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Abstract—A two-stage adaptive multiuser detector in an addi- the conventional one, but with a simpler structure in comparison
tive white Gaussian noise code-division multiple-access channel isto the optimum receiver allowing thus for their practical realiza-
proposed and analyzed. Its first stage is an asynchronous one-shotjon - An important example of such a receiver is a decorrelating

decorrelator which in terms of computational complexity only re- detector that f . . f lati trix of ;
quires inversion of K symmetric K x K matrices for all K users. etector that performs Inversion or correlation matrix or users

In addition, the K inversions can be done in parallel, and the com- Signature sequences [2] so that its output is multiuser interfer-
puted results for one user can be reused by all other users as well, ence-free and its bit-error rate is therefore independent of the in-
resulting in a latency of only one bit, same as its synchronous coun- terfering amplitudes. In addition to this near—far resistance prop-
terpart. The decorrelated tentative decisions are utilized to esti- erty, the decorrelating detector does not require an estimation of

mate and subtract multiple-access interference in the second stage.th ived si | litudes. A hat inferior. but "
Another novel feature of the detector is the adaptive manner in 1€ '€Celved signalamplitudes. A somewnat inferior, but greatly

which the multiple-access interference estimates are formed, which Simplified form of a decorrelator is the one with the processing
renders prior estimation of the received signal amplitudes and the window restricted to the bit of interest only (one-shot decorre-
use of training sequences unnecessary. Adaptation algorithms con- ator). The one-shot decorrelator was introduced in [3] through a
sidered |ncluc_ie steepest descent (as WeII_ as its stochastic Vers'on)lwo-asynchronous-user example, while independently the same
and a recursive least squares-type algorithm that offers a faster t f . d ibed in 141, In the b tation. gith
transient response and better error performance. Sufficient con- ypfao rece|\{erwas escribed in [4]. In the base station, i
ditions for the receiver to achieve convergence are derived. The active users in the system, all of them need to be demodulated,
detector is near—far resistant, and is shown to provide substan- and in order to avoid the degradation of the decorrelated users’
t!al steady-state error performance improvement over the conven- signal-to-noise ratios (SNRs), the processing window spans al-
tional and decorrelating detector, particularly in the presence of gt twice the length of the bit interval. The inclusion of the
strong interfering signals. . .

entire bit of every user means thatd{ — 2) x (3K — 2) cross

Index Terms—Adaptive multiuser detector, CDMA, one-shot qrrelation matrix has to be inverted.

decorrelator, RLS. A minimum mean-square error (MMSE) detector which has

both the conventional receiver and the decorrelator as its lim-

|. INTRODUCTION iting cases was first proposed in [5]. It obtains a linear estimate

of the transmitted bits from the matched-filter output by mini-

ince the optimum receiver in a multiple-access, Gaussian._. . )
. idnizing either a mean-squared error or a weighted-squared error
oise channel was proposed ten years ago [1], a consider-

n
able amount of research in academia and industry has beenp etrformance criterion. As the SNRs go to infinity, the MMSE

. . ) etector converges to the decorrelator. But as the SNRs go to
voted to what is usually referred to as multiuser detection. Its

; O . Zero, the MMSE detector approaches the conventional detector,
common viewpoint is a joint detection of all the users by ex-, .”: . -

. : . which is better than the decorrelator for sufficiently low SNRs.
ploiting the structure of the multiple-access interference, rath.r_-

. . ; ; he complexity of the MMSE detector is linear in the number of
than focusing solely on the desired user and ignoring the rest. . . : .
4 . T > .~ users, butitalso requires knowledge of the received amplitudes.
The complexity of the optimum receiver is exponential in th

number of users, which makes it prohibitive in terms of praC_daptlve linear MMSE detectors that do not require estimation

tical implementation. The research efforts that followed weroe]c the recglved amphtudes.w.ere proposed in [6]-{8]. The)_/, hO.W
: L . ever, require the use of training sequences for the adaptive filter
devoted to detectors that provided significant improvementovér .. .
coefficients to settle to their proper values.

Another approach in multiuser detection is based on interfer-
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received amplitudes. Unless the subtraction is done in the propeAs an alternative approach, the adaptation of the weights
order of decreasing amplitude levels, the achieved performansing the recursive least squares (RLS)-type algorithm based
may be worse when compared to that of the decorrelator, whioh the one described in [13] is also presented. The increased
uses no amplitude estimates. computational complexity of the algorithm provides a superior
Multistage detection was originally proposed in [10], wherspeed of convergence for a given amount of residual error.
the detector’s first stage is a bank of matched filters (conven-The paper is organized as follows. The general description of
tional detector), and in [11], where it is a decorrelator. Thime receiver is introduced in Section Il. The parallel structure of
cancellation occurs in the second stage, where the multiutiee decorrelator is presented in Section Ill. The adaptation pro-
interference is estimated from the first-stage (tentative) deciedure is described in Section IV. Analytical evaluation of the
sions, and then subtracted from the received signal. When #teady-state error probability is given in Section V. The conver-
first-stage decisions are error-free, the detector achieves the gemnce of the adaptation procedure is proved in Section VI, and
formance of the single-user channel. On the other hand, any sufficient conditions for convergence are derived. The impact of
roneous tentative decision would double the interference frqparameters on convergence speed is discussed. The superiority
the corresponding user. Such a detector utilizes fixed weiglatsthe RLS algorithm is also proved there. Section VII provides
that requires prior estimation of the received signals’ ampkeveral numerical examples and a discussion.
tudes.
In searching for an adaptive structure that neither requires
training sequences nor prior estimation of the received signals’ Il. PRELIMINARIES
amplitudes, an adaptive asynchronous version of a multistagt?

receiver in [11] is proposed and analyzed in this paper. This n a multiuser environmenf users share the same channel
brop y Paper. ThEh the unit energy signature rectangular wavefagtt), k =

nonlinear receiver uses the decorrelator as its fII’S.t stage.' |tlIS. .. K ofthe duratiori” assigned to each of them. The infor-
near—far resistant and belongs to the category of blind multiusér

detectors. To see this property, there is no need to derive anﬂatlon b'tSb."(L) € {-1, +1}forthe symbpl interval have t_he
. ! . . Same duratiofl’. The waveform-(¢) at the input of the receiver
expression for the near—far resistance of the receiver, which,Is ) . X
. : . e at has a bank of matched filters as its front end is expressed as
defined as the worst-case asymptotic multiuser efficiency. We
just need to show the asymptotic multiuser efficiency can never K ) )
be zero. In the absence of noise, the estimates of interferences’ (t) = Zkzl ZZ br()v/arsi(t = 4T = 1) + nw(t)

made by the decorrelating stage will be perfect and the interfer-

ences can be tuned out completely in the next stage, therefdf¥ré 7. (?) is a zero-mean, white Gaussian noise with the
o-sided power spectral densily, /2, anda; and;, are the

the bit-error rate (BER) will vanish. As a result, the asymptoti?,"’ - g : !
multiuser efficiency will always be nonzero. The near—far ré€ceived energy and relative delay for userespectively. While

sistance of the receiver is therefore nonzero and the receivelf IS @ssumed that precise relative delay estimates are available
near—far resistant. for all users, their amplitudes are considered to be unknown to
The proposed receiver obtains tentative decisions from {Hi§ receiver. In reality, they are slowly time varying; however,

outputs of a one-shot decorrelator. In this paper, the decorreldi§Fe they are assumed to remain unchanged over the transmis-

is realized as a parallel structure which in terms of complexi§fon horizon for each user. S _
requires inversion of onlyx symmetrick x K matrices for Without loss of generality, the attention will be on detection
all K users, and has latency of one bit only. Such decorrelatoP5user 1, and it will be assumed that= 7, < 7 < --- <
architecture makes it suitable for parallel processing implemefs < 7x+1 = T The sampled output of the matched filter of
tation in base stations. bit ¢ of user 1 is then

For controlling the weights, the proposed adaptive part of the . ) K
detector uses a steepest descent algorithm that minimizes the 21(1) = varbi(2) + ZkZQ vV Ok

power at the output. The steady-state error performance is eval- okt (i — 1) + prabe(6)] + na(0).
uated and comparisons are made with the conventional and the
decorrelating detectors. It is followed by an investigation on thhe partial cross correlations; andpix, fork =2, ..., K,

convergence and stability of the receiver. The conditions for taee
detector to achieve convergence are derived, and their proper- T
ties analyzed. Since the steepest descent algorithm requires the Pr1 = / s1(t)sp(t+ T — 1) dt,
knowledge of the channel statistics, a stochastic version of the 0

algorithm is considered, with the average of the error function
computed over a number of iterations. Averaging reduces the
variance of the error function estimate, but entails storage re-
quirement. Additionally, the choice of the step size of the algd\/so, n1(¥) is a zero-mean Gaussian random variable with vari-
rithm enables a tradeoff between the speed of convergence 8R8€No/2. Using the vector notations where

the average residual error.

T
plk:/ s1(t)sp(t — ) dt.
0

T
p1 =[p21, ..., PK1, P12, -+ -, PLK]
1A linear blind multiuser detector for a single-user detection (decentralized b (3) =[bsli — 1 br(i—1). bols b (iNT
detector) that is near—far resistant and requires no more knowledge than the 1( ) [ .2( )a (R k( ), 2( ), <o UK ( )]
conventional single-user detector was reported in [12]. A; =diag [\/ag, .., Vag
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and i-nHT iT
Ao [ O | ¢a | o | o
“lo a4 20 | $o S
O A O! sy (1)
the matched filter output is expressed as |
L 2o Qo | o
21(1) = /arby (i) + p¥ Ab;(4) 4+ ny(3). 1) G-1T (-DT+ % DT+ T @EDT+Tx 1T

The multistage detector introduced in [10], forms an estimaf&- 1. Partition of theth bit interval of user 1 intd" blocks.

of the multiuser interference as the weighted vector of tenta-
tive decisions on symbols that interfere with(¢) directly, and
then subtracts this estimate from the matched filter output. Tt
generic expressions for the final decision statisfics) and the
corresponding final decisioh (¢) for bit ¢ of user 1 are

(1)

ni()) = @1(6) —wi (Db(3),  bi(d) =sen(wa (i), (2)

N N N B B (3} optimum | z B
whereby (i) = [bn(i — 1), ..., bic(i — 1), ba(@), ..., brc(D)F weighs

is the vector of tentative decisions affecting bif user 1, and

wy () = [wi ™V, . wl P W, wlP T are the corre-

sponding we|ghts In [10] and [11], the tentative decisions ar

obtained either from the decorrelator in the first stage or fror

the output of the bank of matched filters, while the weights ar :

formed using the estimated received signals’ amplitudes.
In this paper, the tentative decisions will be provided by the

one-shot decorrelator. The vector of the one-shot decorrelatgy > proposed decorrelator structure.

outputsz (¢) and the corresponding tentative decisidnéi)

affecting bit: of user 1 are expressed as

t=T
o [ B e B—
PK

=T

The partial energy, of s (t) within a particular block is given
2 (i) = Ab (1) + &1, bi(i) = sen(2(9)) @

Ti+1
wherez! (i) = [z2(i — 1), ..., 2z (i — 1), 20(4), ..., 2k ()], € = / st(t + BT — i) dt
and the noise at the output of the decorrel@pr= [¢2(i — T{f
1), .. &k (i—1), &(6), ..., Ex(0)]" is a zero-mean Gaussian _ / [ng)(t)r . F—1.. K
vector having the covariance mati®&;, whose diagonal ele- 0

ments are evaluated in the following section. .
The one-shot decorrelator was originally presented in [3]. THAMCh, given the assumption thai(t) is rectangularis equal
proposed parallel structure realization of such a decorrelatt (7i+1 = 7))/ T

which is particularly suitable for the multistage detection, is de- 1€ received signal(t) in the block[7;, 7;+1] can then be
scribed next. expressed as

"0 = |0, Va0

To facilitate the description of the proposed parallel struc- Z \/_bk i— 15D (0] +nw ).
ture of the decorrelator, the signature waveform of each user in
theith bit interval of user 1[(¢ — 1)T’, <77, is shown in Fig. 1

IIl. PARALLEL DECORRELATORSTRUCTURE

The essential structure of the decorrelator is shown in Fig. 2

as being partitioned inté blocks accordlng to users’ relatlveIn which the vector of sampled outputs of the bank of matched
delays. Each block of timér;, 7;41],j = 1,2, ..., K, can gy co. the jth block is
then be viewed as A -user synchronous channel W|th umt -en-

ergy rectangular signature waveform%) = sfj)( )/ /5 20 — \/e_ijAb(j) + W

k=12, ..., K, where

S(j)(t): Sk(t+/3ij—Tk), T <t <Tj41
k 0 otherwise

7
. 2The assumption implies that is independent of, although the analysis
Bri = 1, J<k ) can be extended to a more general case in which the partial energy within each
J 0, otherwise. block depends o#.
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whereP; is the K’ x K symmetric cross correlation matrix of ~ The decorrelator output for uskyz, canthen be constructed
signature waveforma.” () in which the(l, m)th elemen?)  as the weighted sum of the elements of the vector

is defined as Ko
1 T Zk:cfzkzzj lckj \/_\/_bk()+£k (6)
o= [ s ar
0

5 wherec;, = [¢{7, ..., V17, andg, = (L€,

The optimal selection of the weightg minimizes the bit-

G PN T ror probability of the tentative decisibmy, (i) = sgn(z(4))

b7 = [bu(2), ba(0), - ; 2 b3 (), bia (0= 1) b= DI e decorrelator output. The evaluation of the optimal weights
can be done in a straightforward, although somewhat tedious

andn® = [0, 0§, ... 2|7 is a Gaussian noise vector
manner by minimizing the error probability at the decorrelator

and the diagonal elements are equal to one. Additionalg(l,

with a covariance matrix&{nnT} = (No/2)P;. (In
all notations the superscrigi) denotesjth block, while the output
subscript usually refers to a particular user and the time index

will be dropped whenever possible). Z (J) NcAN
Assuming thatP; is invertible andl’; = 7?;1, the decorre- prih j=1° Ve »
lated vector output for thgth block is given as ribi() inerror} = Q var(€x)

20 — [zgj), 251)7 75{)} _ P;lx(j) — \/c_jAb(j) +£(j)

where Q(z et/ gy

\/27r /
which in this case is the same as maximizing the SNR. By rec-
G) _ — A ) ognizing, however, that the elementsgf representi( inde-

7 = VeVarbi( = Pig) + & ) pendent observations f.(i), the expression for the optimal
¢, can be written directly, as shown in Appendix A, using the
well-known solution for the MRE[14]. One can also observe

. y y y . . that premultiplying the optimum values of the weighisfrom
i) _ e D) WO1° _ p-1,G) _ :
¢V = [511 R 5 } =P; ' =T nt (A1) by any nonzero constant will not change the error proba-
bility. Here, the constant is chosen as
is a Gaussian noise vector with a covariance matrix

in which thekth element

and

E{V€9T} = (No/2)L;. ry=— 1
The next step in obtaining the decorrelator output for dser Zl‘ G
is to consider the vector =1 40)
2 LWGa) s@u a1 (k—1) 1 so that when the final results are substituted into (6),4the
K [z"‘ @+ 1), 2 G 1), s 7+ 1), element of the decorrelator output vectgrshown in Fig. 2,
. < T = < T
Z’gk)(i% o z,g‘)(i)} wherez = [, 22, ..., zx]*, becomes
=arbre + &, (%) 21 = arbi (1) + & (7)

in which each element represents onefofnonoverlapping The variance of the noise componentvig(¢)) = I, and
blocks corresponding to the bit of user k3 and where Pr{bi(i) inerror} = Q(\/ax/Tk). The vectorz; (i) in (3),

e=[yer, ..., vex]t and required for the second stage of the proposed receiver, is then
easily created. For processing one bit of llusers, the pro-
¢ = [ (1)(LJr 1), (2)(LJr 1,..., I(f 1)( ), posed realization of the decorrelator requires the inversidn of
matrices with the dimensiorfs x K. The procedure, however,
(‘k)(i) o (A)( )} _can be done in parallel resulting in a complexity@fK3) per
BTk each inversion. Additionally, unlike [4], the latency is only one
. DT ' . . bit inte_rval. _ _ _
Since E{7¢Y" } = (No/2)L'j, the covariance matrix o, In Fig. 2, one also can observe that by using a linear combi-
IS nation of the matched filters’ outputs, a sampled vector output
. of the conventional CDMA detectar = [z1, z2, ..., zx]|7 iS
E{&6) = %diag [fy,sl), fy,(f), cees ’y,ﬁm} obtained. For thé&th user, we have;, z[xfe, where |
where~(” is thekth diagonal element of the matrl;. Tk = [xél)(i +1), a2+ 1), T ),

T
k) . K),.
a:i )(’L), R a:i )(’L):|
3The argument: + 1) in some of the elements ef, (all belonging to user . . . .
k) refers to thei + 1)th interval along the time axis, not to téh information 4As mentioned toward the end of Section Il, the tentative decisions are ob-
bit; the “inconsistency” is due to the alignment of thh interval(t ¢ [(i — tained from the decorrelator’s outputs.
1)T, iT]) with theith bit of user 1. 5This was pointed out by an anonymous reviewer.
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The conventional output is needed to form the final decisiofhe inverse in (12) can be obtained using the matrix inversion

statistics given by (2). lemma
S -1 11, . ST Sl
IV. ADAPTATION PROCEDURE R (+1)=+ (R () —k(E+1b (i + 1R ('L))
The proposed detector evaluates the weight&) in (2) in  where
an adaptive manner making received signal amplitudes estima- 1 -1 .
tions unnecessary. An algorithm which minimizes the output k(i+1) = R (DHb(¢+1)

power E{y3(i)} is employed for controlling the weights. A At

simple physical justification can be found by observing the" and T 1
output signal-to-multiuser-interference-plus-noise ratio (SINR) xi =b i+ DR ()b (i +1).
as a relevant performance measure, which is expressed as The weight update equation is [14, pp. 658]

a1

SINR= — 2 8) . o P
E{i ()} — wilitD) =w (i) = SR 5ores

It is obvious that the output SINR will be maximized when . . . N2

the weights are selected in such a way that the output energy : ($1(1+1) —b, ('L+1)w1(l))

E{32(i)} is minimized. The weights that achieve this are ob- ) ST )

tained by an iterative search w (1) + k(i+1) [xl(LJrl) —b (L+1)”’1(L)}

-1,
: w0 wy (i) + R (0)
wi(t+1)=wi (¢ .
) =vil) =5 5. Bluiti} [b (i4+1)a1(i+1) — by (i+1)b; (i+1)w (i )}
=wi(0) + nE {m (Dbi(0)} (©) (14)

wherey, is a positive number. The algorithm, by minimizing thevhere
output power, forces the correlation between the desired output 1
signal and vector of tentative decisions of interfering signals Hi = i

to zero. In a practical implementation, one would replace the
statistical expectation in (9) by time averaging, or preferably
by its instantaneous estimaje(i)b (). Therefore, in the latter V. STEADY-STATE ERROR PERFORMANCE

case, the weight update equation becomes To make an error performance comparison of the proposed

wy(i+1) =wy (i) + Nyl(i)i)l(i) ml_JItlstage adaptive deteptor with that of the conventional re-
. S . ceiver and the decorrelating detector, the steady-state behavior
=wi (i) +p [bl(l)xl(l) — by (i)by (Z)wl(l)} - (10)  of the former is considered.
A it i RLS-t dapti laorithm i ., The steady-state values of the weights after completion of the
S an afernative, an ype adap |vTe aigorithm 1S Cons'ﬂérative search in (9) are evaluated as follows:
ered, in which at time the weight vectows () is chosen that
minimizes N=IE orin a prac- 1 9
inimizes3_’_, {le1(h) - w{ (i)b ( s } nap E{2()}
wi (i
1,

tical implementatiory " _, A"~ J[azl( ) — YoL()]7, where 2 Owi(i)
Ais called the forgetting factor artti< )\ <1,ie, - E {yl(l)i)l(i)}
J i i . 7 ]2 T g 5T .
) 2y X [20) —wl @b()] =0, @D = B{a(ibu (i)} - BE{0u(by () (i) = 0. (25)
The solution of the above equation is It is easy to show thak'{n, ())&.(¢ + j)} = 0, for k # 1,
7 = —1, 0, so the first of the two expectations in (15) is
<1
wi (i) = R (i)d(i), (12) T . 3T,
E{o@b(} = AE {0l ()} o1 (16)
where
R =S i (i Matrix E{bl(i)BlT(i)} is diagonal; therefore, the system of
(i) = ijo 1(7)by (7) 2K — 2 linear equations (15), together with (16), gives the
and ‘ steady-state values of the weights affecting the first output as
dii) =" Nbi(j)e () (13) -1
im0 w) = [E{bu@b/ ()} AE{bu()b (D} 0. @7)
andR(:) andd(i) follow the recursive equations The expressions for the expectations in (17) are shown in Ap-
s NP P s ;T pendix B.
R(i+1) = ARG +bu(i+ 1)by (4 1) By taking the expectation of (11), one can show that the
and steady-state values of the weights for the RLS-type of algorithm

d(i +1) =Ad(@) + b (i + D)y (6 4 1). are the same as the one in (17).
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The output error probability is evaluated as follows: Denoting the optimufweight vector byw?, the corresponding
(lowest) value of the cost function, is

E(wl) = B{a}()} — 20T B {a1()b.() |
+uwlTE {El(i)bf(i)} w?. (20)

Pey =By () )8 ) FT {81 inerror |by(4), b1(¢), l}l(i)}
=5 3 [Pr{m@ > var - pF Ab ) +wiTh (0)}

b1 (i), b1(4)

+Pr {nl(i) < —/a; — p{ Aby(4) +w?TI~)1(i)H To assess the speed of convergence, we consider the speed
- ) ) with which &£(w (i)) approaches (w?), or the excess cost
-Pr {bl(l)|b1(z)} Pr{b:(i)} - approaches zero.
SincePr{b, (¢)} = 2-25K~2), and Ewy (i) — Ew?) = 2w’ — wl (i)E {xl(i)bl (i)}
- - T, w oo .
Pr {bl(L)|b1(L)} — Pr {—bl(i)| _ bl(i)} +w; (OF {b1(L)b1 (L)}‘uh(L)

~WTE b (06 (i) el (21
the above error probability can be written as "1 { 1D, (L)}wl (1)

One can express the excess cost in terms of the difference of the

_o9—(2K-2 . .
P, =270CK"% weights. Let; (i) = w{ — w1 (7). The above equation becomes

b()zz ) [Pr{na(9) > v/ar — pf Aby (i) +wiT by (5} ) - £608) < SO {0 0} 0

-Pr {131 (i)|b1(i)} . =67 (i) R8. (i). (22)

To examine the parameters affecting the convergence of the al-

Finally gorithm, we will derive a recursive relation for the excess cost.
P — o (K- Z Pr {El(i)|b1(i)} We can rewrite (9) as
by (i), by (i) w1 (L + 1)
o (YR AG w0 g =)+ B {b@n ()~ baib (e ()}
v No/2

- (1 —LE {bl(i)bf(i)}) wi (i) + pE {61 (@) (i)}
wherePr{b,(i)|bi(i)} is the integral of thg2K — 2)-variate it follows that

Gaussian density function ( { o })
8:(i4+1) = (I — pnE Jby(0)by (i) }) 6.(0) = (I — pR)6L(4).
Pr{él(mbl(z)} - (23)

(2m)? K =2(&, | Therefore, the excess cost may be obtained recursively as

// exp(—1¢TETYE)) de,. 61 (i +T1)R61(i+1)T
b1 (98 (1) == /anbe (7)bi (3) =6 (I = pB7)RUI — )b, (7)
R=2, K g=icly = 87 (i)R81(i) — 2187 ())R*81(i) + 11267 (1) R>81(3).
(24)

V1. CONVERGENCE ANDSTABILITY Denote by and/ the minimum and the maximum eigenvalue,

As with any adaptive algorithm, we consider the two majaespectively, of a symmetric positive definite matéix Then
issues: convergence and stability. To analyze the convergence
and stability of the algorithms considered, we take a closer look
at the power as a cost function. We examine the parameters
fecting the convergence to the minimum cost, as well as t
range of these parameters that would guarantee stability. 51T(i+1)351(i+ 1) < (1—2ap + u2/32)61T(i)R61 (4). (26)

For the steepest descent algorithm, the cost function to be

avtv < vTUv < pvlv. (25)

plying (25) repeatedly to (24)

minimized is expressed as The excess cost
E(wi (i) = E{u2(i)} 61 (i+ 1)R& (i +1) — 0, if (1—2ap+ pB%) < 1(.27)
=E { [azl(i) — b, ()wy (i)} 2} Then, it follows that
=E{22(i)} — 2wl () E {xl(i)ijl(i)} § (i + DR (i +1) =0,  if p?87—2ap<0. (28)

60ptimum in this context refers to the weight that will attain the minimum

+wl (VB {bi(@b ()} wiD.  (19)  cost function
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SNRI1 [dB] SNR1,2 [dB]
Fig. 3. Error probability of user 1 foR™ = 2, p12 = 0.2, p21 = 0.6,¢1 =  Fig. 4. Error probability of user 1 fok' = 2.
0.4. () az/ay, = 0.6. (i) ay/az = 0.6.
0.1 ; T T
The lastinequality is satisfied if either< 0 andu > (2«//3?),
which is impossible, op. > 0 andp < (2/32).7 From (22), decorrelator (i)
0 < u < (2a/p%) are the sufficient conditions for conver- decorrelator (ii)
0.01 | .

gence of the weights to their steady-state values. The smal
the eigenvalue spread, the largecan be, resulting in higher
convergence speed.

The analysis of the RLS algorithm is done by comparing th g
expression for its error function, given by (14), to that of the
stochastic gradient algorithm, given by (10). The difference b
tween the above expressions is in the occurrence of the te

R 'inthe former, such that in the steady state

two-stage detector(i)

Error Probability

0.001

two-stage detector (ii)

1 . T - 0.000L 15 -5 0 . 5 10
R (i)— [E {bl ()b, (L)H SNRK-SNR1 [dB] (i) k=2, (ii) k=2,3
So following similar steps leading to (23), we get Fig. 5. Error probability of user 1 fo8NR; = 8 dB. (i) K = 2, p12 =
L1 0.2, p21 = 0.6,e; = 0.4. (i) K = 3, Gold sequences (The three-user case
6(i+1) = (I — R (L)R) 61(%) outperforms the two-user case simply because of the parameters we are using.
This is not true in general.).

for the RLS algorithm, and hence the excess cost

T, . .

61 (i + RS (i + 1) tively weak level of interference. It describes a rather unfavor-
_ 61T(i)R_1(i)R61(i) — 2067 (d) (R_l(i)R)2 8.(4) a.ble scepario for thig multista_ge detec_tor due to tentative deci-

s sions which are unreliable. This results in the performance of the

+ 1267 () (Ril(i)R) 8.(0). (29) detector at the higher valuesSINR, to be somewhat inferior to

L the decorrelator, whose performance is insensitive to the level of
Atsteady statd? ~(4)R — I. Therefore, as itis well known for interference. The multistage detector, however, outperforms the
the RLS algorithm [16], the eigenvalue spread will be small@onventional detector. When the interference is stronger [case

resulting in its faster convergence. (ii)], due to the reliable tentative decisions, the multistage de-
tector by far outperforms the other two, wherein the error prob-
VII. NUMERICAL EXAMPLES AND DISCUSSION ability (not shown in the figure) of the conventional receiver ex-

. . . ceeds 0.1.
The steady-state error performance [with the optimal Welgh%SFig. 4 shows the probability of error for user 1 when its

given by (17)]isillustrated in Figs. 3-5, while the transient error ergy and the energy of the interferer are the same, and Gold
performance is shown in Figs. 6-8. In all the examples, the S . ’
f . ' . sequences of length 7 are used as the signature sequences.
or userk is defined asNRy, = ax/No. The relative energy, The worst case and the average error performance over the
in the two-user examples is definedas= fT s2(t) dt : g pert .
! Fig. 3 shows the probability of error for Jéerll verém‘;R values of the relative delay are shown. In this scenario, the
The%ase labeled |p in the syame fiqure cormresponds tolé . rﬁultistage detector outperforms both the conventional and
() 9 P SR decorrelating detector, and its average performance—due
7An alternative derivation can be obtained in a similar fashion as done in [15p the good cross correlation properties of the two signature
If 1 is chosen to te_tke any value within the rar@ge 1), the condition on: for sequences used—is very close to the Sing'e user-bound.
the system to achieve convergence and stability is Fig. 5 shows the probability of error versus the relative en-
i< (2/(14 (K = 2) dipax)) ergy of interferer(s) for th&NR; fixed to 8 dB. For both the
wheredy,, ., = max; ; ;2; |d;;|, whered,; is the(i, j)th element of matrix two-user scenario [case (i)] and the three-user scenario with
E{b:b; }. Gold sequences of length 7 amgl = T'/7, 75 = 51/7 [case
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Fig. 6. Transient-error probability for = 0.05. Fig. 7. Transient-error probability fdi” = 100.

(ii)], the multistage detector clearly outperforms the decorre — T T - - . . . .
lator, and approaches the single-user bound for the relative i
terference level above 5 dB (Here, the error probability of use 0 i
1 for the two-user scenario is lower than that of user 1 for th -
three-user case simply because of the parameters we are usb
This is not the case in general).
In Figs. 6-8, the transient error probability curves were ob&
tained by ensemble averaging over at least 50 000 independlg
trials of the simulation. The initial value of the weight vecter
was set to zero in each trial. AISNR; = 8 dB, a1 /ay = 0.6, ' ~ e
p12 = 0.2, po; = 0.6, ande; = 0.4. The updating rule in (9)
used in the simulation was implemented as a sliding window ¢ 4, ! ! , ! :
0

Il i 1 1
; 50 100 1 2 2 4
lengthW, i.e., 50 200 | 250 300 350 400 450 500

E {yl (4)by (L)} ~ % Z;:FW_’_I y1(9)b1(2). Fig. 8. Transient-error probability.
Fig. 6 demonstrates the effect of the window length on the
error, with the step size fixed at = 0.05. WhenW = 100 notrequire prior estimation of the received signal amplitudes, or
the steady-state error value is reached after about 50 iteratiahs,use of training sequences. Its first stage is a one-shot decorre-
while the stochastic gradient versiol¥ (= 1) exhibits notice- lator with a parallel structure that is particularly suitable for base
able residual error. (For a smaller step size, @:g= 0.01, no station detection, and only requires an inversiokok K ma-
residual error was observed regardless of the valk& gfut as trices in aK user system. The steady-state error performance of
expected the convergence was very slow—requiring about 1th@ detector is significantly better than that of the conventional
iterations). receiver and generally outperforms the decorrelating detector as
In Fig. 7, the effect of the value of the step size is examinedgll. The stochastic gradient algorithm trades the speed of con-
with W = 100 which entails no residual error. The large stepergence with the residual error, while the RLS-type algorithm
sizep, = 0.2 when compared tg = 0.05 does not offer any demonstrates a clear advantage over the former with regard to
improvement in the convergence speed, because during the ttae-speed of convergence for a given value of the residual error.
sient interval only a fraction of the length of the smoothing filter
(window) is included. APPENDIX A
Finally, in Fig. 8, it can be observed that the stochastic 1) (@ (K L
gradient algorithm, whose step sizeis set to 0.01, pro- _DPefineTy = diaglyy ", ", ... ], after premultiplying
vides roughly the same steady-state error performance as (Pel0 OPtain equal noise terms variances, we obtain
RLS-type algorithm, whosg = 0.999. The convergence speed
superiority of the latter is evident. The stochastic gradient 9% — (T )1/2 = Varbi (T, )1/26+( )1/2£k
algorithm with . = 0.05 provides approximately the same
convergence rate as the RLS-type algorithm. The penalty tﬁﬁplylng MRC on the elements g,
the former pays, however, is the substantially increased residual %y I (T 1/2,,
error. 2 = higy = b (1)

obabili

0.01 AN S i TR ety

_ (1172 i i i
VIl CONCLUSIONS Wh_erehk (T, )" *e, we obtain the solution for the optimum
¢ in (6) as

An analysis of a steady-state and transient error performance

of a two stage multiuser detector is presented. The detector does cy = (T,jl)e. (Al)
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APPENDIX B [14] J. G. ProakisPigital Communications3rd ed. New York: McGraw-
Hill, 1995.

A gL,
The elements on the main diagonal Bfb; ()b, (i)} are  [15] B. Zhu, N. Ansari, and Z. Siveski, “Convergence and stability analysis
equal to unity, while the off-diagonal ones are of a synchronous CDMA receiverlEEE Trans. Communvol. 43, pp.

{b

Each

tegrals. Therefore

£

where fe, ¢, denotes the bivariate Gaussian density function §f3

3073-3079, Dec. 1995.
- [16] R. D. Gitlin and F. R. Magee, “Self-orthogonalizing adaptive equaliza-
k( ) (J)} tion algorithms,”IEEE Trans. Communyvol. COM-25, pp. 666-672,

{sgn (Varbr(m) + &(m)) sgn (Vaibi(3) + &)} July 1977.
% Z Pr{ﬁk )<\/abk(m)’ l(j)<\/a_lbl(j)}

by (m),b.(5)
—Pr{&(m) < Vabu(m), &(5) > Vabi(G)}]
m,j=1—1,4, k1=2 ....K, k#L
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