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Blind Adaptive Space—Time Multiuser Detection
With Multiple Transmitter and Receiver Antennas

Daryl Reynolds, Xiaodong Wandlember, IEEEand H. Vincent Pogifellow, IEEE

Abstract—The demand for performance and capacity in cel- multiple transmit and/or receive antennas and, perhaps, some
lular systems has generated a great deal of interest in the devel- form of coding. The initial focus was on systems that use one
opment of advanced signal processing techniques to optimize thetransmit antenna and multiple receive antennas [2]-[8]. Re-
use of system resources. In particular, much recent work has been . . )
done on space—time processing in which multiple transmit/receive C€Ntly, however, much of the work in this area has focused on
antennas are used in conjunction with coding to exploit spatial transmit diversity schemes that use multiple transmit antennas.
diversity. In this paper, we consider space-time multiuser detec- Theyinclude delay schemes[9]-[12]inwhich copies ofthe same
tion using multiple transmit and receive antennas for code-division symbol are transmitted through multiple antennas at different

multiple-access (CDMA) communications. We compare, via ana: fi th fi treli di lqorithm d | db
lytical bit-error-probability calculations, user capacity, and com- imes, the Space-lime Wells coding aigorithm developed Dy

plexity, two linear receiver structures for different antenna con-  Tarokhet al.in [13], and the simple space-time block coding
figurations. Motivated by its appearance in a number of third- (STBC) scheme developed by Alamouti [14], which has been
genaeration (3G) wideband CDMA standards, we use the Alam- aqopted in anumber of 3G WCDMA standards [15], [16]. Agen-

outi space—time block code for two-transmit-antenna configura- o : . : .
tions. We also develop blind adaptive implementations for the two eralization of the Alamouti space-time block coding concept is

transmit/two receive antenna case for synchronous CDMA in flat- developed in [17]. It has been shown that these techniques can
fading channels and for asynchronous CDMA in fading multipath ~ significantly improve capacity [18], [19].

channels. Finally, we present simulation results for the blind adap- Recently, some work has been completed on space—time
tive implementations. multiuser detection using multiple antennasbath the trans-

Index Terms—Blind adaptive receiver, multiple antennas, mul-  mitter and receiver. In [20], for example, the authors considered
tiuser detection, space-time block code, subspace tracking, wire- jaximum-likelihood space-time multiuser detection in a
less communications. . . .
CDMA system using orthogonal spreading codes. An appli-
cation of space—time block coding to CDMA appears in [21].

|. INTRODUCTION However, this work assumes a perfectly known channel and

HE EVER-increasing demand for performance angjoes not investigate blind adaptive algorithms or make use of
I capacity in cellular wireless systems has prompted the d8€ Popular Alamouti space—time code. In the present work, we

velopment of myriad advanced signal processing techniquesc_F?PS"(j(_ar the pe_rformance (_Jf linear spz_:tce—hme multiuser detec-
an effort to utilize these resources more efficiently. The multiplé'—on using multiple transmit and receive antennas for COMA

accesstechnique that has received the most attention, and thes@xﬁﬁems using nono_rthogonal codes._ First, we W'_" compa_re_two
on which many of these signal processing techniques are bagéﬁerent linear receiver structures (linear diversity combining

is direct-sequence code-division multiple-access (DS-CDI\/@Ud,Space_time detection) for vari'ous antenna configuratigns.
or, simply, CDMA). CDMA or wideband CDMA (WCDMA) is Motivated by the use of STBC in 3G proposals, we will

one of the more promising candidates for third-generation (38 lize this bIOCkl codel' for two-trgnsmlt-lantenna'conflggrﬁtlons.
cellular services [1]. One of the new technologies that is bei en, we develop blind adaptive implementations of the two

considered for 3G and later generation WCDMA standargé”‘nsmif‘/two regeive antenna configuration for synchronqus
is spacetime processing. Generally speaking, space—ti MA in flat-fading channels and for asynchronous CDMA in

processing involves the exploitation of spatial diversity usinfﬁlding multipath channels. The adaptive techniques developed

here are blind, in the sense that the only information known to
the receiver is the signature sequence of the user of interest.
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l. SPACE-TIME MULTIUSER DETECTION IN SYNCHRONOUS  where|jw; ||? = [R'];,1 and wherdA]; ; denotes the element

CDMA: ANALYSIS in the:th row and;th column of the matrix4. Denote

In this section, we analyze receiver structures for syn- m a ;. (5)
chronous CDMA systems with multiple transmitter antennas /[R_l]l L
and multiple receiver antennas. Specifically, we focus on three R ’
configurations: Denoteh;, = [hy, & h;k]T. Since the noise vectors from dif-

1) one transmitter antenna, two receiver antennas; ferent antennas are independent, we can write

2) two transm?tter antennas, one receiver_ antenna; 2=bih +u (6)

3) two transmitter antennas and two receiver antennas. with
It is assumed that a space—time block code is employed in sys- o2
tems with two transmitter antennas. For each of these configu- u~N. <0, 7z -I2> . (1)
rations, we discuss two possible linear receiver structures and . - Lo
compare their performance in terms of diversity gain and sigr?ﬂl]%ma)i'r:num likelihood (ML) decision rule fdf, based ore
separation capability. In'(6) is then

by = signR{h{’z}). ®)

A. One Transmitter Antenna, Two Receiver Antennas
AL H . . , .
Consider the following discrete-timé -user synchronous L€t 1 = k", be the total received desired user’s signal en-
CDMA channel with one transmitter antenna and two receivBf9y- The decision statistic in (8) can be expressed as

antennas. The received baseband signal aptth@ntenna can ¢ a Rz =Eib +v 9)
be modeled as

with
K A G H 27 2
rp:Z hp kbisy + np, p=1,2 D) N vEh ur?“NC(Ov Eio /771?- | .(10)
=1 The probability of detection error of the linear diversity mul-
tiuser detector is computed as
where b
S N vector of the discrete-time signa- Py(e) =P(R{g} <0|by = 1) .
ture waveform of thekth user with V2E;
unit norm, i.e.|sx|| = 1; =Pl <-£) =@ < '771> - (@4
b € {+1, -1} data bit of thekth user; 2) Linear Space—Time Multiuser DetectoPenote
hp. & complex channel response of thih A T
receiver antenna element to ttth b= [bs-- bl
user’s signal; H= [hy - hi]
n, ~N.(0, 02Iy) ambient noise vector at antenpa 5 A hi © sy,
It is assumed that; andn, are independent. N b
1) Linear Diversity Multiuser DetectorDenote 5= [51---5x]
R N RrR25"3
h; : Fll,k h2,k]] ;‘% 77 LT
N S; SK = [n%“ n%“ T
R=5"S.

where® denotes the Kronecker product. Then, by augmenting
%ng received signals at two antennas, (1) can be written as
K
F=> hé+n=5b+n (12)
k=1

Suppose that user 1 is the user of interest. We first consider
linear diversity multiuser detection scheme, which first applies
alinear multiuser detector to the received signah (1) at each
antenng = 1, 2 and then combines the outputs of these linear
detectors to make a decision. For example, a linear decorrelatifig! 7 ~ Ne(0, 0*Iry). A linear space—time multiuser de-
detector for user 1 based on the signal in (1) is simply [22] tector operates on the augmented received sigdakctly. For
example, the linear decorrelating detector for user 1 in this case
w; = SR ey (2) is given by
wheree; denotes the first unit vector iR . This detector is @ =SR e (13)
applied to the received signal at each antemral, 2 to obtain

z = [21 2]T, where This detector is applied to the augmented received sigal

obtain
2p 2 wlr, = hy 1by + 1, ®3) 2 ali=b +a (14)
with with

up = win, ~ N0, Plwn|),  p=1,2 () @ = wi'n~ N0, o®||y]?) (15)
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where||w, ||? = [R_l]lyl_ Denote whereh, 1 (ho, 1) is the complex channel responses between the
A1 1 first (second) transmitter antenna and the receiver antenna, and
m= i : — . (16) n, andn, are independent received.(0, I ) noise vectors at
[ L ) the two time intervals.

~ 1) Linear Diversity Multiuser DetectorWe first consider
An expression fo can be found as follows. Note that the linear diversity multiuser detection scheme, which first ap-

[R} A [S‘ Hg} —3H;. plies the linear multiuser detectar in (2) to the received sig-
i,J iJ i nalsr; andrs during the two time intervals, and then performs
=(h;®35)%(h; ©5;) = (hi @ sT)(h; ®s;) a space-time decoding. Specifically, denote
—(pHp . TeN—HI M, .. o /
=(hih) @ (50 5j) = [H Hli - Bl (D) 71 2 wlry = hy by g + ho, kbo i + w1 (23)
Hence ; . . . .
o n 22 2 (wlry)* = —hT b2,k + B3 b1k + U3 (24)
R28"8=Ro(H"H) (18) with
A T 2 2
whereo denotes the Schur matrix product (i.e., elementwise % = winp ~ Ne(0, o7[lwi["),  p=1,2 (25)
product). wherel[w, [ = [R™Y],. 1.

The ML decision rule foih; based org in (14) is then Denote

by = sign(R{z}). (19) .\ Ta . Ty
The probability of detection error of the space time multiuser z= { } ) u= { }
detector is computed as

PST(e) = PR3} < 0| by = 1) o 2 [h} w2 h}

h¥ —h7
R /—2E1 R 2,k 1,k
=P¥up<-1)=@Q < o M) It is easily seen thak,’ k;, = 0. Then, (23)—(25) can be written

3) Performance ComparisonErom the above discussion,2S
it is seen that the linear space—time multiuser detector exploits _
the signal structure in both the time domain (i.e., induced by the z= [hl hl] [
signature waveforng;) and the spatial domain (i.e., induced b)(/vi
the channel respongdg,) for interference rejection, whereas for o2
the linear diversity multiuser detector, interference rejection is u ~ N, <0, — -IQ> . 27)
performed only in the time domain, and the spatial domain is n
only used for diversity combining. The next result, which firs Ay, _3HY
appeared in [7], shows that the linear space—time multiuser ées before, denotd, = hy'hy =k, ki Note that
tector always outperforms the linear diversity multiuser detector. — . H _ E, 0
Proposition 1: Let PP(e) given by (11) and”ST(e) given [h1 k] [hy Ba] = [ 0 E } :
by (20) be, respectively, the probability of detection error of !
the linear diversity detector and the linear space—time detectbfe ML decision rule fob, ; andb,, ; based o in (26) is then

2 us

(20)

bl’l} tu (26)

2,1

2

(28)

Then given by
PPT(e) < PP(e). [51, 1] : —H
= . =sign(R3 [hL k1] 2
| —son(n {7 })
B. Two Transmitter Antennas, One Receiver Antenna _ hz
When two antennas are employed at the transmitter, we must =sign{ % ﬁfz ’ (29)

first specify how the information bits are transmitted across
the two antennas. Here, we adopt the Alamouti space-titd&ing (26), it is easily seen that the decision statistic in (29) is
block coding scheme [14], [17]. Specifically, for each uger distributed according to
two information symbols; ; and b, ; are transmitted over

. . . ’ . 1 o2
two symbol llntervals._At the first time interval, thg symbol pair F hfz ~ N, <\/E1b17 1, —2> (30)
(b1, &, b2, &) Is transmitted across the two transmitter antennas, L 7712
and at the second time interval, the symbol gaibs x, b1 %) 1 R, N g
. ; : > 4k L z2~N | VEWD 1, — ). 31
is transmitted. The received signal corresponding to these two VE ¢ Lt 2 (31)

time intervals are given by

" Hence, the probability of error is given by
39

rL = hi wb1 x4+ ho bo 1)si + 1 21 2F
1 kz_:_l(l,k 1k + ho, kbo 1)sk + 1 (21) PP(G):Q<V01~771>. (32)

To = Z (—h1, 1bo, k + ho kb1 1)sk + no (22) This is the same expression as (20) for the linear diversity re-
Pt o o ceiver with one transmitter antenna and two receiver antennas.
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2) Linear Space—Time Multiuser DetectoDenote

A |TL A | T
r= nE n= nE
L ny

Then, (21) and (22) can be written as

K

T = Z (b1, b © 81 + Do 1ha @ 81) + 7 (33)
k=1
Denote
S = [hi@s1, by @51, ..., hg @ sk, hi @ sk| INX2K
(34)
R=5"%. (35)

Then, the decorrelating detector for detecting thépit based

on# in (33) is given by

wheree; is the first unit vector ifR?¥ .

(36)
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where, by using (5) and (37), we have
2= Iewl? a2 _ 1
[[Fea][* [hol? Eyng

Therefore, the probability of detection error is given by
:P(éR{;?l} < 0|b171 = 1)
IP(%{U,l} < —1) =Q <

Comparing (32) with (46), we see that for the case of two trans-
mitter antennas and one receiver antenna, the linear diversity re-
ceiver and the linear space—time receiver have the same perfor-
mance. Hence, multiple transmitter antennas with space—time
block coding only provide diversity gain but no signal separa-
tion capability.

(45)

||lw1, 1

PP (e)

R ). o)

C. Two Transmitter and Two Receiver Antennas

We combine the results from the previous two sections to
investigate an environment in which we use two transmitter

Proposition 2: The decorrelating detector in (36) is given by,ntennas and two receiver antennas. We adopt the space—time

. hy ® un
w1 = 37
S T )
wherew; is given by (2).
Proof: We need to verify that
hi ®W1>H P .
S =e;. 38
(i “ %9
We have
1
i ||2(h1 @wy) (hy @ s1)
1
= W(hfhl) (wis) =1 (39)
1
1 _
T ||2(h1 @wy)"” (b @ s1)
1 1 —
= o s (AR (wls) =0 (40)
llRol[® [P |* ~—
0
1
||h1||2(h1 ®w1) (hk ® Sk)
1
= W(hf’hk)(«ufsw =0, k=2..,K (41
0
1 _
i ||2(h1 ®w1) (hk ®3k)
k=2 ..., K. (42)

H T
||h n? (A7) (] 51) = 0.
0

This verifies (38) so that (37) is indeed the decorrelating detector

given by (36).

Hence, the output of the linear space—time detector in this

case is given by

L=

N

with

ur Swiln ~ Ne(0, o[l )

O

(43)

(44)

block coding scheme used in the previous section. The received
signal at antenna 1 during the two symbol intervals is

K
2 [h;l’”bl,k + A
k=1

K
R S S P N M P S o)
k=1

by, k} si+n  (@7)

and the corresponding signals received at antenna 2 are

K

r§2) = Z |:h§€172)bl,k + h( )bg k} Sk +n( ) (49)
k=1
K

réQ) = Z [ (1 2)b K —|—h( )b k} Sy, —|—n( ) (50)
k=1

whereh(Z Dije {1, 2} is the complex channel response
between transmltter antennand recelver antennﬁfor user

k. The noise vectora™ | n{? oS andn(? are independent
and identically distributed with dlstrlbuuoN (0, 2Iy).

1) Linear Diversity Multiuser Detector:As before, we first
consider the linear diversity multiuser detection scheme for user
1, which applies the linear multiuser detecter i |n (2) to each
of the four received signalsil) r§2), () andr ) and then
performs a space—time decoding. Specn‘lcally, denote the filter
outputs as

AV 2TrM = BV hPYby, +ul? (51)
AP g( r, <1>) (hu 1)) -

+ (h(2’ 1>) by 1+ (u(l)) (52)

AP AT L2y L) ) (5
2 (1) (1)

NI



REYNOLDS et al.: BLIND ADAPTIVE SPACE-TIME MULTIUSER DETECTION

with

ugj) éw{ngj) ~ N, <0,

o2
n2
1

where, as before;? 2 1/[R™Y]; ;.

We define the following quantities:

Z =

A
u =

A
h =

[

[ T
Eil) A [h§2,1) _hgl,l):|

[

7)

A 1 1 2 2
0 50 2

@ () @ ()T

H
1,1) ;(2,1
hg ) hg )}

H
h§1,2) h§2,2):|

= [1152’2) —hgl’m}T.

Then, (51)—(55) can be written as

_ _ H
z= [V R PR {

HH

with

2

2

’U,NNC <0, 5

Un

It is readily verified that

FE1 0
=[5 1]

0 E
with

t,7=1,2 (55)

b1.1 } tu (56)
b2, 1
(57)
(58)

) 2 2 2 2
By 2 D)+ [P 30|+ 2] 59)

To form the ML decision statistic, we premultiptyby H, and

obtain

da 1
with

v ~N, <0,

d /
]

E10'2
2

Ui

b1,1

The corresponding bit estimates are given by

MR

do, 1

The bit error probability is then given by

1

PlD(C) =P®{d1,1} <0|b1,1 = +1)

:P[El +/\/<0,
o (Y

E102

")

} +v (60)
-12) . (61)
) e

) <9
(63)

1265

2) Linear Space—Time Multiuser DetectoYVe denote

e (W

n
R (Tgl))* R (nél))*
r§2) ’ n§2)
1 'l (né_”)*] o
(L (2
e
b = B(1:2 ’ by, = B
(7)) | (-07) ]

Then, (47)—(50) may be written as

K
= (b, khi @ sk + bo, ki ®3k)+’ﬁ:§b+ﬁ (64)
1

where
52 [hi @51, Mi @51, ... hic @ si, hie @ 5]y o
(65)
A T
b= [b1,1b21b1,2b2 2 b1 K b2 k] (66)

Sincehi h;, = 0 and (64) has the same form as (33), it is easy
to show that the decorrelating detector for detecting thé, bit
based or¥ is given by

. hy ®@wn
w1 =

T ©7)

Hence, the output of the linear space—time detector in this case
is given by

?:“i :@{{1'}:1)1,1 —+ U1 (68)
with
w Sl i~ N0, o3|l 1) (69)
where
P Lt 1
= = : 70
s lhl>  Ein? (70)

Therefore, the probability of detector error is given by

PPT(e) = P(R{z} < 0]by,1 = +1)

1
V2E
=Q< '771>-

a

(71)

Comparing (71) with (63), it is seen that when two transmitter
antennas and two receiver antennas are employed and the sig-
nals are transmitted in the form of space—time block code, then
the linear diversity receiver and the linear space—time receiver
have identical performance.
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D. Remarks signal at antenna 1 during the two symbol periods for time
We have seen that the performance of space-time multiuSIat ¢ 1S
detection (STMUD) and linear diversity multiuser detection K
(LDMUD) are similar for two transmit/one receive and tw0r§1)[ | = Z(h( )bl rlt]s1, k+h( )bg k[i]s2, k)—i—'n,( )[]
transmit/two receive antenna configurations. What, then, are k=1
the benefits of the space—time detection technique? They are (72)
as follows. i
Dy _ (1,1 (2,1 (1)
1) Although LDMUD and STMUD perform similarly for "2 [l = Z( hy. bz wlils2, kb by by lils, k) +ny (]
the 2-1 and 2-2 cases, the performance of STMUD is k=1 (73)
superior for configurations with one transmit antenna and
P = 2 receive antennas. and the corresponding signals received at antenna 2 are

2) User capacity for CDMA systems is limited by cor-
relations among composite signature waveforms. Thi - K w2 2,9) @
multiple-access interference will tend to decrease as the [i] = Z(h by, k[tlsy, xRy 7 ba,ki]s2, k) +n; (1]
dimension of the vector space in which the signature k=1

waveforms reside increases. The signature waveforms « (74)
for linear diversity detection are of lengiN, i.e., they e = (1,2) (2,2) 2
reside inCY. Since the received signals are stacked fO? il = Z( P 7o, k2, kP b kil ")Jrn (2

space—time detection, these signature waveforms reside =t (75)

in C2N for two transmit and one receive antennagf¥

for two transmit and two receive antennas. As aresult, thge stack these received signal vectors and denote
space—time structure can support more users than linear

diversity detection for a given performance threshold. i (1) [{] T (1) [7]
3) For adaptive configurations (Section IlI-1 and Sec- 1) e
tion IV-D), LDMUD requires four independent subspace  _ . a ( []) . ( [])
trackers operating simultaneously since the receiver i = an ’ ali] = @
performs detection on each of the four received signals, ot . o .
and each has a different signal subspace. The space—time i (réQ) [i]) ] (ng)[i])
structure requires only one subspace tracker. - hil’ o - 11227 D7
[ll. BLIND ADAPTIVE IMPLEMENTATIONS OF SPACE-TIME (hi?: 1>)* (_h]al:l))*
MULTIUSER DETECTION FORSYNCHRONOUSCDMA hy, 2 .2 , I 2 2.2
We next develop both batch and sequeritizld adaptivam- b hy”
plementations of the linear space—time receiver. These imple- (hf’ 2))* (_h§€1,2))*

mentations are blind in the sense that they require only knowl-
edge of the signature waveform of the user of interest. Instepen, we may write
of the decorrelating detector used for analysis in the previous

section, we will use a linear MMSE detector for the adaptive _ K

implementations because the MMSE detector is more swtable Z bl kil @ s1,x + bo, k[ilhr @ s2, k) + 7n[i]
for adaptation, and its performance is comparable with that of

the decorrelating detector. This is reasonable since the detectors [L] +n[1] (76)

are asymptotically identical as the AWGN power tends to zero

and they share the same near—far resistance. We consider on )E/3
the environment in which we have two transmitter antennas and g 2
two receiver antennas. The other cases can be derived in a sim-
ilar manner. Note that inherent to ablind receiver in multiple
transmitter antenna systems is an ambiguity issue. That is, y‘[L] é[bl,l[i] ba 1[4] b1, 2[i] b2, 2[d] - - b1 i [i] b2, i [i]]§1(x1~
the same spreading waveform is used for a user at both trans-

mitter antennas, the blind receiver cannot distinguish which Bihe autocorrelation matri€’ of the stacked signai[:] and its
is from which antenna. To resolve such an ambiguity, here, wé&gendecomposition are given by

use two different spreading waveforms for each user, &,

[h1 ® 81,1, hy ® 82,1

chir @81k, b @82 K N yore

~ ~H

j €41, 2} is the spreading code for uskfor the transmission C = E{#[i]i[i]"} = 88" + oI,y 77)

of bit b, . =UAUY + 52U, U (78)
There are two bit$, .[{] and b, [¢] associated with each

user at each time slat and the difference in time betweenwhereA, = diag{ 1, Az, ..., Az } contains the large$2K)

slots is 27, where T, is the symbol period. The receivedeigenvalues ofC, the columns of/, are the corresponding
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eigenvectors; and the columnsldf, are the(4 N — 2K) eigen- blind space—-time multiuser detection algorithm for the two

vectors corresponding to the smallest eigenvattie transmitter antenna/two receiver antenna configuration. The
The blind linear MMSE detector for detectin@[¢]y = block length isM.
b1, 1[¢] is given by the solution to the optimization problem Algorithm 1 [Batch Blind Linear Space—Time Multiuser
Detector—Synchronous CDMA, Two Transmitter Antennas and
wy 1 2 arg mcinV E{|by 1[i] — w™#[i]|?}. (79) Two Receiver Antennas]:
wCCH

« Estimate the signal subspace
It has been shown in [23] that a scaled version of the solution

. . . M-1
can be written in terms of the signal subspace components as - % Z i (88)
wi,1 :USAS_lUf(hl ®8171) (80) . A‘ZAOH . H
=U,AU, +U, AU, (89)
and the decision is made according to
« Estimate the channels
21,1 [i] =wi 7[i] (81) Lo T G o0
by 1[i] =signR(z.1[i])] (coherent detection) (82) ?1 =1@s1,) - j{( 1©81.1) (%0)
B 1]i] =signR(ze, 1[i — 1121, 1[i])] Qy =(I4@s3 JUU, (14 ® 52,1) (91)
(differential detection) (83) h, = principal eigenvector o, (92)
Before we address specific batch and sequential adaptive al- h1 = principal eigenvector of),. (93)
gorithms, we note that these algorithms can be also be imple-+ Form the detectors
mented using lineagroup-blindmultiuser detectors instead of o H o
blind MMSE detectors. This would be appropriate, for example, w1 =U,A]'U, (h1 @ s1, 1) (94)
in uplink environments in which the base station has knowledge . L o H 2
of the signature waveforms of all of the users in the cell but not Wy 1 =U, AU, (hl © 82, 1) : (99)
glsose of users outside the cell. Specifically, we may rewrite (76) « Perform differential detection
1= 7l
#[i] = SB[i] + Sb[i] + nli] (84) Al = L 170l (96)
h h d th h 22,1 [L] 2@27 1’;'[L], (97)
where we have separated the users into two groups. The com- 5t o g SR
posite signature sequences of the known users are the columns P, l[f] - ngr‘(%{zl’ 1[{]21, l[f 1]*}) (98)
of 5. The unknown users’ composite sequences are the columns Pa,1[i] = sign(R{zz, 1[i]22,1[i — 1]"})
of S. Then, the group-blind linear hybrid detector for it [¢] 1=0,...,M—1. (99)

is given by [24]
A batch group-blind space—time multiuser detector algorithm
wiB = l]SAgll]fé [S‘HUsAglUfS‘} -t (hy®s1.1). (85) can be implemented with simple modifications to (94) and (95).
’ ' 2) Adaptive Blind Linear Space-Time Multiuser Detec-
This detector offers a significant performance improvemeHen: To form a sequential blind adaptive receiver, we need
over blind implementations of (80) for environments in whicRdaptive algorithms for sequentially estimating the channel and
the signature sequences of some of the interfering users #@ Signal subspace componebfts and A.,. First, we address
known. sequential adaptive channel estimation. Denotezfiy the
1) Batch Blind Linear Space—Time Multiuser Detectian: ~Projection of the stacked signal] onto the noise subspace,
order to obtain an estimate Af, we make use of the orthogo-'-€-:
nality between the signal and noise subspaces, i.e., the fact that

=5l — Hzr.
Ul(h, ® s1,1) = 0. In particular, we have 2[1] _:J[L]UHI{E'[]]S gu 883
=U,U, Tt
hy = arg min |[UZ (h @ 2
! rgirélc% ¢ sl Sincez[¢] lies in the noise subspace, itis orthogonal to any signal
= argmax U (h@ s, 1)|? inthe signal subspace, and, in particular, it is orthogon@t®
hect v n s1,1). Hence,h, is the solution to the following constrained
= arg;fé%?f(h @s1,)UU, (h @ s11) optimization problem:
= arg;lrggh” (L@ s YUUT (I @51 1)k (86) Jmin, E{||2[i]" (h @ 51,1)[*}
~ ~~ 1€
Q

= min E{||z[{]" 1+ @ s1 1)h1|*}
hycCt

~ — in E I T i Hh 2
In (87), k1 specifiesh; up to an arbitrary complex scale factor hlflclgét (s @ 51, )20 )

«, i.e., hy = ahy. The following is the summary of a batch s.t.|hy] = 1. (102)

= principle eigenvector of). (87)



1268 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 50, NO. 6, JUNE 2002
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rOli),r 1] f 4

Blind,
Flil signal Us[i],/\s[i] sequential

Kalman
subspace .
tracker channel hk (i1,

tracker
A\ /
/

r®iln i 1 /

form detectors
Wip = U_‘-[l']/\s[i]_IUxH [i](h1[i] ®s,, ) 'J— ‘ BU‘ [i]’BZ"‘ (7]
we U UIALT'D, 1) ©5,,)

D
7 =

Fig. 1. Adaptive receiver structure for linear space—time multiuser detectors.

y

A 4

stack

byl

i [1]

In order to obtain a sequential algorithm to solve the above op- * Track the channeh, [i] and k,[i] according to the fol-

timization problem, we write it in the following (trivial) state- lowing:
space form:
hi[i + 1] =hy[i], state equation 2li] =#{i] — U [U.[]"7(1] (106)
0=[(Is ®si )z[i]]"h.[i], observation equation afi] = (14 @ i 1)zl (107)
. _ wli] = (14 @ 53,1)2li] (108)
The standard Kalman filter can then be applied to the above Hear -
system as follows. Denoteli] = (I, @ s7,)2[i]. kle] =3[ — 1a{d] (2] B¢ — 1]=[d]) (109)
—Sli-1 7S -1zE]) T (110
Ek[i] = 3[i — 1)z[i](x[:)7 [ — 1]=[i]) " (103) il =3 - 112l (= '[L] ) H[L ) ) (10
ol —hsfi — 1 — k({17 hali - 1) hai] =huli — 1] — ki) (2[i) " b [i — 1])
= halt = 4]~ k] bl JIali — 1] - Kil(ei] i - 1)) (12)
Jhafi = 1] — Kla)(2[d] " ha[s — 1]} (104) Tl =Fli — 1] - K ]( [ ]th[L _ 1])
Once we have obtained channel estimates at time; sioé Sl =2 — 1] — k[d=[i]7 i — 1] (113)
can combine them with estimates of the signal subspace com- J—
ponents to form the detector in (80). Subspace tracking algo- S[i] =l - 1] - k=] S - 1]. (114)

rithms of various complexities exist in the literature. Since we

are stacking received signal vectors and subspace tracking com~ Form the detectors
plexity increases at least linearly with signal subspace dimen-
sion, it is imperative that we choose an algorithm with minimal o A 1r s .
complexity. The best existing low-complexity algorithm for this w1, 1[i] =Us[A UL []7 (R[] @ s1,1) (115)
purpose appears to be NAHJ-FST. This algorithm has the lowest Wy 1[{] =U, [{AT U [ (ﬁl [i] ® 8o, 1) . (116)
complexity of any algorithm used for similar purposes and has

performed well when used for signal subspace tracking in mul-
tipath fading environments. Since the sizelbf is 4N x 2K,

the complexity ist0 - 4N - 2K + 3 - 4N + 7.5(2K)? + 7 - 2K

» Perform differential detection

floating operations per iteration. The algorithm and a multiuser 21, 1[i] =y 1[i])7#[4] (117)

detection application are presented in [25]. The application to R AH ot

the current tracking problem is straightforward and will not be #2,1[d] = 2,1 [1] 7 7l1] (118)

discussed in detalil. P, 1li] =sign(R{z1, 1 [il=1, 1 [ — 1]°}) (119)
Algorithm 2 [Blind Adaptive Linear Space—Time Multiuser , ) ) )

Detector—Synchronous CDMA, Two Transmitter Antennas and Pa, 1[i] = Sign(Rezz, 1 [i]22, 1 [i — 1]"}). (120)

Two Receiver Antennas]:
» Using a suitable signal subspace tracking algorithm, e.g., A group-blind sequential adaptive space—time multiuser
NAHJ-FST, update the signal subspace comporgnid detector can be implemented similarly. The adaptive re-
and A;[¢] at each time slot ceiver structure is illustrated in Fig. 1.
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IV. BLIND ADAPTIVE SPACE-TIME MULTIUSER
DETECTION FORASYNCHRONOUSCDMA IN FADING
MULTIPATH CHANNELS

A. Signal Model

1269

delays remain constant over the duration of one signal frame
(MT5).

The received signal component due to the transmission of
a:él)(t) and a:g) (t) through the channel at receiver antennas 1
and 2 is given by

In this section, we develop adaptive space—time multiuser de-

tectors for asynchronous CDMA systems with two transmitter
and two receiver antennas. The continuous-time signal trans- ¥«

mitted from antennas 1 and 2 due to ttth user for time in-
terval: € {0, 1, ...} is given by

M-1
g = 3 b, wlils w(t — 2013)
=0
= bo,kfi]s2,k(t = (20 + 1)T5)] (121)
M-1
g2 = > b, wlilsz, 1t — 213)
=0

+ by xfi]syn(t — (20 + 1)T5)] (122)

where
M length of the data frame;
T, information symbol interval;

{bx[i]}; symbol stream of usek.

) =2 gV + 2P 2 g7V (125)
y D) =2V () x gV ) + 2P (1) x93 (). (126)

Substituting (121), (122), and (124) into (125) and (126), we
have for receiver antenriac {1, 2}

M-1
) = 3 [bslilsn (e — 272 % g V0)
=0
b, k2, w(t = (20 + 1T = g ()]
M—-1
+ 37 [barlila,wlt = 201) » gV t)
=0
by, wfilss, vt = (20 + D)) x g0 (1)
(127)

Although this is an asynchronous system, we have, for notgs; , 4 g € {1, 2}, we define
tional simplicity, suppressed the delay associated with each ’

users’ signal and incorporated it into the path delays in (124).(0’ b

We assume that for eadh the symbol strean{by[:]}; is a

collection of independent random variables that take on values
of +1 and—1 with equal probability. Furthermore, we assume

that the symbol streams of different users are independent.

the direct-sequence spread-spectrum (DS-SS) format, the user

signaling waveforms have the form

N—-1

sqr(t) = Y cqrlili(t - iT),

5=0

0<t<T (123)

where

N processing gain;

{cq,klJ1}is ¢ € {1, 2} signature sequence &fls assigned

to thekth user for bith, [:];

¥(¢) normalized chip waveform of dura-
tionT, = T, /N.
Thekth user’s signalsg)(t) andxf)(t) propagate from trans-
mitter antenna to receiver antenniathrough a multipath fading
channel whose impulse response is given by

L
g =3 s (t-r5") (24
=1

whereagj’ *)is the complex path gain from antennto antenna
b associated with thih path for thekth user, and (& *, 7%
<o <<l

delay and the initial transmission delay of ugett is assumed

is the sum of the corresponding path

R () 2s,0(t)

N-1 L
= Z Cq,k[j] [Z Oé;j’b)?/) (t —JT
=0 Li=1

7P (4T

* gV (8)

—T,i;"“)] .

(128)

For

In (128),52“’ b)(t) is the composite channel response for the

channel between transmitter anternand receiver antenria
taking into account the effects of the chip pulse waveform and
the multipath channel. Then, we have

M-1
i) = 37 [bualihl (¢ - 241
=0
bz, 1[1SH0 (¢ — (20 + 1)T5)}
M-1
+3 [b;ﬂi]hf’,j”(t _%UTY)
1=0

o, k[R50 (8 — (20 + 1)Ts)] . (129)

The total received signal at receiver antehr@a{1, 2} is given

by

K

) =3+ ).

k=1

(130)

At the receiver, the received signal is match filtered to the

that the channel is slowly varying so that the path gains actip waveform and sampled at the chip rate, i.e., the sampling
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interval isT., N is the total number of samples per symbol inForj = 0, 1, ..., [+/2], we have (138), shown at the bottom
terval, and2 N is the total number of samples per time slot. Thef the next page, and
nth matched filter output during thigh time slot is given by

T M, 0] ]
i, n] AnE :
) 26T+ (n+1)7T,
= / rO (Bt — 2T, — nT,)dt O, 2N — 1] ] ey
24T +nT, - (b) .
K 2T+ (n+1)T., ®) o™i, 0]
=> {/ Pt — 2405 — nT)y, (t) dt} FOITE
— 2¢Ts+nT, v
y,ﬁb>‘['i, n] Lo, 2N =11 ] 5y
2%T,+(n+1)T, [ b1,1 [d] T
+ / O ()p(t — 2T, — nT.)dt.  (131)
¥2iTs+nTC
'U(";ri,n , by 2
| o i 2 | ot (139)
Denote the maximum delay (in symbol intervals) as b2, 1[4]
A [ T /
Léa’b) 2 ’VA-‘ and ¢ 2 max Léa’b). (132)
TS k,a,b by w4
Lb2, ki) 5pesr
Substituting (129) into (131), we obtain Then, we have
v, /2]
M-1 2Ty +(n+1)Te O] = Z H® bl — ] +u ™. (140)
=3 {bl wlp] RSOt - 2pT) =0
p=0 S Jrn
) ?/J(t - ZLTS - nTc) dt . . . . .
2T+ (nt )T To exploit both time and spatial diversity, we stack the vectors
— by 1 [p] hgl’kb)(t —(2p+1)T,) received from both receive antennas
20T +nT, ’ (D[;
. LA [
p(t — 20T, — nT,)dt rfi] = @0 (141)
26T, +(n+1)T- @5 2] 4N x1
+ b kLD h B = 2pT9
2, k(7] T AT, 2k ( ) and observe that
np(t — 200, — nle) dt r[i] = H[&] » bfi] + vli] (142)
25T 4+(n+1)T. ) b)
+ by x[p] R3O - (2p - DT.)  where
20T 4+nT,
HW[j] :
p(t — 2T, — nT) dt} . (133) [1] = H(Q)[ ] ) i=0,1,...,[¢/2]
4ANX2K
- . . . and
Further substitution of (128) into (133) is as in (134), shown A T[]
at the bottom of the next page. We may writ¢’[i, n] more vfi] = [ @ )[']} : (143)
compactly as Ul danxa
( ) By stackingm successive received sample vectors, we create
[¢, n] the following quantities:
[¢/2] _ . -
= Z (h(l b) [j; n]b1, x[i — 4] — h(l b)[J’ nlbo, k[t — j] rfi
; 2 A .
r[i] = :
(2 b) _ (2 A b) _
Fha, iUy nlbenli = 314 AL il J]) Lele+m =111 yvma
[+/2] [./2] oli] _
—Zblu—z]glkl,n]Jer“L—/]g Ul A
j j= ofi] =
135 .
( ) _y[l—i_m_ 1]_ 4Nmx1
where [ o[ — [¢/2]]
gh i 12ROl + VT n (136) B = : (144)
oD\l 2R ] WP ). 3) [0 +m — 1]
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H[[./2]] --- H[O] - O We will see in Section IV-C2 that the smoothing facteris
. chosen such that

113

H

N [N(H—l)—i—Kh/ﬂ +1w (147)

0 o ﬂ[|—[’/2—|] e E[O] ANmMXr m= 2N — K
(145)  for channel identifiability. Note that the columnsHf(the com-

wherer 2 2K (m + [¢/2]). We can write (142) in matrix form posite signature vectors) contain information about both the tim-
ings and the complex path gains of the multipath channel of each

as
user. Hence, an estimate of these waveforms eliminates the need
r[é] = Hb[{] + v[i]. (146) for separate estimates of the timing informatipé?’ b)}f:l.
\ M—1 N-1 L L 2T, +(n+1)T. L
gDl 0= Y Lbalel Y el oy / it = 24T, - Ty (= 20T, — T, - iy ¥ ) at
=0 =0 —1 2T +nT.
N-1 L w0 2T, +(n+1)T L)
— by klpl > ekl gy / P(t — 2T, — nT,)ep (t ~@Qp+ 1)1, —§T. — 1y )dt
=0 =1 20T +nT,
N-1 L - 2T, +(n+1)T -
+ ool Y e nli] Y aly” / Wt — 2T, — nT.) (t T >) dt
—0 =1 2iTs4nT,
N-1 L - 2T+ (n+1)T. -
ol D el Y oy / it = 2T, — Ty (t— (2p+ DT, - jT. - 77" ) at
=0 -1 2T +nT.
F P nt2pN—j]
[v/2] N-1 L T, K
=Y Sbali—pl > enlil Yoy / (e (¢ = JT. — 73" + 29T, + ) ]
p=0 j=0 =1 0
12, ]
£ [t 2pN — N—j]
N-1 I T. )
—ba i =9l Y el oty / Gt (= JTe - 70" + 29T, — T, + 0T ) at
§=0 =1 0
h;%}f)) [1”‘7 'n,}
72V n+2pN—j]
N-1 L T, B
thoali—p Y e uli] Y el / Bty (= T = mi7 ¥ + 2T, + T, ) dt
=0 =1 0
hf Dlp, n]
72V n+2pN-N—j]
N-1 T T, A
+hali—p D ennli] Yoy / ey (= 3T — 77 + 2T, = T+ T ) dt o (134)
j=0 =1 0
h(f’kh) [p, n]
b . b . b . b .
gali 0 e gkl 0l gl 0 e gl 0]
HO[j]2 : : : : ; ; (138)

b . b . b . b .
gi)lb, 2N —-1] - gi,)ng, 2N —1] gé,)lb, 2N 1] .- 95,)3'[% 2N — 1] oo
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B. Blind MMSE Space-Time Multiuser Detection From (135), we have fof =0, ..., [¢/2];n =0, ..., 2N —
Since the ambient noise is white, i.&{vfijofi]?} = Lb=12
o?I4n ., the autocorrelation matrix of the received signal in
(146) is g\l nl =200, nl+ K5V el (154)
o0 n) =G, nl — WO lnl. (158)

REE{r[ilrli]?} = HHY + 0 Ly
=U. AU + 52U, U

(148)

(149)  we will develop the discrete-time channel model b, [/, n].
The development foggyk[j, n] follows similarly. From (134),

where (149) is the eigendecomposition Bf U, has size
we see that

4Nm x r, andU,, has sizelNm x (4Nm — ).

The MMSE space—-time multiuser detector and corresponding N-1
bit estimate for,, .[i], a € {1, 2} are given by gik[j, n| = Z c1klalfy Fib b)[n +2jN —q|
q=0
W k= arg min  E{|b, x[i] — wr[i]|?} (150) No1
o weern +37 e ala il +2iN — N — gl (156)
b,,,yk[z] =SIgn[Re{wa LTl - (151) =

The solution to (150) can be written in terms of the signal sub-
space components as [26] rom (134), we can also see that the sequerﬁée“s[t] and
" [L] are zero whenever< 0 or ¢ > ¢N. With this in mind,
Wo,x = U AT UN Ry i (152) we define the following vectors:

whereh,, 2 Hepg(2[,/214a—1)++ 1S the composite signature (b A& [ () 1[0, 0] - - ®) [0, 2N —1]-- ®) [[/2], 0]

waveform of usek for bit a € {1, 2}. This detector is termed 74+ Lk Lk
blind since it requires knowledge only of the S|gnf’;\ture sequence gib)k”[’/2—| 2N — 1]} (157)
of the user of interest. Of course, we also require estimates of
the signal subspace components and of the channel. We address i 17
the issue of channel estimation next. FEY 2 REP0 fEVRN 000 (158)
Nzeros
C. Blind Adaptive Channel Estimation - T
In this section, we extend the blind adaptive channel estima- f<2 D2 g0 f2V0).. . FEON] (159)
—— 'k k
tion technique described in Section IlI-B to the asynchronous Nooros
multipath case. First, however, we describe the discrete-time B B
channel model in order to formulate an analog to the optimiz@then, (157) can be written as
tion problem in (102).
1) Discrete-Time Channel ModelUsing (138) and (143), it 9 =C [f“ AR b b)} (160)

is easy to see that o

77

gol0, 0]

where we have (161), shown at the bottom of the next page.
A similar development foggjk[j, n] produces the result

(1) _
9o, 1[0, 2N = 1] ®

2,b 1,b
@ 0, 0] i = Ca (153 - 15 (162)
9, %10
’ o,
9221[0 2N — 1] where
ho,x = : (153) N ]
o ZO 2 A0 AN 0 (163)
ga k[|—[’/2—|a 0] L Nzeros |
: S 2100 V0] VLN (264)
2,k — k k
g((zl)k[|—[’/2—|7 2N - 1] | Nzeros _

a%IM/21, 0]

L9 0T/2], 2N — 1] ]

AN(Te/2]+1)x 1

The final task in the section is to form expressions for the
composite signature waveformis, i andhs_; in terms of the
signature matrice€”; ., C» i and the channel response vec-

torsf(b) andf(b) Denote byC, [, j = 0.1, ...,

[v/2],
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a € {1, 2} the submatrix ol”, , consisting of row2Nj +1 Our channel estimation problem, then, involves the solution of

through2(j + 1)N. Then, it is easy to show that the optimization problem
— ~ . H~H e
ha,k = Ca,1 o, i (165) foo=agmin B {\f C.. el } (171)
where subject to the constraifif|| = 1. If we denotex[¢] 2 éikz[i],
) ) then we can use the Kalman-type algorithm described in
Co,x[0] 0 (103)~(105), wheré, [i] is replaced withf, ,[i].
0 C,, 1[0] Note that a necessary ccmdition for the channel estimate to be
Ca 1] 0 unique is that the matrinC% xistall, i.e., ANm — 2K (m +
¢/2]) > 2N (v + 1) + 2. Therefore, we choose the smoothing
I “ N Theref h h hi
Co 1= 0 Co, k(1] factorm such that
: : m> IVN(L+12)];|7-KI|—{L/2—|+1—" (172)
Co,x[[¢/21] 0 -
L 0 Co.1[[t/2]]4 AN/ 21D X (2N (1 1)12) psmg the same constraint, we find that for a quedthe max-
and imum number of users that can be supported is
iy
NER _[|IN@m-t-1)—1| |N
= ’ . — ¢ 173
o2 (166) win { [ M= )G (173)
LS o1 d envernt2yx1

Notice that for reasonable choices+afand., (173) is larger
2) Blind Sequential Kalman Channel Estimatioiihe blind than the maximum number of users for the linear diversity re-
channel estimation problem for the asynchronous multipateiver structure, which is given by
case involves the estimation ¢f, ;(1 < k < K,a = 1, 2)
from the received signat[:]. As we did for the synchronous {MJ ) (174)
case, we will exploit the orthogonality between the signal sub- 2(m + 1)

space and noise subspace. Specifically, sbigas orthogonal This represents a quantitative example of the capacity benefit of

to the columnspace dif, we have space—time multiuser detection discussed in Section II-D.
o Once an estimate of the channel stfife, is obtained, the
Ufhm E= UfC,,,jkfay x = 0. (167) composite signature vector of ti¢h user for bita is given by

(165). Note that there is an arbitrary phase ambiguity in the es-
Denote byz[i] the projection of the received signd] onto the timated channel state, which necessitates differential encoding

noise subspace, i.e., and decoding of the transmitted data.
] =rfi] - UUH ) (168) D. Algorithm Summary
e ::]L - ot T 169 Algorithm 3 [Blind Adaptive Linear Space—-Time Multiuser
=UL U, r[i]. (169) Detector—Asynchronous Multipath CDMA, Two Transmitter
_ Antennas and Two Receiver Antennas:
Using (167), we have « Stack matched filter outputs in (131) according to (139),
oy (141), and (144) to create:].
I, w2l =0. (170) + CreateC,,  according to (166).
017 k [0] ]
Cl,k [1]
617 k [0]
A )
Cii= : c1,x[1] (161)
cr, k[N — 1]
L c1 k[N — 1]

CN([e/21+1)) X (N (e+1)+1)
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. USing a SUitable Signal Subspace tracking algorithm, e.g A:iaptationp?rformancelofblind ad?ptivespacle—limeMUII:)forsynch:ronousCDr:AA
NAHJ-FST, update the signal subspace comporgntd , : : : v
and A;[¢] at each time slot. — users: : T Tusers '  2users:

* Track the channef, , (1 <k < K, a =1, 2) according ' ' :
to %

z[i] =ri] — U [iU[i] " 7[i] (175) %
zli] =0, yalil (176) 3
kli] = S[i — e[i](«[]]" S[i — L«[i]) a7 ¢
Failil = o ili = 1] = Klil(ai]" £, ili - 1)
/o ili = 1] — Kl £, [i = 1D (178) %
S =2[i — 1] — kfi]=[:]7 2} — 1]. (179) s
* Form the detectors SNR=:8dB'proce$sing gain=15; f=.995
W, k[L] = US [L]As_ l[i]US [i]Haa: kf a, k[L] (180) 0 560 10;00 15‘00 2oioo 25ioo 3oioo 35|oo 40100 4500

iteration

+ Perform differential detection _ _ _ , '
Fig. 2. Adaptation performance of space—time multiuser detection for
Za k[t] =w, k[L]HT[L], (]_81) synchronous CDMA. The labeled horizontal lines represent bit-error-
A o ] ] probability thresholds.
Ba, k[i] =SigNR{ 20 k[?] 2a,x[t — 1]"}). (182)

Steady-state performance of blind adaptive space-time MUD for synchronous CDMA

A F S S S SEE R
— 100% loading (7 users) | 111"
-%- 57% loading {4 users)
—o— 29% loading (2 users)

V. SIMULATION RESULTS

In this section, we present simulation results to illustrate th b
performance of blind adaptive space—time multiuser detectio
We first look at the synchronous flat-fading case; then, we cor
sider the asynchronous multipath-fading scenario. For all sin 1*
ulations, we use the two transmit/two receive antenna configi,
ration. Them-sequences of length 15 and their shifted version .|
are employed as user spreading sequences. The chip pulsi§ |
a raised cosine with roll-off factor 0.5. For the multipath case
each user has = 3 paths. The delay of each path is uniform " ¢:
on|[0, T;]. Hence, the maximum delay spread is one symbol ir :
terval, i.e.,. = 1. The fading gain for each users’ channel is
generated from a complex Gaussian distribution and is fixed f
all simulations. The path gains in each users’s channel are n . ,
malized so that each users’s signal arrives at the receiver wi 07 1 2 3
the same power. The smoothing factomis= 2, and the for-
getting factor for the subspace tracking algorithm for all simurig. 3. Steady-state performance of space-time multiuser detection for
lations is 0.995. The performance measures are bit-error prop4hronous COMA.
bility and signal-to-interference-plus-noise ratio, which are de-

fined by SINR2 E2{w" s} /Var{w"r}, where the expectation that the bit-error probability does not drop below£0 even
is with respect to the data bits of interfering users and the anhdring transitions when users enter or leave the system.
bient noise. In the simulations, the expectation operation is re-Fig. 3 shows the steady-state performance for the syn-
placed by the time averaging operation. SINR is a particularthronous case for different system loads. We see that the
appropriate figure of merit for MMSE detectors since it has begrerformance changes little as the system load changes. Al-
shown [27] that the output of an MMSE detector is approxthough an error floor is unavoidable since we are estimating
imately Gaussian distributed. Hence, the SINR values trartke detectors and the channel from the received signal, it is
late directly and simply to bit-error probabilities, i.®x(¢) = sufficiently low so that it does not appear in this figure.
Q(VSINR). The labeled horizontal lines on the SINR plot rep- Fig. 4 shows the adaptation performance for the asyn-
resent bit-error-probability thresholds. For the SINR plots, thehronous multipath case. The SNR for this simulation is 11
number of users for the first 1500 iterations is 4. At iteratiodB. Again, notice that the bit-error-probability does not drop
1501, three users are added so that the system is fully loadgdnificantly as users enter and leave the system.
At iteration 3001, five users are removed. For the BER plots, Fig. 5 shows the steady-state performance for the asyn-
the frame size is 200 bits, and the system is allowed 1000 hitsronous multipath case for different system loads. It is seen
to reach steady state before errors are accumulated. that system loading has a more significant effect on perfor-
Fig. 2 illustrates the adaptation performance for the symance for the asynchronous multipath case that it does for the
chronous, flat-fading case. The SNR is fixed at 8 dB. Noticg/nchronous case.

5
SNR (dB)
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Adaptation performance of blind adaptive space~time MUD for asynchronous multipath CDMA
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Fig. 4. Adaptation performance of space-time multiuser detection for

A : . = [9
asynchronous multipath CDMA. The labeled horizontal lines represent blt-[ ]
error-probability thresholds. [10]

[11]
Steady-state performance of blind adaptive space-time MUD for asynchronous multipath CDMA
10 —
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Fig. 5. Steady-state performance of space—time multiuser detection for
asynchronous multipath CDMA. [19]

[20]
VI. CONCLUSION

In this work, we have analyzed and compared two different21
linear receiver structures that are appropriate for CDMA
systems with multiple transmit and receive antennas. We have2]
seen that the space—time structure has many advantages o&%ﬁr
linear diversity combining, including better bit-error-rate per-
formance (for configurations with 1 transmit antenna and 2 of24]
more receive antennas), lower complexity, and higher user ca-
pacity. We have also developed blind adaptive implementationgs]
of the space-time structure for synchronous CDMA channels
in flat-fading channels and for asynchronous CDMA in fading[og)
multipath channels. Finally, we have presented simulations to
illustrate the steady-state and adaptation performance of HT??]
adaptive receiver.

1275

REFERENCES

T. Ojanpera and R. Prasadlideband CDMA for Third Generation Mo-
bile Communications Norwood, MA: Artech House, 1998.

X. Wang and H. V. Poor, “Space-time multiuser detection in multi-
path CDMA channels,IEEE Trans. Signal Processingol. 47, pp.
2356-2374, Sept. 1999.

T. F. Wong, T. M. Lok, J. S. Lehnert, and M. D. Zoltowski, “A linear
receiver for direct-sequence spread-spectrum multiple-access with an-
tenna array and blind adaptatiohE?EE Trans. Inform. Theorwol. 44,

pp. 659-677, Mar. 1998.

H. Liu and M. D. Zoltowski, “Blind equalization in antenna array
CDMA systems,lEEE Trans. Signal Processingol. 45, pp. 161-172,
Jan. 1997.

A. J. Paulraj and C. B. Papadias, “Space-time processing for wirless
communications,lEEE Signal Processing Magvol. 14, pp. 49-83,
Nov. 1997.

X. Bernstein and A. M. Haimovic, “Space—time processing for increased
capacity of wireless CDMA,” irProc. ICC 1996, pp. 597-601.

S. Miller and S. C. Schwartz, “Integrated spatial-temporal detectors
for asynchronous Gaussian multiple access channd#EE Trans.
Commun,.vol. 43, pp. 396-411, Feb./Mar./Apr. 1995.

B. Suardet al, “Performance of CDMA mobile communications sys-
tems using antenna arrays,”foc. ICASSP1993.

A. Wittneben, “Base station modulation diversity for digital SIMUL-
CAST,” in Proc. |IEEE Veh. Technol. Confl993, pp. 505-511.

—, “A new bandwidth efficient transmit antenna modulation diver-
sity scheme for linear digital modulation,” Proc. Int. Conf. Commun.
1993, pp. 1630-1634.

N. Seshadri and J. H. Winters, “Two signaling schemes for improving
the error performance of frequency-division duplex (FDD) transmis-
sion systems using transmitter antenna diversity,Pioc. IEEE Veh.
Technol. Conf.May 1993, pp. 508-511.

J. H. Winters, “The diversity gain of transmit diversity in wireless sys-
tems with Rayleigh fading,” ifProc. ICC/SUPERCOMIMvol. 2, New
Orleans, LA, May 1994, pp. 1121-1125.

V. Tarokh, N. Seshadri, and A. R. Calderbank, “Space-time codes for
high data rate wireless communications: Performance criterion and code
construction,”IEEE Trans. Inform. Theorwol. 44, pp. 744-765, Mar.
1998.

S. Alamouti, “A simple transmit diversity technique for wireless com-
munications,"|EEE J. Select. Areas Commuwol. 16, pp. 1451-1458,
Oct. 1998.

Texas Instruments Inc., “Space—time block coded transmit antenna di-
versity for WCDMA,”, proposed TDOC#662/98 to ETSI SMG2 UMTS
stand., Dec. 1998.

Lucent Technol.,, “Downlink diversity improvements through
space-time spreading,”, proposed 3GPP2-C30-19990817-014 to the
CDMA-2000 stand., Aug. 1999.

V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-time block
codes from orthogonal designdEEE Trans. Inform. Theoryol. 45,

pp. 1456-1467, July 1999.

G. J. Forschini and M. J. Gans, “On limits of wireless communications
in a fading environment when using multiple antenn&gireless Pers.
Commun,.vol. 6, no. 3, pp. 311-335, 1998.

I. Telatar, “Capacity of multi-antenna Gaussian channdisy Trans.
Telecommunyol. 10, pp. 585-595, Nov.—Dec. 1999.

H. Huang and H. Viswanathan, “Multiple antennas and multiuser de-
tection in high data rate CDMA systems,” froc. IEEE Veh. Technol.
Conf, Tokyo, Japan, 2000, pp. 556-560.

B.Hochwald, T. L. Marzetta, and C. B. Papadias, “A transmitter diversity
scheme for wideband CDMA systems based on space—time spreading,”
IEEE J. Select. Areas Commuwol. 19, pp. 48-60, Jan. 2001.

S. Verdd,Multiuser Detection Cambridge, U.K.: Cambridge Univ.
Press, 1998.

X. Wang and H. V. Poor, “Blind multiuser detection: A subspace ap-
proach,”IEEE Trans. Inform. Theoryol. 44, pp. 677-691, Mar. 1998.

X. Wang and A. Hgst-Madsen, “Group-blind multiuser detection for up-
link CDMA,” |EEE J. Select. Areas Communwol. 17, pp. 1971-1984,
Nov. 1999.

D. Reynolds and X. Wang, “Adaptive group-blind multiuser detection
based on a new subspace tracking algorithf8EE Trans. Commun.

vol. 49, pp. 1135-1141, July 2001.

X. Wang and H. V. Poor, “Blind equalization and multiuser detection
for CDMA communications in dispersive channeldEEE Trans.
Commun,vol. 46, pp. 91-103, Jan. 1998.

H. V. Poor and S. Verdu, “Probability of error in MMSE multiuser de-
tection,”|[EEE Trans. Inform. Theoryol. 43, pp. 858-871, May 1997.



1276

e EETEHTR

communications.

IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 50, NO. 6, JUNE 2002

Daryl Reynolds received the B.S. degree in elec-
trical engineering from the University of Colorado,
Boulder, in 1993 and the M.S. degree in electrica
engineering from Texas A&M University, College
Station, in 1998. He is currently pursuing the
Ph.D. degree with the Department of Electrical
Engineering, Texas A&M University.
Since 1996, he has been an Assistant Lecture
and Teaching Assistant with this department. His
research interests include multiuser communicatio‘l 1977 until he joined the Princeton faculty in 1990, he
theory and statistical signal processing for wireless was a Faculty Member at the University of lllinois
at Urbana-Champaign. He has also held visiting and summer appointments at
several universities and research organizations in the United States, Britain, and
Australia. His research interests are primarily in the area of statistical signal
) . ) processing, with applications in wireless communications and related areas.
Xiaodong Wang (M'98) received the B.S. degree among his publications in this area is the bokreless Communications:
in electrical engineering and applied mat_hematlc%ignau Processing Perspectives
(with the highest honor) from Shanghai Jiao Tong by poor is a member of the National Academy of Engineering and is a Fellow
University, Shanghai, China, in 1992, the M.S.qf the Acoustical Society of America, the American Association for the Ad-
degree in electrical and computer engineering from,ncement of Science, the Institute of Mathematical Statistics, and the Optical
Purdue University, West Lafayette, IN, in 1995, gqciety of America. His IEEE activities include serving as the President of
and the Ph.D. degree in electrical engineering fromy,e |EEE Information Theory Society in 1990 and as a member of the IEEE
Princeton University, Princeton, NJ, in 1998. Board of Directors from 1991 to 1992. Among his honors are the Frederick E.
From July 1998 to December 2001, he waSrerman Award of the American Society for Engineering Education (1992), the
an Assistant Professor with the Department opjstinguished Member Award from the IEEE Control Systems Society (1994),
Electrical Engineering, Texas A&M University, on |EEE Third Millennium Medal (2000), the IEEE Graduate Teaching Award

H. Vincent Poor (S'72-M'77-SM'82-F'87) re-
ceived the Ph.D. degree in electrical engineering and
computer science in 1977 from Princeton University,
Princeton, NJ.

He is currently a Professor of electrical engi-
neering at Princeton. He is also affiliated with
Princeton’s Department of Operations Research
and Financial Engineering and with its Program
in Applied and Computational Mathematics. From

College Station. In January 2002, he joined the Department of Electriqalyg1) and the first Joint Paper Award of the IEEE Communications Society
Engineering, Columbia University, New York, NY, as an Assistant Professoo{nd IEEE Information Theory Society (2002).

His research interests fall in the general areas of computing, signal processing,
and communications. He has done work in the areas of digital communications,
digital signal processing, parallel and distributed computing, nanoelectronics
and quantum computing, and he has published extensively in these areas.
His current research interests include multiuser communications theory and
advanced signal processing for wireless communications. He was with AT&T
Labs—Research, Red Bank, NJ, during the summer of 1997.

Dr. Wang received the 1999 NSF CAREER Award and the 2001 IEEE
Communications Society and Information Theory Society Joint Paper Award.
He currently serves as an Associate Editor for the |IEEANSACTIONS ON
COMMUNICATIOINS, the IEEE TRANSACTIONS ONSIGNAL PROCESSING and the
IEEE TRANSACTIONS ONWIRELESS COMMUNICATIONS.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 
	Intentional blank: This page is intentionally blank


