
shows that (14), shown at the bottom of the page, is valid fdesired user and its co-code partners for this specific ddlay
usersl < i < M. but not valid for MAI and ISI contributions, and does not include any contribution from the transformed
which are “transformed” rather than “simplified.” ISI or MAI manifold vectors (which are described by different

Equation (14) means, in nonmathematical terms, that for thquations, i.e., belong to different manifold curves). The pro-
desired (first) user and its co-code partners, there will be posed algorithm exploits this property (using the received data)
contributions to the preprocessed signal vegidr] other than by aiming to find a “signal subspace” to which the transformed
those from signals arriving through paths with delay equal spatio—temporal manifold vectors, for delé&y;, also belong.
LT (if any such paths exist). This is because all columrHgf Therefore,the intersectionof the manifold curve with the
for 1 < i < M,, except those corresponding to paths of deldypverall signal-subspace” &, = £{y,[n]y [n]} will provide
equal to/T,, will lie in the null space of the preprocessor matridonly the desired signal components.

P,. Indeed, by forming the covariance mati, of the prepro-

To emphasize this point, let us express the signal vagfet cessed signaj,[n] and then by partitioning the observation
in a similar fashion to (9), as in (15), shown at the bottom afpace of theR, into the “signal-subspace” and “noise-sub-
the page, and let us focus on its first line, in conjunction witbpace,” it is clear from the above modeling and discussion
a representative example of five co-code uséifs & 5). Let that the “signal subspace” will contain the contributions of
us assume that only the second patk=(2) of the desired user those paths with delays equald®; as well as the transformed
(: = 1) as well as the first pathj(= 1) of one of the desired I1SI and MAI. For example, in (16), the signal subspace of
users co-code partners=£ 4, say) arrive with a delay equal tothe covariance matriR3 of the signaly,[n] will include the
3T, (i.e.,l12 = l41 = 3). In this casef = 3, and the first line vectorsP3h2 andP3h41, as well as the contributions of the
of (15) becomes transformed ISI and transformed MAI. This implies that in
the signal subspace, the desired term and the CClI term will be
unresolvable from the transformed ISI and MAI. However, if
- we define the transformed “STAR” manifold curve for= 3
desired term cCI as the locus of all manifold vectoB;(s(f) ® J¢;), V6, then

. . . only the vector® 351, andP3h4; will belong to this manifold
indicating that by using this preprocesdd, all paths of the rve, as well as to the signal subspace. It is then clear through

second, third, and fifth users have been removed, Whereaswe . )
) . ; ! this representative example that by searching the transformed
coherence-like problem associated with the desired user (as ngi

. - AR” manifold curve associated with the PN-code of the
as with the fourth user) has been eliminated. . o . . . .
desired user, its intersection with the signal subspace will

It is clear from the previous discussion that after the P rovide only the directional parameters of any existing path

processor (transformation), only the multipath rays (with del . . . . §
(T,) of the desired user and its co-code partners are descri éasomated with the desired user and its co-code partners)

. aving delay equal t87%. If there is no path from the co-code
[see (6) and (13)] aB(s(6) @ J7c1). The locus of all vectors set of users with delay equal 87, then no intersection will

exist. Fig. 2 shows a representation of the signal and noise
{Pu(s(f) ® I%¢1); VO € Q}, whereQ = parameter space subspaces and how the transformed “STAR” manifold curve

a [n][312P3b1%+£) + 0 4 ay[n]Ba1Psha1 + 0 (16)

~~

0,0,...,0,P;h;;0,...,0,0], ifl;; = (forasingle path
PeHi:{[ tYig ] - J ( ‘ gle path) (14)
[0,0,...,0,00,....0,0] ifl,; #0, V]
M,
y[n] = ai[n]P H1B; + Z a;[n]PH;B,
1=2
transformed :1resired & CCI
M.,
+ Z(a1[n - 1]P/Hi,prevﬂi + ai[n + 1]P/Hi,nextﬂi)
i=1
transfo;rmed ISI
M
+ Y (a[PHB; + ailn — 1JPH, prevB; + ai[n + 1PH; nexiB;) +Pimin] (15)

i=M.+1

/

transformed MAI
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“set\'“ﬁ"“ Space LIR Jof dim, equaj , a peak search of the spectrum obtained by the evaluation of (17)
]

will provide the set of anglé and delayf estimates

E= {(1917 v[1>7 (1927 v[2>7 (ﬂKesu TI&c)}

where K. is the total number of estimated paths (given by
the total number of peaks in the spectrum) corresponding to the
desired (first) user and its co-code partners.

It should be noted that in this approach, there is no informa-
tion requirement beyond the active code of the desired user and
its co-code partners. This is sufficient to achieve for each pos-
sible delay a single contribution, with estimatable parameters,
in the signal subspace for each of the co-code users.

The proposed system is illustrated in Fig. 3, which shows the
described parallel bank of preprocessds for 1 < 7 < qN.)
alongside the peak search of the spectrum obtained through the
evaluation of (17), which will provide the set of paramet&rs
From this set, in the code-reuse system, the suBsetf =
(i.,e.,E; C E) of channel parameters associated with the first
co-code user need to be identified. To achieve this, a weight ma-
trix W is constructed in order to be employed by a “correlation
analysis assignment” block. This matiW e (2aNeNxKes
has columns that are functions of the “STAR” manifold vectors
will only intersect the signal subspace at certain points for thﬁ; =s(0p)®J U ¢, associated with the set of paramet&rdn

\

Spatio-Temporal A
: - P.b., 55
Manifold Curve for £ 3_.._—:' ‘ 3014 b,-ss

Py(s(O)@Jc;) V6

] )

u \
:‘ Noise Subspace ‘C[fii

j

Fig. 2. Subspaces for the representative example.

example discussed above. particular, itskth column is described (a derivation can be found
Thus, in general terms, if there is a bank of preprocesBers in the Appendix) as
fort = 1,2, ..., gN,., then the above-described procedure is
translated to a number of 1-D searches over azimuth dire@tion Wy = /3kR§ Py b (18)
for every delayl </ < ¢N,, or, in an equivalent way, to a 2-D §
MusSiC-type cost function thatis based on the “STAR” manifolwhere R; = Py R..P; , and { denotes a pseudo in-
vector concept and can be expressed as verse-type operator.
Based onW operating on a received signal frame bf
(e, ) 1 channel symbols, the matrig € C*<*! is formed as
(Pu(s(8) @ 3'0)) T P [Be| (Pu(s(0) © Plc)) Z=Wolgn], zln+ 1), ... aln+ L—1]  (19)
Ve, 6. (17)

implying that each column of the matr® can be seen as a
P L . “pseudo” single path receiver weight vector that could be used to

In .(17)’ P[E(] is the prOchtlon operato_r of the eSt'mfi_te(?ecover the symbols from the user to whom this single path cor-

noise subspace[E,] obtained by the eigendecompositioneg 45 consequently, this implies that each row of the matrix

of the fth preprgcessed sano—temporaI covariance matgX.q1ains the decision variables for a framd.afymbols from

Re = E{y,[nly; [n]}. The cost functiorg(¢, 6) WOUld_ be_ the output of each of th&..; single path receiver weight vec-

expected to be approximately zero for delays and d'reCt'ofﬁs. If these decision variables are highly correlated (i.e., based

where paths do not exist and would be expected to give Iargﬁ the correlation matrix dZ), then the associated parameters

peaks for delays and c_iirections atwhich paths do exist. from the setE should belong to the same user. We define this
In summary, the action of thih preprocessor of the parallel

: . ocess as the “correlation analysis assignment.” The assign-
bank can then be stated as follows. For a particular active ccﬁ

; 3 Bnt process can be summarized as saying that those outputs
shared by the desired user and its co-code partneréiftge- ¢ yhe single path receiver weight vectors that are highly cor-

processor acts to null the current bit interference arising frofdateq must belong to transmissions from the same user, and
2h|s Iset of usefrshdug to Ipatgs arnvmrg]] with delay not eq_ual ﬁ%nce, those single-path weight vectors must have been formed
T Interms of the signal subspace, the preprocessor action gafy, estimated channel parameters that can be identified to be-
be considered to be the conversion of a single dimension COHR’)Iﬁg to the same user. Having assigned all the identified paths
bution (for each co-code user) arising due to the coherence—g%;‘%ongSt the co-code users and vih = {(51' i ) Vje
- 7 7/ .

probledm to either a smglzldln:ensmr;ﬁl ?c;irelgtnbutmtn (for ﬁa ..., K]} denoting the subset of the desired user, the actual
co-code user), corresponding oapaiho 1By or oanult single-user receiver for the desired user can be formed as
vector if no path of delayT exists. Each of these single-di-

mension contributions (if any such contributions exist) to the i
/th preprocessed space—time covariance matrix signal subspace w; = Z ﬁljR; P; 61]' (20)
will be of the form of a modified “STAR” manifold vector. Thus, =1 ! ’
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Fig. 3. Structure of the proposed code-reuse array receiver.
wheref)lj = s(élj) ®J!i¢;. The desired (first) user’s receiver assigned at least'(> 1) times. The code-reuse factor
weight vector could then be followed by a decision device. For ~ (CRF) can then be defined as CRF[M/N 4], where
example, thexth channel symbol decision can be taken as N 4 is the number of active codes.
Strategy- 2: Each of th&f users selects at random a code from
ai[n] = sign(Re {w{’z[n]}) + j - sign(Sm {wi'z[n]}) . the set ofV 4 active codes such that CRF[€{M /N 4}].
(22) Such a strategy removes the requirement for code alloca-
Some comments relating to the proposed algorithm are as fol-  tion by the base station and, hence, can be used to simplify
lows. the overall design of the communication system.

» The receiver represented by (20) is formed on a path by path~or the purposes of simulation, the spatio—temporal channel
basis and can be formed for any number of estimated pathgdrameters are taken from statistical distributions that arise from
is not necessary that every existent path for a particular user experimentally verified macrocellular multipath channel
be identified, and in this way, the proposed receiver is robusibdel [21] that assumes a sparse scattering environment. The
to incomplete channel estimation. path directions are taken from a Gaussian distribution with a

» Should the estimated parameters of a particular identifisthndard deviation of 20and a mean value that is uniformly
path be erroneous, the “correlation analysis assignmenlistributed between 40and 140. The path delays are assumed
stage of the proposed algorithm will leave that path una® be exponentially distributed. The path coefficients are
signed, and hence, the proposed algorithm is robust to thvelered such that the strongest coefficients are associated with

presence of partial channel estimation errors. the shortest paths, that igh1| > |8i2| - -+ > |Bik, | V.
Forthe purpose of performance comparison with the proposed
IV. SIMULATION RESULTS receiver weight vector, a number of benchmark receiver weight

Anumber of computer simulations are now presented to shygctors are used in the simulations. Using the notation employed

the performance of the proposed methods. For the purposé'gg_llfggzllféhis paper, these vectors can be defined as follows.
simulation, we propose two code reuse strategies. ) .

Strategy- 1. The active PN codes are assigned such that no code
is assigned@ + 1) times until all other codes have been w1 rake = H106; (22)
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ST-Decorrelating Detector: TABLE |
SIMULATION PARAMETERS
W1, DEC =
t, Val
row, ([Hl, prevﬂl; Hlﬂh Hl, nextﬂl Parameter ue
No. of Users, M 40
H2, prevﬂ27 H2ﬂ27 H2, nextﬂ27 e
. No. of Antennas, N 5
Hus, prevBar: HuByy, Ha, ncxtﬂ]\l]T) (23) Paths per User, K; Vi | 6
ST-Decorr (Limited Information): Processing Gain, Ne 31
PN-codes Gold Sequences
W1, DEC-LIM =
Number of Active Codes | 12
(k) 7=(k)

(k)
rowa ( |:H1 prexﬂl Hl 1 Hl nextM1

H ék)prevﬂQ H :62> H;k)next 2y - DESIRED AND CO-CODE USE-IEQSI!’_AECE—”TIME CHANNEL PARAMETERS
k) (k) (k) 7 " . ”
H g\[ prev ﬂ]\[ H]\I M > H M, next ]\[:I ) (24) 1*" User (Desired) I 27 User
TOA | DOA Path Coefficients TOA | DOA Path Coefficients
Path b 61 By, (184l = 1) lyj 2] Ba; (182l1* = 1000)
WhereH = [9i1; hiz, o5 it -y, O2gn k], that is, j=1|l| 17.| 91°| -0.3019-;0.5287 ||| 1T.| 142° | +5.7939 +523.4891

H( ) is the matrixH; with the lastt (with £ < K;)columnsre- =2 || 37.| 104°| -0.4325-;0.3558 ||| 47. | 81° | -+7.8624 —j13.4327
placed by zeros. This is equivalent to assuming that the weak j =3 ||| 87. | 139° | —0.1543+50.3299 ||| 8Z. | 63° | —10.7869 + j6.7995
k paths have not been estimated (i.e., the receiveris formed w j =4 ||| 117. | 112° | —0.0527 + j0.2640 T 1T, | 73°| —0.9610 + j2.5814
limited information). The ST-RAKE receiver has been chose j =5 ||| 157. | 149° | +0.1820 - j0.1610 ||| 15Z. | 67° | —0.9961 + j0.8978
as alower benchmark since itis the optimum single userrecei j =6 ||| 257. | 131° | +0.2224 - j0.0418 73° | +0.6151 — 50.2906
under the condition that multiuser interference is treated as ¢ 374 User 4% User
ditive white Gaussian noise and is also close to the type of | TOA | DOA | Path Coefficients || TOA | DOA | Path Coefficients
ceiver that is to be used in existing commercial CDMA Systen pan ([ &, | 65 | 8 (18:12=1000) || e | 65 | 84, (184112 = 2000)
(1S-95 and some UMTS). The decorrelating detector serves ;-1 ||| 27 | 832 | +23.7113 + j3.5021 |[| 27 | 116° | +19.3972 +511.5401
a good upper benchmark since it has been showntohave a| ;=2 |[| 57, | 78° | —17.8017 + jo.7625 ||| 47 | 19° | +15.8028 — j13.4504
formance that is close to that of the optimal multiuser detect ;—s{[| 77, | 720 | —-1.7619—j16855 |[| 67. | 60° | -—1.9658+1.3654
proposed by Verdu [24]. The decorrelating detectoris alsocC j—4 ||| 18z, | 620 | +15597—jo.nres ||| o | 73| -4.1206 - ja.2066
sidered in the presence of limited information (i.e., when tr ; —5 [ os7. | 54c | +0.8572+ jo.ad16 m 13T, | 103° [ +0.1180 — j3.3415
single weakest path remains unestimafee; 1) to satisfy the ;¢ [[[ 267 | s5° | —0.1452 4+ jo3as ||| 187 | 78° | —0.1207+ j2.8207
requirement of a benchmark against which the performance o
the proposed receiver can be compared in the presence of only
limited channel information. From Fig. 4 and Table IlI (first three columns), it can be seen
Simulation 1—Analysis of the Proposed Channel Parametiiat the channel parameters (delay and direction) of all 24 paths
Estimation TechniqueHere, a representative example of thef the four co-code users are correctly estimated. The subset
proposed channel parameter estimation technique is given wiogéparameter&E; of E (i.e.,E; C E) associated with desired
a uniform linear array of five antenna®' (= 5) with half-wave- user remain to be identified. These can be found by forming
lengthspacingisused. Table I providesthe simulation paramet¢h® W matrix and applying this to the received signal (corre-
whereas Table Il gives the unknown channel parameters assepinding to a frame of 500 symbols). This will provide the ma-
ated with the desired user and its three co-code partners. ThigseZ. Four columns of the correlation matrix of the rows of
channel parameters represent one realization of the statistiéatorresponding to the four co-code users of the codare
channel parameter distributions described in the introductishown in Table IIl. By finding the values that are greater than a
of Section IV. The experimental received sigel] is formed threshold ofy = 0.95 (say), it is clear that the first, fifth, 12th,
over 500 QPSK symbols with the channel parameters assumet%th, 18th, and 23rd sets of estimated parameters belong to the
remain fixed over this observation interval of 500 symbols.  desired user (see 1st user’'s column). Note also from Table I
The input signal-to-noise ratio (SNR) associated with thgorrelation analysis results) that the maximum values of the last
desired (first) user is assumed equal to 10 dB. However, tiree columns will identify the parameters associated with the
order to create a near—far scenario, all the interfering useesnaining three co-code users.
(including co-code interferers) are assumed equal poweredlet us now consider the hypothetical case that there exists a
and the signal-to-interference ratio is assumed tc-88 dB channel parameter estimation error in one of the estimated paths.
(near—far ratio: NFR= 30 dB). Fig. 4 presents the spectrum ofFor example, let us say that all channel parameters for all paths
(17) based on the “STAR” manifold vector and obtained usimgher than the first identified path [which belongs to the desired
the proposed method, whereas Table Il gives the&sef the  (first) user and has true channel parameters,(91,)] have
estimated (DOA, TOA) parameters. been estimated correctly. If the estimation error is directional of
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Fig. 4. Two-dimensional spectrum (and the associated contour diagram) that provides the parameters of the desired user and its co-code partners.

TABLE Il

ESTIMATED SET (=) AND CORRELATION ANALYSIS

=

|

Correlation Analysis Results

TOA, I I DOA, ¥;

1t user | 27% user | 3™ user | 4** user

12t 1T., 91° 1.00 0.03 0.00 | —0.02
ond 1T, 142° 0.03 100 | —0.04 0.08
3rd 2T, 83° 0.00 | -0.04 1.00 0.05
4th 2T, 116° |j| —0.02 0.08 0.05 1.00
5th 3T, 104° 097 | -001 0.00 | —0.02
6th 4T,, 19° |l| —0.04 0.00 0.00 0.98
Tth AT, 81° 0.00 098 | -0.03 0.00
gth 5T, 78° 0.01| -0.04 0.98 0.00
otk 6T, 60° ||| —0.03 0.08 0.00 0.99
10t* T, 72° 0.01| -0.04 0.99 0.00
11t 8T, 63° 0.03 099 | -0.03 0.08
12th 8T, 139° 0.97 0.02| —0.01]| -0.02
13t 9T, 73° |I| —0.03 0.08 0.00 0.99
14th 11T, 73° 0.02 099 | -0.04 0.08
15tk 117, 112° 0.97 0.02 | -0.01| -0.02
16" 13T, 103° ||| —0.03 0.08 0.00 0.99
17tk 15T, 67° 0.02 099 | -0.04 0.08
18tk 15T, 149° 0.96 0.02| —0.01| -0.03
19tk 18T, 62° 0.01 ]| -0.04 0.99 0.05
20th 18T, 78° Il —0.03 0.07 0.05 0.99
219t 23T, 73° 0.00 099 | —0.04 0.08
29nd 25T, 54° 0.00 [ —0.04 0.99 0.00
2374 25T, 131° 0.96 0.01 0.00 | —0.02
24tk 26T, 55° 0.01 | -0.03 0.97 0.01

the first element of the first user’'s column will be 0.55 rather
than 1. In fact, the correlation with the identified paths of the
desired (first) user is only close to unity if there is no estimation
error. Therefore, the path identified with errors in its estimated
channel parameters will not been recognized as a path associ-
ated with the desired (first) user or any of its co-code partners.
The fact that the path with estimation errors remains unassigned
means that it will not effect the formation of the proposed re-
ceiver weight vectotn; for the desired (first) user, and in this
way, the proposed receiver is robust to partial channel estima-
tion errors.

Simulation 2—Analysis of Variation of Numbers of
Users: Simulation results are now presented to show the
variation in SNIR ¢ with an increasing number of users. The
simulations assume that channel estimation has already been
performed. The benchmark receivers (ST-RAKE receiver,
space—time decorrelating detector) are evaluated for the case of
complete channel information, such that the receivers are based
on all the required channel information assumed known with
complete accuracy [see (22) and (23), respectively]. In addition,
the space—time decorrelating detector is considered for the case
of incomplete channel estimation where the weakest ofthe
paths [hence, (24) witk = 1] of each user is assumed to be
unestimated. The proposed receiver weight vector is evaluated
for three cases. That is, it is assumed that the desired user’s
channel parameters have been estimated correctly for only

1) the single strongest (shortest) path, |lé1: 1;
2) the three strongest (shortest) paths, K8.= 3;
3) the single weakest (longest) path, i&; = 1.

The simulation parameters are as shown in Table I. The inter-
fering users are of power NFR 20 dB higher than the desired
user (to create a severe near—far scenario), and the desired user
SNR = 20 dB. The channel parameters of all users are taken
from the statistical distributions discussed above. The results
shown are obtained as an average over 40 simulation runs for

+5°, say, (i.e.,z§1 = 96° rather than 97), then the “correla- 500 channel symbols each, where for each simulation run the
tion analysis assignment” will provide almost identical resulisctive codes§ 4 = 12) are taken randomly from the complete
to those shown in Table 1lI, with the only difference being thatet of 31 codes. Figs. 5 and 6 plot the output SNIR against the
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Fig. 5. SNIR .. as a function of the number of users for code reuse StrategyRig. 6. SNIR,,; as a function of the number of users for code reuse Strategy 2.

number of users for the benchmark and proposed receivers=i20 dB for the desired user, the powers of the interfering user
the cases of code-reuse Strategy 1 (see Fig. 5) and Strategr?es from 0 to 60 dB. The results shown are obtained as an
(see Fig. 6). From Fig. 5, it can be seen that the proposed agerage over 40 simulation runs for 500 channel symbols each,
ceiver weight vectors maintain an acceptably interference fredaere for each simulation run, thé, = 12 active codes are
output as the number of users is increased, even in cases witgken randomly from the complete set of 31 codes. From Figs. 8
each active PN-code is used by as many as four uncoordinated 9, it can be seen that for both proposed code reuse strategies,
users simultaneously. It can also be seen that in the case whbegproposed receiver shows near—far resistance. Again, it is in-
only the single weakest path can be identified for the desirégtesting to observe the case of the limited space—time decorre-
user, on average, a proposed receiver can still be formed whiging detector. From the figures, it can be clearly seen that there
output can be used to make reliable channel symbol decisioissa rapid deterioration in this receiver’s performance as the NFR
and this shows that the proposed receiver weight vector is robisshicreased. The figures demonstrate that the proposed receiver
against incomplete channel estimation. The figure also showsight vector unlike the limited space—time decorrelating de-
the deterioration that plagues the space—time decorrelating tistor is near—far resistant in face of limited channel informa-
tector in the case where the receiver is formed with accurate bion.

limited channel information. Fig. 6 shows that in the case that From Simulations 2 and 4, it can be seen that the suggestion
the system has no control over code allocation, such that edleht code assignment by the base station can be eliminated is
user selects at random a code from the active set (Strategyj@3tified since there is little difference in observed system per-
the proposed method performs similarly to the case when ttesmance under the two proposed code-reuse strategies.

base station controls code allocation (Strategy 1).

Simulation 3—Comparison of Decision Variables for Dif-
ferent Receiversin Fig. 7, the decision variables (at point D
of Fig. 3) are plotted for the benchmark and proposed receiverA single-code multipath channel estimator and single-user
weight vectors for the environment described in Simulatioreceiver weight vector have been proposed to facilitate code
1. The results shown in Fig. 7 represent one realization oweuse, such that each active PN-code can be used simultane-
500 QPSK channel symbols. From this figure, it is obvioususly by a number of users. The proposed receiver is proven
that the space—time decorrelating detector provides the besbe near—far resistant and robust against incomplete channel
results [Fig. 7(a)], but its performance deteriorates dramaticabigtimation and partial channel estimation errors. The proposed
[Fig. 7(b)] if only limited information is available. The perfor-method uses joint spatio—temporal processing and would there-
mance of the RAKE receiver is the worst [Fig. 7(c)], wheredere be expected to have a performance that is superior to that
the proposed procedure provides a performance close to wigch can be achieved by existing code reuse techniques that
decorrelating receiver, even if three paths [Fig. 7(d)] or only thmplement spatial and temporal processing independently with
strongest path [Fig. 7(e)] is estimated. For illustrative purposele separation of co-code users being carried out solely in ei-
Fig. 7(f) presents the decision variables when only the weakés¢r domain. The proposed approach has been shown to handle
path is used in the proposed approach. co-code users so long as there exists a single estimatable path

Simulation 4—Demonstration of Near—Far Resistande: thatis separated in at least one domain (space or time) for each
demonstrate the near—far resistance of the proposed schemeysieein a group of co-code users. It has also been shown that code
output SNIR as a function of the interfering user power is evakssignment by the base station can be eliminated since there is
uated for the environment described in Simulation 2. With SNIRtle difference in observed system performance if each user is

V. CONCLUSIONS
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allowed to choose at random its own PN-code sequence, rather= s(9;) ® J Yecy, with (95, 1) € = denoting theth path’s
than using a sequence assigned by the base station. estimated direction and delay, respectively, where

APPENDIX == {(1917 [1) v (1927 [2) R (19&5“ [Kest)}-

DERIVATION OF (18) The PN-code; being used is also known; however, in the code

In the case of the single path receiver, only the estimated pause system, this is shared by a number of users such that
rameters of one path (tt¢h path, say) will be known. Thus, thethe kth identified path could belong to anyone of the co-code
information available to form a receiver weight vector is limusers. In other wordg, Tk) corresponds to théth user’s
ited to 3, (single path estimated complex path coefficient) anfth path parameterd,;, l;;), wherei could be anyone of €



50

(1, ..., M.), with M. denoting the number of co-code users.

That is
(’lgkv Tk-) (0:5, Lij)

= s(Jk) ® Jh ¢p =s(0i;) ® Jhicy .

=bs

(1]

(25)
[2]

(3]

(26)

=hi,;

Using the proposed spatio—temporal preproceBsowith ¢ =
[x(= l;;), a complex weight vectow; € C2NN can be
formed such that

[4]

(5]

di[n] = wilyy, [n]
[6]

(71

=w/P 1. %[n] (27)
wheredy,[n] is theith user’s decision device input for thah
symbol period, and[n] is the nth symbol period discretized 8]
received signal [see (9)]. The difference between the desirecﬁ
symbolgy,[n] = a;[n] andd,[n] can be expressed as an error

[9]

er[n] = gp[n] — wi'P fka;[n]

= e[n] = gFln] — 2Re(gilnlwi P+ zln] ) 0]

+wip sz[n]a:[n]HPfkwk (28)

[11]
whereP; = P{[i has been used. Taking the expectation of

both sides [12]

&{&n} = € {4iln]} — 2Re(Wl'Py p,. ) -
+wi' Py RoPy wi (29)

[14]

whereR,,. is the spatio—temporal covariance matrix, and the
Cross covariance vector is [15]

Py = € {grln]z[n]} = HiB,;. (30) 6]
The objective in a least mean square sense is to minimize t
expected value of the squared error. Differentiating (29) wit

respect to the weight vectav, and then setting this equal to

iy

zero for minimization, we have [18]
a 2
a—ka (5 {ek[n]}) = — Pv[kng + Pv[kRzszka =0 (31) [19]
T [20]
= Wi = (PYkRTTPV[k) Pv[kpmg
[21]

t

(P i, RmPv[k> P, Hif,. (32)
However, using (14) and taking into account the relationshig2?]

of (25) and (26), the tern®; H,3; is simplified to 5P b,

23
providing (18), i.e., i

Wi = ﬂkRTh P [ [’)k [24]

[25]
whereR; =P R..Py .
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