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A Beamspace—Time Interference Canceling CDMA
Receiver for Sectored Communications in a
Multipath Environment

Ta-Sung Lee and Teng-Cheng Tsai

Abstract—A beamspace-time (BT) receiver is proposed for in- work with the post-despread data obtained by a bank of fixed

terference suppression and multipath diversity reception in sec- correlators, and require a training sequence for ST channel es-
tored wireless code division multiple access communications. The timation

scheme involves two stages. First, a set of adaptive space-time di- - . .
versity processors, in the form of beamformer-correlator pairs, is Blind ST RAKE receivers have been proposed which do not

constructed which provides effective suppression of unwanted in- require a training sequence. The pioneering work proposed in
terference and reception of signals from a prescribed space-time [3] exploits the distinctive structures of the pre-despread and
region. Second, the output data obtained by these processors arepgst-despread spatial correlation matrices to estimate the spatial
maximum ratio combined to capture the signal multipath com-  opannels at different fingers of the SOI via the principal com-

ponents coherently. The proposed BT receiver is blind in that no t (PC) ei lue d it B f ing is th
training signal is required. The only information required is the ponent (PC) eigenvalue decomposition. Beamforming is then

signature sequence, timing and a rough estimate of the angle of ar- Performed at different fingers, followed by a post RAKE com-

rival of the signal for selecting the sector of interest. bining. In [4], the PC based scheme is extended to perform
Index Terms—Antenna arrays, beamforming, CDMA, interfer- space—time joint channel estimation and postcombining. The
ence cancellation, RAKE receiver. receivers in [3], [4], [6] work with the outputs of a bank of

fixed correlators, and are, thus, post-despread receivers. They
are simple to implement but do not fully exploit the temporal
degree of freedom available to handle strong MAI. As an alter-
ULTIPLE ACCESS INTERFERENCE (MAI), mul- native, a receiver which works directly with the chip-sampled
tipath fading, and noise are limiting factors of a coddata is called a pre-despread receiver, and can be regarded as
division multiple access (CDMA) system. MAI causes than adaptive matched filter that performs despreading and MAI
near—far effect and multipath induces intersymbol interferensgppression simultaneously [7]. A popular blind pre-despread
(IS). Advanced signal processing algorithms have been deceivers is the minimum output energy (MOE) receiver [8].
veloped to combat these problems. In particular, multi usHris similar in structure to the generalized sidelobe canceller
detectors have been proposed which exhibit immunity to til@SC) in array processing [9], and is shown to offer the perfor-
near—far effect [1]. Also, the RAKE receiver [2] is introducednance of the MMSE receiver without the aid of a training se-
as a means of coherent combining of multipath signals. Comdence. However, blind adaptive receivers are sensitive to mis-
ventional RAKE receivers are nonadaptive and nonblind in thaxatch in the SOI's signature due to the signal cancellation effect
the correlator bank is fixed, and a training sequence is used [é}. To alleviate this, auxiliary processing is introduced [8]. The
channel estimation. blind pre-despread receivers can be extended to the ST domain
In general, the multipath signals arrive at the receiver withith an antenna array. In [10], an ST pre-despread receiver is
different angles of arrival (AOA). To exploit this spatial sigfroposed which consists of a novel adaptive algorithm for im-
nature, an antenna array is employed. By using the extra ¢dsmenting adaptive matched filters in GSC form, a maximum
gree of freedom offered by the antenna array, MAI and ndikelihood AOA estimator for SOI location, and a pilot-assisted
rowband interference (NBI) that are spatially separated froRAKE receiver for postcombining.
the signal-of-interest (SOI) can be suppressed. A receiver thatn this paper, a blind adaptive beamspace- (BT) pre-despread
exploits both the temporal and spatial structures to coherenticeiver is proposed for sectored CDMA communications. The
combine the multipath energy is referred to as the space-tinggeiver is designed with the following procedure. First, a set of
(ST) RAKE receiver [3]-[6]. Adaptive interference cancellatio®T diversity processors, in the form of beamformer-correlator
can be incorporated as an option via criteria such as minimyBC) pairs is constructed to collect the multipath signals in a pre-
mean-square-error (MMSE) [4], [5]. Most ST RAKE receiverscribed angular sector and time duration, and to suppress MAI
and NBI. This is done by performing adaptive nulling on a set
. . . . _ of linearly constrained minimum variance (LCMV) ST proces-
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Council of R.0.C under Contract 89-E-FA06-2-4. signal cancellation incurred with the mismatch of spatial-tem-
The authors are with the Department of Communication Engineering and I\@Drm signatures, a modified GSC is employed. Second, the out-

|I. INTRODUCTION

croelectronics and Information Systems Research Center, National Chiao Ti nd;( f th BC . di dif look di
University, Hsinchu, Taiwan, R.O.C. (e-mail: tslee@cc.nctu.edu.tw). puts of these pairs corresponding to different look direc-
Publisher Item Identifier S 0733-8716(01)04997-6. tions and delays are coherently combined to collect the multi-

0733-8716/01$10.00 © 2001 IEEE



LEE AND TSAIl: BEAMSPACE-TIME INTERFERENCE CANCELING CDMA RECEIVER 1375

path energy. The beamformers and correlators together consti¥,  chip duration.

tute a beamspace—time (BT) receiver which operates without tMthout loss of generality, we assumgn] to be complex

aid of a training signal. The only information required is a roughalued. With aD-antenna array at the basestation, the re-
estimate of the AOA of the SOI for sector selection. Comparagrse-link baseband complex data can be expressed in the
to conventional ST CDMA receivers [3]-[6], [10], in which spavector form

tial processing is done by direct beamforming, the proposed re-

Q J
ceiver performs “beamspace” beamforming in which array datg £ = /p. a0, it —1 )+ ins(t) £t
are first pre-processed by a set of diversity beamformers en—( ) ; ij_:la” (Big)rilt = 7i.j) +ix5(H) +0(0)

compassing an angular sector. This has two advantages. First, ' (3)
with sectorization, the capacity of the system can be potentialljhere
increased. Second, MAI and NBI from outside the sector can./ path number (assumed the same for all users);

be suppressed adaptively, leading to improved reception quality, ;. 7, ;  AOA, delay, and complex gain, respectively, of
for the SOI. As for adaptive correlators in GSC form, the pro- ande; ;  the jth path of theith user;

posed receiver is similar to that of [10]. A major distinction, a(#) spatial signature vector (or steering vector) ac-
however, is that the proposed method works with a temporal counting for the gain/phase variation across the
blocking matrix designed to eliminate all multipath signals in- array aperture due to a source frém

stead of just a specific path. This can avoid signal cancellation; y 5 (¢) narrowband interference vector;

incurred with coherent multipaths. In particular, a simple and ef- n(¢) noise vector whose entries are independent,
fective partially adaptive implementation is suggested to reduce identically distributed (i.i.d.) complex Gaussian
the adaptive weights dimension. Furthermore, with sectoriza- random variables with varianeg? .

tion, only a rough AOA estimator (to determine the right sector) To fully exploit the temporal signature of the multipath

is needed for beamforming. In contrast, the method in [10] reliehannel, x(¢) is chip matched filtered and then chip rate
on ML AOA estimation which requires a small multipath anglgampled at = (k — 1)7, + (n — 1)T.. + T../2 over thekth
spread. In summary, the proposed receiver is designed to condyahbol duration, i.e.n = 1,...,N + L — 1, whereL is
strong interference by adaptive spatial preprocessing (diversitye number of RAKE fingers or the effective maximum delay
beamforming), to incorporate pre-despread temporal process#pgead of the channel. Assuming user 1 to be the desired signal,
to enhance suppression of in-sector MAI, and to handle multhe pre-despread ST (pre-ST) data received at the array after
paths by spatial-temporal postprocessing [maximum ratio coghip-rate sampling can be written a®ax (N + L — 1) matrix
bining(MRC)].

The paper is organized as follows. Section Il presents the X(k) = [x1(k), xa(k), ..., Xn41-1(F)]
data model for ST receivers. In Section Ill, a blind BT receiver J
using the LCMV criterion and GSC technique is developed. = VP Y apafy)el di(k) +I(k) + N(k)
Section IV discusses the issues in implementation. Finally, Sec- i=1
tion V gives the simulation results and Section VI concludes the =H.d, (k) +I(k) + N(k) 4)
paper.

where
Xn(k) = X()li=(— )T+ (n—1) T 4T /2;
Il. DATA MODEL AND ST RAKE RECEIVERS Cr augmenteij ter)npo(ral s?gnatu/re vector of ftrepath of
Suppose that there aégactive DS-CDMA users in the cell. user 1;

Theith user’s contribution to the received signal is given by () transpose.
Depending on the delay;; ;,c, , is given by one of the

ri(t) = \/F_’ZZ di(k)s;(t — KT5) (1) columns of thg N + L — 1) x L augmented temporal signature
k matrix
where [ 1] 0 0 ]
P, power; : el
d;(k) kth transmitted information symbol; 1.
T, symbol duration; S — c1[NV] 0 )
;(t) signature waveform given b e
si(t) sig g y 0 V] 1]
N : : . :N
si(t) =Y _ ailnlp(t — nT.) @) L0 0 - alN
n=1 I(k) is the pre-ST interference matrix consisting of ISI, MAI
where and NBI, andN (%) is the pre-ST white noise matrix. From (4),
c:[n] signature sequence (or spreading sequence) afiihe H1 is the composite pre-ST signature matrix of user 1 given by

user;

J
N spreading factor; H; = P ) oy a(by;)ch, (6)
p(t) chip waveform; =1 ?
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A receiver for user 1 is designed to identify and reméleto
retrieve the symbat, (%) from I(k) andIN(%).

A variation of the pre-ST data matrix suitable for the ST
RAKE receiver is theD x L post-despread ST (post-ST) data
matrix

Fig. 1. Structure of GSC.

X (k) = X(k)ST = Hydy (k) + I(k) + N(k)  (7) )
R™'h;, whereR = E{x(k)x" (k)} is the post-BT data corre-

where lation matrix, anch; is the post-BT channel vector obtained by
H, = H,Sji; concatenating the columns HF; . Note that the channel vectors
I(k) = L(k)ST; used in the above receivers need be estimated using a training
N(k) = N(k)Si; . sequence or by other blind methods. Working with a training se-
()" complex conjugate. quence gives better channel estimation, but will inevitably de-

Note thatX (k) can be viewed as the time-compressed versiQhaase the system’s efficiency. This prompts the development of
of X(k). As a space domain counterpart, we can formihe  ping receivers|].

(N+L-1) pre-despread beamspace—time (pre-BT) data matrix

as follows: Ill. PROPOSEDBT RECEIVER

X(k) = WX (k) = Hydy (k) +I(k) + N(k)  (8) In this section, a blind BT receiver suitable for sectored sys-
tems is developed with a two-stage procedure. First, an adap-

Wh&;e DxMb ¢ . - tive ST processor is designed for each beam-finger pair which
Ao WEH beamforming matrix; transformsX (k) from the ST domain into a scalar. Second, the
1= L outputs of these ST processors are constructively combined to

I(k) = WHI(K);

N(k) = WHN(k);

()*  complex conjugate transpose. A. Construction of ST Processors
With M < D,X(k) can be viewed as the space-compressed

version ofX (k). Finally, we can form thé/ x L post-despread In sectored communications, the entire field-of-view of the
BT (post-BT) data mat’rix: receiver is divided into several angular sectors, each responsible

for a subset of users [2]. Assume that the AOAs and delays of
X(k) = WHEX(k)S* = Hyd (k) + I(k) + N(k) (9) the multipaths of the SOI (user 1) are roughly known such that
an angular sectd®s and a time duratiofi’, can be chosen to

extract the SOI's symbols.

where accommodate these multipaths. In order to effectively collect
H, = W"H,S}; the multipath energy, a set 8 diversity beams is formed with
I(k) = WHYI(k)ST; their patterns encompassifigs;, and a set of. diversity corre-
N(k) = WHN(k)ST. lators is formed with their responses matched toEHingers

Various types of receivers can be developed based on differgnt;, . This leads to a set af7 L beamformer-correlator (BC)
versions of the ST data. For example, the ST RAKE receivggijrs, or ST processors, operating on the pre-ST data matrix. Let

combines the entries of the post-ST data matrix into an estimaie, », = 1,..., M} be the set of angles well representifig
of dy (k) and denote aa,, = a(f,,). Also lets; be thelth column of
H o~ S1. The ST processor transforms the pre-ST data matrix into a
du(k) = dec{q"x(k)} (10) séalar outqu; P
where _ " .
q combining weight vector; Zm (k) = ap, X (k)s; (12)

x(k) DL x 1 vector obtained by concatenating th
columns ofX(k);

dec{-} decision operator.
The weight vector can be chosen in accordance with the
herent or MMSE criterion [4]. For coherent combining,=
h,, and for MMSE combiningg = R ‘h;, whereR =
E{x(k)x" (k)} is the post-ST data correlation matrix, ahd
is the post-ST channel vector obtained by concatenating
columns off; . Similarly, the BT RAKE receiver combines the
entries of the post-BT data matrix into an estimate df)

Svithm =1,...,Mandl = 1,...,L.

To ensure an effective suppression of strong interference,
adaptive cancellation is performed for each of the ST diversity
(b%cessors. An effective solution is to employ the scheme of
GSC [9]. The GSC is an indirect but simpler implementation of
the LCMV beamformer. Its concept, as depicted in Fig. 1, is to
?gecompose the weight vecter into: w = w — Bv, wherew
19%he fixed weight vector anB is the blocking matrix which
removes the signal before beamforming. The goal is to choose
the adaptive weight vectaerto cancel the interference. To apply

dy (k) = dec{q"x(k)} (11) the GSC concept for ST processors, some modifications should
be made. First, instead of blocking signals with a specific
whereq is the combining weight vector amd k) istheM L x 1  direction or delay, the blocking matrix must remove signals
vector obtained by concatenating the columnXok). For co- from the entire® s and7’». Second, instead of using a different
herent combiningg = h;, and for MMSE combininggq = blocking matrix for each ST processor, the same matrix is
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shared by all of thel/ L beam-fingers. Lev,,; andg,,; be notwell defined, adaptive nulling in the spatial domain is more
the spatial and temporal adaptive weight vectors, respectivedffective. The second step is then to & ;, and obtain the
The GSC formulation leads to the following ST operation:  spatial adaptive weight vector in accordance with

2t (k) = (am — BV )T X(k)(s; — Bgm.1)* min E {|(am — BV ) X(k)85, 2} (23)
= hrn,ldl(k) + irn,l(k) + nrn,l(k) (13) "
R . whose solution is given by
whereB andB are the spatial and temporal blocking matrices, .
respectively, and Vit = Ry (24)

hrn,l = (arn - Bvrn,l)HHl(Sl - ﬁgnl,l)* (14) where
; N _B HY(1V (s — E * . N .
Lm,l(k) = (am ?Vm,l)HI(k)(sl BAgm,l) ) (15) Rm,l - B {BHX(/%)é:n’lésl’lXH(k)B}
nrn,l(k) = (arn - Bvrn,l) N(l{})(Sl - Bgrn,l)” (16) -
Fmg = B {BTX (03, 85, X (Man ) (25)
Following the standard procedure of GSC, the adaptive weight

vectors are determined by solving the MMSE problem The above procedure can be iterated between (19) and (23) by
substituting (24) in (18), and re-executing the stepsin (19)—(25).
Y ll}iél l E{|zma(k))*} Since both the spatial adaptive weight vector and temporal adap-

. R tive weight vector are adjusted to minimize the cost function
=F {|(am — By, )X (k) (st — Bgm,z)*|2} (17)  of (17), and both are orthogonal to the desired signal, the min-
imization of cost function is solely due to the suppression of
The ST processors in (13) utilizes the spatial and temporal deterference. In particular, at each alternate iteration, either the
grees of freedom in a separate fashion. This is in contrast to gpatial or temporal weight vector will adjust itself to decrease
ceivers operating in a ST joint fashion. ST joint receivers are ste cost function with the other fixed. As a result, it can be sure
perior in terms processing dimension, but require a much highRat the cost function will reduce as iterations proceed. Never-
complexity. For scenarios in which there are only few dominattieless, the resulting solution may not lead to the global min-
interferers, ST separate receivers would be a more efficient @um of the cost function. However, as long as the degree of
lution. freedom of the adaptive weights are large enough compared to
The closed-form solution to (17) is not available, and an suthe number of interferers, the alternate procedure can always
optimum solution can be obtained by keeping the spatial weigfield a converged solution that provides effective interference
vector fixed and solving for the temporal weight vector, and vigsuppression. The proposed alternate iterative scheme is similar
versa. This leads to the development of the following alternaieprinciple to the iterative least square (ILS) problem described
minimization procedure. First, the beamformer weight vectorin [12]. Givena,,; fixed, the minimization of cost function (17)
N is a least-squares problem fgy, ; to make the cost function ap-
Am,i = am — By (18) proach zero. A similar situation holds fef,, ; with §,,, ; fixed.
Note that the above ST processors is developed based on
is initialized with a predetermined value (€ &, = am), and  the assumption of short spreading codes. Although the adaptive
the temporal adaptive weight vector is obtained in accordanggamformers can be used with long codes, the adaptive corre-

with lators cannot. This is because that the adaptive correlators are
] R T s en 19 designed to respond to fixed temporal signatures (composite
Igr}jI}E {KS! —Bgm) " X" (k)ay,,| } (19) spreading codes due to multipaths). Only with fixed temporal
signatures can the adaptive correlators “recognize” and suppress
whose solution is given by strong MAI.
8m,l = f{;:lfm,l (20) B. AOA Estimation and Sector Selection

To determine the working sector, some kind of preliminary lo-

where cation method can be used to obtain a coarse estimate the AOA

S SH~T st = P of the SOI. The estimate need not be accurate as required in con-

Ry = B {B X0 (R)ag 8, X (k)B} ventional LCMV beamforming but should lead to a right sector

#,1=E {]gHXT(k)é* A IX*(k)Sl} (21) for the multipath arrivals. In this section, a simple technique of

’ e AOA estimation is proposed based on the same framework for
The correlator weight vector adaptive beamforming. _
For simplicity, we assume that the SOl is the the se€tgr
Smi =51 — Bgmy (22) The AOA estimate of théth path of the SOl is determined as

the solution to the following spectral search problem

with gy, ; given by (20), can suppress MAI with a fixed temporal He
signature. For time-varying NBI whose temporal signatures are max Pi(6) = wi(6)" Rywi (6) (26)



1378 IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 19, NO. 7, JULY 2001

where values) in (29) which effectively represeés. The blocking
. - matrix B can be chosen to consist of the remainiigeigen-

Ri=F {X(k)sl s: X (k)} (27)  vectors associated with those smaller eigenvalues
is the post-despread correlation matrix for ttrefinger, and B=[ep_pi1,ep_pitz,... ep] (30)
wi(6) = [I - B(B"R;B)"*B"Ry]a(6) (28) ' Due to the orthogonality amorgs, the so constructdd should

(:);ﬁtisnyHa(e) ~ 0 for § € ©5. The EC method is shown to

provide a better blocking effect due to its “fuzzy” nature stated

ands,,, ; replaced bya(8) ands,, respectively. For an§ € ©.s earlier. The choosing ab’ is a trade-off between the blocking
s ' ’ ' _effect and adaptive nulling. A small’ leads to better blocking,

;ﬁt(gi)d;\gl prgszgg e:)m\?;r:ki):; ia\}earlrg Sl;psprgitsr;rllteer;elir;cnebut poor nulling, and vice versa. A useful criterion that has been
S » Dy vary s, asp P confirmed by numerical results 8’ ~ D/2.

be observed in the spatial spectrdf{#) corresponding to the
AOA.of thelth path. This is similar in_ principle to 'Fhe Capon’sD' Maximum Ratio Combiner

location method [11], except that a different blocking schemeis | ) ) ) .
used here to avoid signal cancellation. The same procedure calt 'S @ssumed that, with adaptive ST processing, the domi-
be executed for different sectors to locate all spectral peakg{gnt interference has been eliminated and the BC output data
the entire field-of-view. If multiple peaks are presentin di1"ferer|7‘fm:l(k)7 m=1,....,M,l=1,...,L, contain the SOl and col-

sectors, then further identification is necessary to distinguish tREd Noise only. This suggests that the MRC criterion can be em-
true SOI from others. ployed to collect these components coherently to extta@t).

Letf be theM L x 1 weight vector that performs the combining

is the optimum beamforming weight vector steered to the lo
directiond. It is the weight vector obtained from (23), with,

C. Selection of Blocking Matrices

Zo(k) = 7z, (k) (31)
The selection of blocking matrices are based on two criteria:
1) to remove the signal in the data so as to avoid signal cancahere
lation and 2) to leave a sufficient degree of freedom for interfer-
ence suppression. For temporal blocking, since the processinéc(k) = [21a(k)s oz a (B), 212 (R)s o 22 (R), -
gain is large and multipath timing is assumed knowncan 2,0(k), o n(k)]F
be constructed to remove signals with specific delays within ~ h.d; (k) +n,(k) (32)

the entire delay spread duration. On the other hand, since the
number of antennas is small for spatial blocking, and the sigriathe BC output data vector associated withitiesymbol, with
AOA is poorly defined B should be chosen to provide a “fuzzy”h. andn..(k) being the corresponding composite signature and

blocking effect. noise vectors, respectively, given by

The temporal blocking matriB can be chosen to be a T
full rank (N + L — 1) x (N — 1) matrix whose columns he =[higso g haas o charay oo s oo o]
are orthogonal tofs;,ss,...,sr}, i.e., BES; = O. For (33)
a more reliable operation, extra vectors can be i”dUdﬁQk):[nl,l(k),...,nM,l(k),nl,Q(k),...,nM,Q(k),...,

to extend the blocking interval to a larger delay spread. T
This will help to avoid possible signal cancellation due nLp (k) (F)] (34)

to undetected multipath arrivals. For example, two extgith z,, ;(k), iy, andn., (k) given by (13), (14) and (16),

vectors Sg_) = [al2],al3],-..,alN],0,..., O]T and respectively.
s(L+) =[0,...,0,c1[1],e1[2], ..., e [N —1]]" canbe included  The MRC weight vector can be determined blindly as the
to extend by one chip duration at both ends of the blockirgplution to the following problem [6]:
interval. - ) -
Let D’ be the dimension of,, ;. The spatial blocking ma- ] B 2.(R)|"} = f"R. f (35)
trix B can be chosen to be a full radk x I’ matrix whose £ E{[t¥n.(k)?}  tHR, T

; .
columns are orthogonal to a setBf— D’ steering vectors well whereR.. = E{z.(k)z" (k)} andR,. = E{n.(k)n” (k)}

. L T . .
representing thes. This is called the direction constramedare the BC output data and noise correlation matrices, respec-

method. An alternative scheme more suitable for small arrat}ﬁely_ The solution to (35) is well-known to be the principal

is the eigenvector constrained (EC) design suggested in [14]'glgneralized eigenvectdR.. , R,, }. The matrixR,, depends

:h|s deS|gn,é':1 d(laAnse f?t pfterl]ngﬂ?sn :dll:’). -V, is chosen on the beamformer and correlator weight vectors, and can be
0 represents. A matrix s then formed by shown to have thé, j)th entry given by (see the Appendix)
Ny D
_1 Hig y_ H R, lo.) = o2al , a,, .8 & 36
Ra = M z_:la(Hn)a (9n) = z_; )\ieiei (29) [ C](/:J) n“my,l 2,12 my,lPma,ls ( )
"= = wherei = (I; — 1)M +m; andj = (lo — 1)M + my, with
where{);} and{e;} are the eigenvalues and eigenvectors df < m;,m-. < M andl < I;,ls < L. The algorithm of the
R, in descending order. Depending on the array size and seqiooposed BT receiver is summarized in Table I, and the overall

width, there will beD — D’ dominant modes (with large eigen-system diagram is depicted in Fig. 2.
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TABLE | B. Partially Adaptive Implementation
SUMMARY OF PROPOSEDBT RECEIVER . .
The degree of freedom for the adaptive correlators is on the

order of NV, which can be quite large in wideband applications.

1. Determine angular sector ©g, look angles 8,,’s, time duration Tp and GSC A large degree of freedom requires a high computational com-
blocking matrices B and B . plexity and is likely to incur poor convergence behaviors [9].
To alleviate this, the partially adaptive (PA) methods can be ap-

plied to reduce the dimension gf,, ;s. Partial adaptivity can

3. Compute in parallel gy, m=1,...,M, I =1,..., L, according to (20). be achieved by either working with a reduced-dimension data
vector or with a reduced-size blocking matrix [17], [18]. Here,

a simple approach is suggested based on the principle of max-

2. Tnitialize with &py = am, m=1,...,M,I=1,...,L.

4. Compute in parallel v, m=1,...,M,1=1,..., L, according to (24).

5. Tterate between 3 and 4 if necessary. imum Cross correlation [19].
LetBp be the(V+L—1) x N’ reduced-size blocking matrix
6. Obtain R, and compute f according to (35). andB be ttle(N +L— 1) x (N - 1) full-size blocking matrix

satisfyingB#S; = 0 and BB = I The maximum cross
correlation criterion dictates theftp should be composed of

N’ vectors that maximize the magnitude of the cross correlation
."‘1 —t o between the upper and lower branch data of the temporal GSC
described by (19). That i » is chosen according to:

{ fink Tinge | 1
E'"> Aednpin
Leomeinior & Eapmicema T
max |[E {BEXT (k)a;, &k, X (K)si |
% J ithhngers Br T
E : | 16t nger) subjectto:B¥S; =0 and BEBp=1 (37)
B‘——ﬁ— ful e ':ﬂ'ﬂl]ﬁ‘t::ﬂhlrml . . . . . . .
Optimum solution to (37) requires a time consuming iterative
|| procedure ifN” is large [19]. As a simplified alternative8
chip data ~can be obtained with thé&/” orthonormal columns oB that
** give the largest cross correlation values. Note that the cross cor-
- relation vector in (37) can be readily obtained as a subvector of
P i K A= I 1 given in .(21) Withogt extra computation. Finally, the PA
I correlator weight vector is given by (20)-(21), wiBireplaced
| 1 g | A
TP ar— Arlapien ] by Bp.
Comelaie B B ke I
C. Recursive Computation of Weight Vectors
Fig. 2. Schematic diagram of proposed BT receiver. To avoid matrix inversion, the GSC can be implemented in a
time-recursive fashion using stochastic gradient algorithms such
[V. | MPLEMENTATION |SSUES as LMS[13]. This leads to recursive formulation of the solutions

to (19) and (23), respectively
A. Numerical Stability

In the direct matrix inversion implementation, the computa- gma(k+1)

ti(_)n of g, In (20) andv,, ¢ in (2_4) involves the in_versio.n_ of ma- = g i(k) + 11 [(Sz _ Egn%l(k))HXT(k)5:l7l(k):| *
tricesR,,; andR,, ;, respectively. Numerical instability may A T s e
arise when there are few strong interferers present, leading to ill- x BY X" (k)ay, (k) (38)

conditioned correlation matrices. On the other hand, the conver-v,,, ;(k + 1)
gence of weight vectors may be slow due to the residual signal ~ H . *

not completely removed by the blocking matrices. To remedy Vi (k) + [(am = Bvim.(k)) X(k)s"“’(k)}

these, pseudonoise termd andr, I can be added ®,,; and X BHX(k)éjn’l(k) (39)

R... i, respectively, to alleviate the sensitivity problem [15]. The

pseudonoise has the effect of deemphasizing the strong interfehere;., andy.,, are the adaptation stepsizes. Clearly, (38) and
ence and masking the residual signal and can help to imprdq@9) are coupled and should be executed in an alternate fashion.
signal reception [15], [16]. It should be chosen large enough toOn the other hand, the generalized eigenvector required
handle the ill-condition problem, but not too large to distort thior the computation of the MRC weight vector in (35) can
original signal scenario. A suitable choice which proves effebe also obtained via a time-recursive algorithm. One such
tive is such that;, and#, are equal to a small fraction (e.g..example is the recently developed projection approximation
0.1-0.3) of the dominant signal powerfhm,l andf{m,l, re- subspace tracking (PAST) algorithm [20], which is shown
spectively [16]. In practice, a convenient estimate of the dontd exhibit global convergence and requires a computational
nant signal power is the largest eigenvalue of the correspondocmnplexity of the orded/ L (BT dimension) per iteration. The
correlation matrix. PAST algorithm was originally proposed for tracking multiple
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20 dB.

eigenvectors, and can be easily modified for the tracking of aFor recursive processing as described in the previous section,

single generalized eigenvector as dictated by (35) [21].

D. Complexity and Performance

The tradeoff between system performance and computatioHSI
complexity is an issue depending on the number of antefna

the complexity for each iteration is abo{ N + D’ + ML)

for the proposed receive€)(DL) for the receiver in [4], and
O(N + D?) for the receiver in [10]. The proposed receiver can

further simplified by incorporating partial adaptivity in tem-
Jooral processing to reduceé to a smallerV’. As long asV’ is

and processing gailV of the system. In general, more antennd@rge compared to the number of strong interferers, the perfor-

and a larger processing gain will provide better interference s
pression but lead to high computational complexity and poor
convergence behaviors. However, the spatial and temporal

lmance of the receiver will be virtually unaffected.
In the flat-fading case, the multipath delay spread is smaller
tyan the chip period such that the receiver would require only

mensions D andV') do not affect the complexity of the eigen-2 single finger to work with. As a result, only a single adaptive

vector computation in MRC because the MRC weight vect&
has a size o/ L, regardless ob> and L. For batch processing,
the major computations in the proposed algorithm involves t

prrelator is needed for each diversity beam. On the other hand,
in time-invariant channels without Doppler shift, it will be easier
fir the adaptive algorithms to converge and keep track of SOI. In

inversion ofR =%, with size(N —1) x (N —1) in (20), inversion addition, since the fading gain remains constant at each beam-

m,l

of f{;,fl with size D’ x D’ in (24), and a principal eigenvector
computation with size\ L x ML in (35). The overall com-

plex is aboutO(N?3 + D’ + M3L3). For comparison, the ST
post-despread receiver in [4] requires aboyD?L?), and the

ST pre-despread receiver in [10] requires alid( >+ D + L)

V. COMPUTER SIMULATIONS

finger pair, the MRC weights need not be computed frequently.
This should alleviate the load for eigenvector computation.

Here, the performance of the proposed BT receiver is evalu-

for batch processing. The higher complexity of the proposed r@ted using a linear array éf = 12 identical antennas uniformly
ceiver and that in [4] is the price paid for not using a trainingpaced by d/+/3 wavelength. The interantenna spacing was
chosen for the field-of-view—60°, 60°]. The working sector

sequence for channel estimation.
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Fig. 5. Patterns of diversity beams for (a) finger 1 and (b) finger 3, obtaingds,s.

with @ = 5 users andNFR = 0 dB.

. . and the input SNR (in dB) is defined as
was ©s = [—20°,20°], andM = 4 diversity beams were

formed at look directiong—12.45°, —4.15°,4.15°,12.45°}.
The spatial blocking matriB was constructed witl)’ = 6

using the eigenvector constrained method. Itis assumed that'FF]e ‘ i (NFR) is th i0 of the MA ianal
SOl was in®g, and the MAI were uniformly distributed in the € near—far-ratio ( .) IS the ratio of the . powerto sighal
fhower before despreading, and the NBI-to-signal-ratio (NSR) is

entire field-of-view, with each user having the same multipat io of the NBI to sianal before d di
angle spread of X0 For all users,/ = 4 paths were generated eratio ot the powerto signal power belore despreading.

with delays chosen fron{0, 7., 2T, 3T.}, and fading gains For all put one result_in the siAmuIatAionNgsyml?ols were used
being i.i.d. unit variance complex Gaussian random variapld@ 0Ptain sample estimates B, 1, i, Ryt I andR...

All CDMA signals were BPSK data modulated and sprea?jnd a total of 50 Monte-Carlo runs were executed to obtain an
with the Gold code of lengttV' = 31. In addition to the MAI average SINR In direct matrix inversion weight vector com-
there were two equal power BPSK NBIs arriving fromfamd  Putation, the pseudo noise powegsands, were chosen to be

_ 45, with bit rate being 0.8 times that of the CDMA signals©n€ fifth of the largest eigenvalue &, ;, andR,,;, respec-
Finally, the number of fingers was — 4, and the temporal tively. For performance comparison, we included the results ob-

blocking matrixB was chosen, according to Section 111.C, t&ained with the blind receivers proposed in [4] (ST-PC) and [10]

be the34 x 28 matrix whose columns formed an orthogona|CSC-AOA), respectively, and the nonblind coherent ST RAKE
complement tcES(—) S1.59.53.54 S(+)] (CST-RAKE), MMSE ST RAKE (MST-RAKE), coherent BT
Loomhme Be i m oL ) RAKE (CBT-RAKE), and MMSE BT RAKE (MBT-RAKE)
As a performance index, the output SINR (in) is defined as . . : . . .
receivers described in Section Il. For nonblind receivers, the
post-ST and post-BT channel vectors were estimated using the
samelN, symbols as the training sequence. For CBT-RAKE
output power of signal in, (k) and MBT-RAKE receivers, the beamforming matrix was con-

output power of (MAI+NBI+noise) in, (k)  Structed using the four steering vectdes;, az, az, a,} asso-

P
SNR; = 10log; —
O—Tl

SINR, = 10log;,
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Fig. 7. Evaluation of efficacy of partial adaptivity with )FR = 0 dB and Fig.8. Evaluation of convergence behavior wih= 5 users, and (& FR =
(b) NFR = 20 dB. 0 dB and (b)NFR = 20 dB.

ciated with the look directions of the diversity beams. Unlegbe proposed receiver with a lar@e This is observed to be due
otherwise mentioned, the following “standard” parameters wiib the residual NBI not effectively suppressed by the temporal
be used throughout the secti@NR; = 0 dB,NSR = 20dB, GSC. In Fig. 5, the patterns of the diversity beams for the first
and N, = 500. and third fingers{= 1, 3) are plotted for the cas@ = 5 users

To demonstrate the efficacy of AOA estimation described @ dNFR = 0 dB. The mainlobes and deep nulls confirm that
Section IlI-B, the spatial spectrum were computed for the thréae adaptive beamformers can effectively collect the in-sector
sector§—60°, —20°], [-20°, 20°], and[20°, 40°]. Fig. 3 shows signals and suppress the strong NBI.
the result for the first and third finge($ = 1, 3), with @ = 10 In the second set of simulations, the near—far resistance
users andNFR = 0 dB. The peak in the working sector givesof the proposed BT receiver is evaluated with different NFR
the AOA of the SOI, and those in other sectors are “false peaksilues. Fig. 6 shows the results obtained with= 5 and 25
due to NBI and can be easily detected by the system. users. As observed, with = 25, the CST-RAKE, CBT-RAKE

In the first set of simulations, the system capacity is evaland ST-PC receivers receivers fail again, and the MST-RAKE
ated with different user numbe¢g. The resulting output SINR receiver loses its advantage due to ineffective interference sup-
curves are plotted in Fig. 4 fa&fFR = 0 and {\hbox{20}} dB. pression. On the contrary, the BT receiver achieves excellent
As observed, the proposed BT receiver performs reliably fom&ar—far resistance by successfully canceling the MAIl and NBI
wide range of?, even outperforming the MST-RAKE receiversimultaneously. The GSC-AOA receiver performs well with
with a moderately larg& and high NFR. This indicates that the? = 5, in which case the temporal GSC has a sufficient degree
adaptive beamformers and correlators have successfully eligiifreedom to handle the NBI.
nated the strong NBI and MAI, respectively. The CST-RAKE, In the third set of simulations, the efficacy of partial adap-
CBT-RAKE and ST-PC receivers totally fail witiFR = 20  tivity is demonstrated through system capacity evaluation. Fig. 7
dB and a large&) due to the lack of interference suppression aghows the results obtained with the fully adaptive (FA) BT re-
poor channel estimation. Finally, the GSC-AOA blind receivareiver, partially adaptive BT receiver with’ = 10 (PA-10),
performs reliably but exhibits a certain degradation compareddad partially adaptive BT receiver with’ = 20 (PA-20), for
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Ao ' ' ' ' ' ‘ but deliberately changed the AOAs of the two NBIs t& 4bid
—50°, respectively, at the 500th iteration. The learning curves
given in Fig. 9(b) confirm that the recursive receiver success-
fully adjusted its weights to suppress the NBI.

W
poa)
T

w
(=]
T

N
(4]
T

(]

VI. CONCLUSION

SINR_(dB)
N

A blind adaptive beamspace—time receiver has been proposed
for sectored CDMA wireless communications. The proposed re-
ceiver is designed with a two-stage procedure. First, a set of
adaptive space—time diversity processors, in the form of beam-
former-correlator pairs, is constructed which provides effective
. . . . A . . suppression of interference and reception of signals from a pre-
100 300 500 700 900 1100 1300 1500 scribed space—time region. Second, the output data obtained
from these processors are maximum ratio combined to capture
the signal multipath components coherently. For an efficient
40— ' ' ' ' ' ‘ implementation, recursive algorithms are employed for weight
vector adaptation and eigenvector computation, and a simple
partially adaptive solution is given based on the maximum cross
correlation principle. The proposed receiver can be operated
without the aid of a training signal. The only information re-
quired is the signature sequence, timing and a rough estimate of
the angle of arrival of the signal for selecting the sector of in-
terest. Compared to the conventional space—time receivers, the
proposed beamspace receiver enhances the the SINR by sup-
pressing interference via adaptive nulling, and increases system
capacity by sectorization. From simulation results, it is shown
that the proposed blind receiver is near-far resistant, and per-
forms reliably in an overloaded system.

15

10

SINR_ (dB)
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N

s

(b) APPENDIX
Derivation of entries oR,,,

Fig.9. Evaluation of of recursive algorithms with= 5 users aniNFR = 0 Let: = (I; —1)M +my andj = (Is — 1)M + mo. From
dB. (a) NBIs AOA fixed and (b) NBIs AOA changed at 500th iteration.  (34), the(4, j)th entry of R,,_ is the cross correlation between
Ny ,my (l{}) al’]d7’L127m2 (/{}) :

NFR = 0 dB and 20 dB. As expected, the PA receivers per-

form reliably as compared to the FA receiver with a sna|l R ]G5 = E{a) Nk, 85, N7 (k)an, .}
and degrade a§ increases QUe to the exhaust|on_of the tem- - éghllE{N(k.)éjnhll éZlQJQNH(k.)}éan’lz
poral degree of freedom for interference suppression.

N+ L—-1N+L-1

In the fourth set of simulations, the convergence behaviors of = 5{51711 < Z Z 85, )18y 1]
the proposed FA BT receiver, PA-10 receiver, ST-PC receiver, =1 n=1
and MST-RAKE receiver were evaluated by varying the data
sample sizeV,. The resulting output SINR are plotted in Fig. 8 X E{nl(k)n;(k)}> A 1y
with @ = 5, andNFR = 0 and 20 dB. As observed, the output
SINR increases ad/; increases for all receivers. The MMSE ) ) ) _
receiver converges fastest due to the use of a training sequeM{E€[Sm. 1.1 is thenth entry ofs.,,, ;,, andn;(k) is thelth
The PA-10 receiver converges faster than the FA receiver, cGUmn of N(k). Using the fact thai(k) are i.i.d. random
firming the well-known fact that adaptive filters of smaller siz&/€ctors with the same varianeg, we have
converge faster.

Finally, to demonstrate the effectiveness of the recursive algo- E{ny(k)n*(k)} = 0218[l — n]
rithms for weight adaptation and eigenvector computation, we
replaced direct matrix inversions by the formulae given in (38yheres[n] is the Kronecker delta function. This gives
and (39), and direct eigenvector computation by the PAST al-
gorithm. The adaptation stepsizes were chosem,as fi,, = N+L-1
10~°. Fig. 9(a) shows the resulting learning curve of the FABT [Ry..]¢i,;) = agaghh < Z [é;ll’ll]l[émhll]n> E
receiver, withNFR = 0 dB and@ = 5. To show the tracking n=1

capability of the algorithm, we repeated the same simulation =o2all I8

~ ~ *
nmaq,l Amg,lp Srnl,ll Srnz,lz .
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