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Analysis of a Partial Decorrelator in a Multicell DS-CDMA System
Mohammad SaquiiMember, IEEEand Roy YatesMember, IEEE

Abstract—For a multicell code-division multiple-access (SIR) approaches the ratio of the average signal power to the
(CDMA) system, we propose a partial decorrelator that decodes average total interference power, which we call average SIR.
a user by suppressing only the in-cell interferers. As a result, gince the bit error rate (BER) is difficult to analyze, average

each user suffers only from other-cell interference and enhanced SIRi din th Vsi t f
receiver noise. By analysis, we show that in random CDMA IS USed In the analysIs as a system periormance measure.

systems, the partial decorrelator outperforms the conventional We verify by simulation that average SIR is a reliable perfor-
receiver, within the operating regime of the conventional receiver. mance measure for comparing the PD and MF receivers.

In simulation, we observe that when users have equal received
powers at their respective receivers, a multicell system with partial

decorrelator receivers yields roughly 1.5 times the capacity of the ll. SysTEmM MODEL

conventional system. In our R-CDMA system with.J in-cell users andl, — J
Index Terms—Code-division multiple access (CDMA), decorre- Other-cell users, each bit results in a baseband transmission of a
lation, wireless interference suppression. sequence of pulse$t]. Each pulse has a duration of one chip pe-

riod T... These pulses are sent over an AWGN channel in which

the noiseZ(t) has power spectral densify, /2. The bit trans-

mission time of a user i and the processing gainfis= 7'/T..
LTHOUGH the decorrelator [1] has probably drawn To transmit itskth bit, user; employs the signature waveform
more attention than any other multiuser detector, almost L

all studies have been for a single-cell code-division mul- sjk(t) = Z Aj_k(m)ip [t — (m —1)T.] 1)

tiple-access (CDMA) system. In a CDMA system with multiple ' 1 VL

cells all using the same frequency carrier, the implementatiwmereA]._’k(m) € {—1,41} denotes the signature sequence of

of a decorrelating detector and its performance are not welt 1 for user;. The energy of the pulggt] is normalized so that

understood. In a multicell environment, it is difficult for a basgoy a|| bits 1 and for every usey, foT[Sj,k(t)]Q dt = 1. LetA;

station to form the cross-correlation matrix by acquiring thgenote the delay of thgth user. In the asynchronous channel,

signatures and timing of all users in other cells. Moreovahe received signal due to theh user at the desired user's base
the decorrelator exists only when the number of users is leggtion is

than the processing gain. Thus, it is generally not possible

I. INTRODUCTION

+oo
to implement a true decorrelator in a multicell system. For ri(t) = Z VEjbjrsik(t—kT —Aj) 2
this environment, we propose a partial decorrelator (PD) that k=—oo

decodes a user by decorrelating the in-cell interferers only. whereb;, € {—1,+1} is thekth bit and £, is the received
Similar to the current IS-95 system, we adopt a randoghergy of thejth user at a desired user's base station. We

(R)-CDMA system model in which different bits of a usessume that both users’ signature sequences and transmitted bit

are transmitted with random signature waveforms. We alggquences are independent and identically distributed (i.i.d.)

assume that the timing offset of a user is fixed throughoghyally likely binary sequences. We wish to decode the bits of

its transmission and can be estimated perfectly by the baggy 1, assuming; = 0, from the total received signal

station. With these assumptions, we compare the PD and the o

matched filter (MF) receiver for an additive white Gaussian R(t) = ZT'“) + (1) 3)

noise (AWGN) asynchronous multicell CDMA system. !
When the processing gain is very large and the number of

users is less than the processing gain, [2] shows for a single- : :

system that under both the conventional receiver and the deéﬁﬁr; and sampled at the chip rate. The § d + 1) bits

. o i k|k = —n, ..., d} of user 1 will be processed by employing
relator, that expected value of the signal-to-interference raa%’ observation window of duration-T, (d + 1)T], where

n > 0 is the number of bits into the past, add> 0 is the
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[-nT, (d+ 1)T] is given byR = [Ry,...,Ry]" where the  The PD decodes; o by projectingS; o onto the subspace

mth chip sampleR,, is orthogonal to the in-cell interferend®; over the observation
—nT+mT. window [-nT, (d+1)T]. Over this winAdow, letS,, 4 denote the
B = ./—nT+(m—1)T p(t+nT —(m—=1)T) Rt)dt. (4)  getofin-cell interfering signatures. Létbe the unit energy PD

filter that decodes, . [4] finds & by applying Gram—-Schmidt

In(4),m=1,2,..., M andR,, is a function of the parameters
g\ythogonallzanon on the set of interferers’ signatu%s,.

of the asynchronous CDMA system. In the observation wind
[—nT, (d + 1)T], an interfering usef transmitsM + 1 chips or Whe_nSl 0ls Imearly independent of the signaturesSing, the
partial chips, while user 1 transmits exacll chips. For nota- PP filter OUtPUt "‘f'” be o

tional convenience, we denote by,,, themth chip of userj in R=®"r=/CoaFE1b1o+ Ry + 2 (10)

the observation windowd{nT’, (d + 1)T]. Forusey # 1,chips \here 7 is a Gaussian random variable with mean zero and
a; 1 anda; 41 are truncated at the left and right boundaries Qfarlancen NoT./2. The termR, = & R, denotes the
the observation window. Clearljg; ,,, } are i.i.d. equally likely other-cell interference, ant), q = (‘I’TS1,0)2 is the near—far

+1/V/L sequences. _ _ resistance [1] of the PD for decoding the bit, when the

We can write the total received signal as other-cell interferenc®,, is zero. WherB,  is a linear com-
Jo bination of signatures it&,, s the Gram—Schmidt procedure

R Zr, +Z yields ® = 0, and henceR = 0. In this case, the AWGN

variance at the PD output will be trivially zero. Otherwise, the

wherer; = 335 b; ky/EjS;x is the contribution of the AWGN variances? at the PD output will equah?. In either
jth interfering user, an is anM x 1 Gaussian noise vector case, we havg? < 72. We uses2 = E[R2] to denote the

with cross-correlation matrixNo7./2)I. Note thatS; . is an  average other-cell interference power observed by user 1 under
M x 1 vector that represents an effective chip waveform for bike PD system. If SIRr and SIR-, denote average SIR of

k of user; over the observation window. For users# 1, the yser 1 under the MF and PD detectors, respectively, then
effects of asynchronism and the window edge are embedded in B [Cna] Br

FE
. SIRyp = ——75-—— SIRpp =
S]’\]/c\/'ithout loss of generality, we can assuhe = (e; + ¢€,)T, - oL+ 05+ N o5+ i
g Y, F=16 16 Note that¢, 4 is a function of signatures and timing offsets

wheree; € {0,...,L — 1} ande; € [0,1). Since the filteris . . . .
synchronized to user 2; = ; = 0 andS, 4 is simply the chip of in-cell users. Since signatures are random, the expectation
’ E[(,,q] has been taken over all in-cell signatures.

sequence of user 1, offset by + k)L chips from the left edge Our goal is to compare the capacity of the PD with that of the

of the window. For an interfergi > 1, S; ;, is a function of the ; . . ;
user;’s signaturesa; .} along with conventional receiver. In particular, we would like to develop a
Jom lower bound on the number of in-cell usess,as a function of

11)

T.
8 :/ p(t+ (1—¢)T.)p(t) dt system parameters, for which SIR > SIRyr. To do so, we
0 establish some preliminary results. In [3], we prove that:
T, .
- € Lemma 1: For a R-CDMA systemF|(,.a] > F[(y,0] >
5]':/ p(f—EJ ) ()df 1_2( _1)/L [ d] [00]

which characterize the cross correlation between the chip pulse3o characterize the average other-cell interference power, let
of the desired user and the offset pulses of ysek detailed @ denote an arbitrary receiver filter for it o. For example,
description ofS . for j # 1 can be found in [3]. & may represent the MB;_ .0, Or the partial decorrelatab, or

Our objectlve is to decode bit; o from the total received perhaps some other linear filter. At the output of f||'@r (6)
signal vectorR which is the sum of the deswed signal, in-cellmplies the contribution of the other-cell interferenceis =

interferenceR;, other-cell interferenc®, = E] 741Tjs and 'R, = ;’_JH ®Tr;. Averaged over the bits and random
Gaussian nois&. That is signatures of the other-cell interferers, the second moment of
R=boVESo+R; +R, +7Z (6) the other-cell interference i, = E[R?]. In Appendix A, we

derive the following result for the other-cell interference power.

where the in cell interference is . L : =
Theorem 1: For a receiver filte® with unit energy||®||> =

R—Zblk\/_slk‘FZblk\/»Slk‘f'Zr] 7 1

k=—n

Jo JO
1 _
~2 2 2
7 =7 E (6j—l-6j)Ej E §;0;E; (12)
[ll. PERFORMANCE COMPARISON J=J+1 j=J+1
whereC,, isanM x M matrix whose {, m)th element is 1, if

From (6), the matched filter output for bit o is Il —m| = 1 and 0, otherwise.
R=S]R=\Ebio+Ri+R,+7 8 ThetermZ] 7+1 656, E; is aconsequence of chip asynchro-
In (8), Z is a Gaussian random variable with mean zero amfism. Denoting thenth element of® as®(m), we have
variancen? = NyT./2. The termR; = S| R; denotes the M-1
in-cell interference, an&, = S{ (R, is the other-cell interfer- ' Cyd=> 28(m)&(m+1). (13)
ence. For bib; o, the average in-cell and other-cell interference m=1
power observed at the MF output are For the MF,® = S, ;. In the R-CDMA system, each chip of
ol = E [R?] ol =E|[RZ]. (9) Si, is chosen independently, and it is straightforward to see

o7 CMlI>
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Fig. 1. Upper plot shows the relative performance of the PD as a functidjlof Lower plot shows the BER of user 1 as a function/¢f_ for the PD and MF
systems.

from (13) thatE[S{ ;CasS1,0] = 0. This yields the following  Applying #? < 7%, Lemma land (15) to (11), we observe
corollary. ' that

Corollary 1: For the MFS; ¢, 02 = (1/L) ZJJ.‘):JH(SJQ- +
62)E;.
For the decorrelator, a simpler expression than that of [1 - @] Ey
Theorem Ifor the other-cell interference power is not easy to SIRpp >
specify. Thus, we develop bounds that apply to any linear filter

that is chosen independently of the signatures of the other-agk yser to denote the rati¢o2 +7?)/o2. Combining (11) and
interferers. L _ - (16) yields the following theorem.

Theorem 2: For a receiver filte® with unit energy{|®|| = Theorem 3:For a chip synchronous R-CDMA system,
1, the second moment of the other-cell interferengesatisfies s|R, < SIRpp implies.J/L < 1/2(1 + F).

In a conventional multicell direct-sequence (DS)-CDMA

T o systemg?2/o? = 0.55 [5]. This result relies on the assumption

Z (6;+6;)" Ej-  thatusers have equal received powers at the base station in their
j=J+1 (14) own cell, and specifically does not depend on what receiver

filters are employed. This suggests that the paramgtes
Note that inTheorem 2the upper and lower bounds &f are pioy 99 b

. . . a constant and in an interference-limited systémg 0.55.
maximal and equal for the chip synchronous system with fra‘?hus, Theorem 3says that for a chip synchronous system,

'tj(;nal chip oﬁioetgj =0.In this case;?j =0,6; =1, and SIRur < SIRpp implies J/L < 1/[2(1 + F)] ~ 0.323.

0, = (1/L) 2252 41 Ej. Thatis, the chip synchronous systeny, yis case, wher//L > 0.323, we expect the MF will be
yields higher other-cell interference than the chip asynchronoiiSyar However for conventional systenfgL ~ 0.2. Hence
system when the desired receiver filter is developed by ignoriggin the operating regime of the conventional receiver, the

the other-cell interference. For the chip synchronous systegly ghould outperform the conventional receiver. Furthermore,

2 _ 2 i i i
we observe that, = 4;. WhenSy is not a linear combi- e thatTheorem 3is based on the lower bound ori(Eo]
nation of the in-cell interfering signature®, has magnitude 1 , | ernma 1 Since forn.d > 0 E[¢u.a] > E[Co], one could

A2 _ ~2. icad — ~2 ; . .
ands;, = g,; otherwise,® = 0 ands; = 0. In either case expect the PD witm, d > 1 to outperform the conventional
receiver, even when the number of in-cell users per dimension
62 <62 =02 (15) exceedd /[2(1 + F)].

o2 +n? (16)

1 1

0<

ol
ol

Jo
> (8- 5,)° B <2<
J=J+1
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IV. EMPIRICAL RESULTS AND CONCLUSION APPENDIX

To compare the performance of the PD with the conven-
tional receiver, a simulation study was performed with an
asynchronous multicell DS-CDMA system of seven contiguous Proof: Theorem 1
hexagzonazl cel_ls. _The area of eqch cell was apprOXimatelySquaringi»TRo, we obtain
71000° m=, which is the area of a circle of radius = 1000 m. 7 7
The cell which was in the middle of seven cells was the cellof  p2 _ zT T& 5T . T&
interest. It was assumed that a mobile was uniformly distributed Ho=® RoR, 2= Z Z T 2. (7
within its own cell. This assumption yielded a probability o 4 . .
density functionf(r) = 2r/+2 for the distance of a user from COmMPININgr; =37, bj VE;Sj with (17), we write
its own base station. The number of in-cell users is 1/7th of? =
the total number of users in the system. We used a path loss, Jo d d
exponent= 4. The height of the base station was 30 m, so thag Z Z Z bibiri/Ei\/E;®TS;,S] @
the uplink channel gain of usgrto its own base statiorfy;, j=J+1j/=J+11=—n—1k=—n—1
was1/(r? + 30%)2. The system processing gain was 20 and the (18)

asynchronous timing offsety; € [0, 7)), was independently  gjnce the transmitted bits are an i.i.d. equally likelg se-

chosen for each user. Perfect power control was assumg@ence. taking the expectation with respect to transmitted bits
i.e., every user had the same received power at its own bagfh sides of the above equation, and then taking the expecta-

s.tation and its SNR was 9.8 dB, which yields B,EFFiF’” 2 tion with respect to signatures 5, we prove the desired result.
single-user channel. Using= d = 1, the observation window ’ 0

of the PD covered three bits of the desired user.
In a CDMA system, BER is the performance measure of ilB. Proof: Theorem 2
terest. Since BER is hard to analyze, our analysis employs thc?:
average SIR (i.e., the ratio of the average signal power to the av- . . N
erage interference power) as the system performance measure. —®°(m) — ®*(m + 1) <2&(m)®(m + 1)
Our simulation results showed that SIR < SIRpp is equiva- §<i>2(m) + <f>2(m +1) (19
lent to BERr > BERpp, where BERr is the BER of user 1 on (13). Second, we Uf’rﬁ’ﬂz _ EM <i>2(m) — 1 to obtain
undedr thehconventional systerrr:, z?nd B;lb‘,ﬂsfthe BER of user M1 m=t M1
1 under the PD system; see the first plot of Fig. 1. =9 =T = =9
The BER requirement of a conventional system is approxi- —1- Z (m)< @ Cu® <1+ 2_:2 ®°(m). (20)
mately 10°%, which is obtained af/L ~ 0.2. Our simulation "

PROOFS

j=J+1k=J+1

irst, we employ the following lower and upper bounds:

m=2

result also agreed with this previous observation; see the sec . .
; ’ —2<®TCyd <2 &2

plot of Fig. 1. Here, we also found that the PD’s performance : se2in_e (Iilal(i/jcji\é Sto_c?)nfolrei; ?r:\(/aenr(l)no'lf'heorem 1we ap%y
J/L = 0.3 is the same as the performance of the convention F q P proot.
receiver at//L = 0.2. This result suggests that the PD yields
50% capacity gain over the conventional receiver. _ _ .

In particular, [5] notes that if the in-cell interference can be [l R. Lupas and S. Verdd, “Near—far resistance of multiuser detectors in

Lo asynchronous channeldBEE Trans. Communvol. 38, pp. 496-508,

completely cancelled, then the capacity improvement over the 55 1990,
conventional receiver would be approximatélyt+ F)/F, and [2] D.TseandS. Hanly, “Linear multiuser receivers: Effective interference,
the factor(l 4 F)/F can be considered as an upper bound effective bandwidth, and user capacityfEE Trans. Inform. Theory

th ity gain of any multiuser detection scheme. For vol. 45, pp. 641657, Ma. 1999.
on the capap y 9 y_ : 3] M. Saquib and R. Yates, “Analysis of a partial decorrelator in a multicell
F = 0.55, this upper bound is 2.8. We have observed that the  DS-CDMA system,” inProc. IEEE Global Telecommunications Conf.
partial decorrelator achieves roughly half of this potential ca- _ vol- 4. Rio de Janiero, Brazil, Dec. 1999, pp. 2193-2197.

. . . . . [4] M. Saquib, R. Yates, and A. Ganti, “An asynchronous multirate decor-
pacity enhancement. The capacity of any multiuser receiver, in- " o\ 2tor " IEEE Trans. Communvol. 48, pp. 739-742, May 2000.
cluding the conventional receiver, will degrade under imperfect[s] A. Duel-Hallen, J. Holtzman, and Z. Zvonar, “Multiuser detection for
timing. [6] shows that decorrelators outperform adaptive min- _ CDMA systemsIEEE Pers. Commun. Magop. 46-58, Apr. 1995.

. . . 6] 1. Ghauri and R. A. lltis, “Capacity of the linear decorrelating detector
imum mean-square error (MMSE) receivers when timing offset ™ ¢ QS-CDMA,” [EEE Trans. Communvol. 45, pp. 10391042, Sept.

errors are less than a chip. 1997.

§|j]ri11ce¢i'2({) > 0 and®%(M) > 0, from inequalities (20), we
¥

REFERENCES



	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: 


