IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. 20, NO. 2, FEBRUARY 2002 287

Interference Subspace Rejection: A Framework for
Multiuser Detection in Wideband CDMA
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Abstract—We present a unifying framework for a new class are supported within the same cell, the high-rate mobiles man-
of receivers that employlinearly-constrainedinterference cancel- ifest strong interference to the low-rate mobiles. On the down-
lation (IC). The associated multiuser detectors operate in various link, transmissions from base stations of other cells, as well as

modes and options ranging in performance from that of IC detec- t interf f th b to oth bil
tors to that of linear receivers, yet provide more attractive perfor- strong interterence from {he Same base 1o other mobiies, may

mance/comp|exity tradeoffs. They exp|0it both space and time di- result in Strong intel’f(.erence.to the intended Signal. DOWI’]link
versities as well as the array-processing capabilities of multiple an- power control may be imprecise or absent altogether. In all these
tennas and carry out simultaneous channel and timing estimation, so called near—far problem cases, we can improve the transmis-
sighal combining and interference rejection. Additionally, they can sion quality or reduce the transmitted power by reducing the in-

operate on both links and in multiple mixed-rate traffic scenarios. terf Int forth ¢ . litv th b
The improved performance can be translated to increased utiliza- erierence. inturn, for the same transmission quality, the number

tion of wideband code division multiple access networks, particu- Of calls supported within the cell may be increased, resulting in
larly at high data rates. improved spectrum utilization.

Index Terms—Interference rejection, multiuser detection, smart Power control 'S_ presently used to m|n|m|;e the near—fgr
antennas, space-time processing, spread spectrum multiple ac-Problem when traffic is equal-rate equal SIR. Mixed-rate traffic
cess, suppression or cancellation, wideband code division multiple will require tight power control to achieve the target SIRs but
access. power differences will remain. Multiuser detectors implement

interference cancellation to provide potential benefits such
|. INTRODUCTION as improvements in capacity and reduced precision require-
] ) . ments for power control. However, these detectors may not
T HIRD GENERATION wireless systems will deploy wide-pe ¢ost-effective to build with a sufficient performance gain
band code division multiple access (CDMA) [1], [2] acyer present-day systems [3], [4]. Reaching a satisfactory
cess technology to achieve data transmission at variable raé@ﬁormance/complexity tradeoff remains a prime concern.
with different mobility and quality of service (QoS) require- The complexity of the optimal maximum-likelihood se-
ments. Standards [1] call for increasing the transmission rg{§ence detector (MLSD) [5] is exponential in the number of
from the 14.4 kb/s voice rate currently supported up to 384 kQfterfering signals to be cancelled, which makes its implemen-
for mobile users and 2 Mbl/ps for portable terminals. Curreftion impractical for large numbers of interferers. Alternative
industrial concerns are how to provide such multirate servicgﬁboptimm detectors fall into two groups: linear and sub-
in the broadband channels of 5-15 MHz likely to become avajlxctive. Among the linear detectors, the decorrelator [6]-[8]
able.Significa_ntimprovementin spectrum efficiency stands ogkq the minimum mean square error (MMSE) detector [9],
as a key requirement. o [10] offer high near—far resistance. The processing burden for

The call capacity of wireless CDMA systems is limited byyoth still presents implementation difficulties. Subtractive 1C
the interference generated by transmissions to/from other msectors take the form of parallel interference cancellers (PIC)
biles within and outside the cell. On the up-link the mterfer[-llL [12] or successive interference cancellers (SIC) [12], [13].
enceis mainlythatfrom other trar?smitting mobiles. Power COfmey offer reduced complexity but suffer from sensitivity to
trol attempts to maintain the received powers at values that balyd decision errors in the feedback of reconstructed signals.
ance the interference observed by the various mobiles, howevg{e hybrid zero-forcing (ZF) decision-feedback (DF) detector
fading and mobility contribute to produce excessiveinterferenfzﬂ] combines a partial linear decorrelator with a SIC-type
in many cases. Where mobiles with different transmission ratgsiector and thereby avoids noise enhancement due to full

decorrelation. However, it inherits the complexity of linear
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suppresses it like IC methods. ISR avoids the error-sensitivee spreading codes of all the terminals with which it commu-
subtraction and implements instead a more near—far resistaichtes. The phase-shift keying (PSK) symbol sequence for a
linearly-constrainechulling at a complexity comparable to IC.mobile with indexu is first differentially encoded at the rate
Compared to the linear receivers at the high end, STAR-ISRT, whereT is the symbol duration. The resulting differential
implements nulling along different interference subspace dehase-shift keying (DPSK) sequenigt) is then spread by a
compositions with much-reduced complexity. It fully exploitpersonal pseudorandom noise (PN) ceti&) at a ratel /T,
both space and time diversities as well as the array-processivigereT. is the chip pulse duration. The processing gain is given
capabilities of multiple antennas while carrying out simultaby L = 7'/T... We assume the use of long codes. Other exten-
neous channel and timing estimation, signal combining aswns regarding assumptions and applications will be discussed
interference rejection. later. We write the spreading-code segment oventheperiod

A similar approach to interference cancellation on th€ as
downlink of wideband CDMA systems has been proposed by 1
Madkouret al.[18], [19]. They provide support for use of sup- Wi “
pression by projection as opposed to direct signal cancellation, n(t) = Z cpa(t — UL — nT) 1)
as well as recognize the advantages of orthogonal projection =0
to the space of interfering signals as opposed to the spageerect , = £1forl = 0,...,L — 1, is a random sequence
of the summed interfering signal. They also require iterativsf IengtHL and ¢(t) is the chip pulse. Finally, we assume a
interference cancellation to achieve acceptable performanggltipath fading environment witt resolvable paths, where
whereas in our work good performance is achieved even withe delay spreachr is small compared to the symbol duration
one-shot cancellation that is much less complex to implemergi.e., A7 < T).

The main contribution of this paper is the unified framework Attimet, the observation vector received by the antenna array
for a class of suppression techniques differing in performanegone particular cell can be written as follows:
and complexity. We provide comparative results in the pres-

ence of realistic channel estimation performance achieved by v . . o
the STAR receiver. With RAKE-type receivers [20] providing X(t) =) ¢ (X)) + N*™(®) (2)
degraded channel tracking [21], weaker interference suppres- u=1

sion results are achieved. wherel is the total number of mobiles received at the selected

The interference suppression tech.niques presented hgre;be(j{g-e station from inside and outside the calt(¢) is the re-
able cellular netwo_rks to support a wide range of transmissig;y e signal vector from the mobile«* (¢) is its total received
rates. By suppressing the interference generated by h'gh'po‘é(ﬁ{plitude, andVtl(#) is the thermal noise received at each an-

high-rate transmissions, weak-power low-rate transmissions ¢a@fna element. The contributiot® (t) of thewth mobile to the
be protected from excessive interference at the same receiviiaryation vectok (¢)

base station. At the same time, the techniques permit a relax-
ation of the power-control requirements for same-rate users. In- XU(t) = H(t) @ ()b ()
terfering transmissions may be suppressed, whether intended to

is given by

r
be received at the same or neighboring base stations, as long as _ GU O OB (£ — 798 e (£ — (¢
their spreading codes are known to the suppressing receiver. pz::l p (e () ( r )) ( r ))
The paper is organized as follows: We develop the data model ©)

and position the problem of interference rejection in Section 1.

In Section Ill, we introduce ISR and propose various Strugzhere {(¢) is the channel response vector from the mobile to
tures and options that cover multiple applications in widebarde antenna elements amd denotes time-convolution. In the
CDMA. In Section IV, we discuss the advantages of ISR anghhi-hand term of (3), the propagation time-delays along the
compare them to previous achievements in multiuser detectignpaths(¢) € [0,7),p = 1,..., P, are chip-asynchronous
Simulations are found in Section V. Finally, we draw COHC|LT15], Gué) =[G (B).....G% (BT are the propagation
sions in Section VI. The conclusions of Section VI suggest th@éctorspands“(t)Q are the powépr fractions along each path
the simplg;t STAR-ISF_ztephniques are implementable today af}dne total pgwen/)u(t)z received from theith mobile (i.e.,
offer significant capacity improvements. 211:21 €%(t)? = 1). The received power is affected by path loss,

Rayleigh fading, and shadowing. We assume @iat), e (t)*

and y*(t)? vary slowly and neglect their variation ovep

Il. DATA MODEL AND FORMULATION OF THE PROBLEM symbol durations (i.eQT).

A. General Assumptions and Model 1Differential coding enables use of STAR without a pilot [15] for blind

. . hannel identification and quasicoherent detection with differential decoding.
We consider the uP'Imk of an asynChronous cellular CI:)MI hence avoids noncoherent demodulation [23]. A reduced-power pilot can

system where each base station is equipped with a receiving gused to avoid differential coding and decoding [24] while orthogonal
tenna-array of\f sensors. App”cation to the downlink will be modulation [13], [25] can be detected coherently by STAR without a pilot [26].
studied in a future work [22]_ For the sake of simplicity, we as- 2Note that the model described is baseband without loss of generality. Both
L .the carrier frequency modulation and demodulation steps can be embedded in
sume for now that all users transmit with the same modulatig{y, ¢y puise-shaping and matched-filtering operations of (1) and (4), respec-

and at the same rate. We also assume that the base station kniosis
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In successive overlapping frames of pergd’, we define the come inter-symbol interference (1SI) of théh user over itg:th
matched-filtering observation vector for frame numheover symbol defined as

the time interval0, (@ + 1)T") by Q
I = Vo Y . 14
Yt) =g [ X@QE/24nQL +t+4)0)de (@) o = 2 M .
¢ Dy K Ak

whereD,;, denotes the temporal suppoef ¢(t) anda € {0,1} As an alternative to the decomposition over symbols of (10),

stands for a possible time-shift §y7°/2 to avoid locating the we can separat¥ * over contributions from theV; = MP
frame edges in the middle of the delay spread [15]. For Sirﬂfversity branchesnor fingers as !

plicity, we assume: = 0. After sampling at the chip rate and

N
framing over(? + 1)L chip samples at the symbol rate, we ob- v — zf: ¢yt (15)
tain theM x ((@ + 1)L) matched-filtering observation matrix no st fin T
Yo = [Ya(0), Yo(Zo) - Ya(((Q+ DL = DT B) where finger f = (p — 1)M + m, denotes antenna
It can be expressed as m € {1,...,M} and propagation path < {1,...,P}
U andcy,, = Gy, ,(nQT)e,(nQT’) stands for the corresponding
Y, = Z PUYY 4 NPth (6) propagation coefficient. Each diversity-observation matrix
by Y is defined as
where the base-band preprocessed thermal noise (i.e., aftey/ = [Y,»/(0), Y,/ (T.),..., Y,/ (Q + 1)L — 1)T..)]
matched-pulse filtering) contributes (16)
pth __ pth pth
N = IWPHQI), N QT+ L), Yl = o [ X 0Qr v ol a an
NP™(nQT + ((Q + 1)L — DT.)] (7) Le Jp,
$ = *(nQT) and each user contributes its user-observaX " (t) = Li;6 (t — 7/(t)) @ b (£)c" (#) (18)

tion matrix'Y;;, obtained by whereI; = [0,...,0,1,0,...,0]% isaM x 1 vector of zeros
Y = [Y4(0), Y,NT.),....Y,"((Q+ 1)L — 1)T,)] (8) except for one at thexth element and(¢) is the Dirac impulse.

n n n

, 1 , e The two decompositions of the user-observation matrix (i.e.,
Y =5 /D XUnQT +t+¢)pt') dt’. (9)  oversymbols or diversity branches) can be combined as follows:
Q Ny
Yi= D0 > VignliaYin (19)

B. Parametric Data Decompositions St

In the following, we detail the structure of the user-observa-
tion matrix Y along various parametric data decompositio:ﬁi
that will serve later as new interference characterizations for
by a new class of interference cancellers. Yl = [Y,;“;f(o), v, (@ + 1)L - 1)Tc)}

First, we decompos¥“ over the symbols fromth user that ’ ’ ’ ’

ere the canonic diversity-observation mafi¥’/ is given

contribute to its data as follows: 1 (20)
Q ; vl =7 [ XeQr v ey ar (21)
YrLi = Z b;LLQ-I-kqu,n = bZQ-I-kqu,n + I?éI,n (10) w.f €Dy ) )
k=-1 X () = L6 (t = 75) © crgan(t) (22)
Wher_ebz = b“(kT)_ and where the canonic user-observatiom,hereﬁ;;n = 7(nQT). Hence, one can easily derive the fol-
matricesYy; ,, are given by lowing identities
(11) Y, = Z bnou Yin (23)
1 k=—1
Vin® =g [ XL QT + e+ )0 dt (12)
c D U _ U u, f
u " Yin=2_ CGaYin (24)
X o(t) = H(t) @ choa(t)- (13) fz::l '

Due to asynchronism and multipath propagation, each user-obtn the next section, we shall use the above parametric data
servation matrix carries information from ttég current (i.e., decompositions to derive a new class of interference cancellers.
k=0,...,Q — 1) as well as from the previous (i.é:,= —1) Before we do so, we formulate the interference suppression
and future (i.e.k = Q) block symbols of the correspondingproblem.

user. It can be decomposed by separating the contributions of

@ + 2 consecutive symbols so as to isolate each of¢dhde- C. Formulation of the Problem and Background

sired symbols with index say € {0,...,Q — 1} andyetover-  power mismatch (i.e., near—far situations) arises on the

SFor a rectangular pulsé,, is [0, T%.]. In practice, it is the temporal support up-link unmtennonally due _to _'mperfeCt_ pOWfEI’ control for
of a truncated square-root raised cosine. path loss and shadowing variations, and intentionally when we
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increase the power of particular users (e.g., “priority linksjs part of the multiple access interference (MAI) vector to be
acquisition, higher order modulations or higher data rates snppressed. The noise vecmﬁ;’“ comprises ISI from the de-
mixed-rate traffic). We assume that power control is used aired user over itsth symbol, the rest of the MAI from all other

the up-link to reduce the power mismatch between users amkrs in the system, and the preprocessed thermal noise. For
identify two generic situations where application of multiuseronvenience of notationY:* or simply V,, is assumed to be
detection is of interest. The first is a homogeneous traffimcorrelateéiboth in space and time with variangé . Later we
situation comprising high-power high data-rate links witladdress explicit ISI suppression and discuss other extensions to
roughly equal powers, where each user attempts to suppréescorrelated noise case (see Sections IlI-D and E).
transmissions from the others. The second is a mixed-rateSingle-user receivers such as the RAKE/2D-RAKE [27] or
traffic situation where a low-power low-rate user attempts t8TAR [15] regard the partial MAI vectaf,, as another contri-
eliminate interference from high-power high-rate users, eabhtion to the nois€V,, and, hence, implement spatio-temporal
power level being set to meet the QoS of the correspondingaximum ratio combining (MRC). For instance, STAR imple-
rate. Any other suppression scenario of interest boils downnwents MRC fork = 0,...,Q — 1 as follows?

a combination of these two generic cases (see Section IlI-D). L

Suppression of a low-power low-rate user likely offers only sk _ bk Y Y, 28)
modest performance gain and, hence, is given the lowest mo T MRGnEn T ‘Yd 2

processing priority within the computational power available —hn

(see discussion of complexity in Section V-C). However, MRC is suboptimal despite use of power control on
For the sake of simplicity, we formulate the problem ofhe up-link due to interference correlation from high-power

multiuser detection in the mixed-rate traffic scenarioater in high-rate users irf,,. We next introduce a new class of in-

Section I1I-C we address the homogeneous case. We henceeliference cancellers that supprdss and offer a unifying

vide the mobiles received at a base station into two subsets, traenework for efficient and cost-effective multiuser detection.

comprising those whose received signal powers are relatively

high and a second whose powers are relatively low. Assume the IIl. THE PROPOSEDMULTIUSER DETECTOR

presence ofVI strong interfering mobiles in the first subset —

and assign them the indicés= 1, ..., NI. Consider a desired A. Interference Subspace Rejection

user with indexd in the second subset, and formulate the In the general case, the total interferedgeis an unknown

suppression problem with respect to each ofisymbols to random vector which lies at any moment in an interference sub-

be detected in each frame (i.e., det@atlata symbols of uset space spanned by a matrix, 98y (i.e., I,, € Vec{C, }) with

in parallel based on a single observatign). dimensionV, which depends on the number of interference pa-
Using the data decompositions of the previous section araimeters [i.e., power, data symbols, multipath components, and

defining for convenience of notation a vectoas a matrixdy re-  delays, see (27)] estimated separately

shaped columwise, we rewrite the vectorized matched-filtering ({LMs o g

observation matrif’,, of (6) for userd and fork = 0,...,Q—1 {w;:@,n7b}<3+m;,n}i:1

as {...Y,,...}_,

NT
Y, =¢ibionYe, + {Zw;zz}
7=1

. . . NT
{C},7z b atr Th }7-:1

RTINS

\

C, = - (4,£)=(1,1) (¥ i b (29)
i (NT,Q)
oY)l |
¢ i PR i,k)=(1,— i i NI
FOLE L D> uy 4 N (25) GR=-Dlfe, i
7 u=NT4+1 { if }(NT:NJ:Q)
uF#Ed MR N R A G FR)=(L 1 —1) {T]é’n}{vjl

d,ky d d.k d,kyd
=Yy I N&® 2 s&F YT I N 26 . . .
S Lien T dn S ' Yoo + Lo+ N, (26) The more interference parameters we estimate, the fewer dimen-

dk _ dpd i . . .
wheres; ™ = 97074, denotes thesth signal component of gionsn. (number of constraints) are needed to characterize the

the desired user and N interference subspace for suppression. However, the sensitivity
N ooy N of the suppression method to parameter estimation errors also
L= iyl => 9l > Y5 increases.pWith the above par;metric/subspace decompositions
=1 =1 f=1 of I,,, we readily identify new performance/complexity trade-
NS 4 offs for suppression (see Section V-C). As shown in Table I,
= Z ¥y, Z Vot Yoo n a number of alternative techniques may be recognized that use
=l k'=-1 different reconstructions of the matri¥,,, referred to as the

NI Ny

Q
=D Uy D b CaYil,  @7)

=1l f=lk'=-1

constraint matrix.

SThe central limit theorem allows processing the set of low-power low-rate
interferers—presumably many such are present—as white noise.

4We assume for simplicity that all users transmit with the same symbol-rate®Note that we take the real part of the MRC output if the modulation is BPSK.
and that only differences between their modulation orders cause noticeabtber operations in STAR that: 1) estimate the data symbols and the power of
power mismatch. Extension of our suppression techniques to the mixbe desired user and 2) identify the channel from the signal compéfiénas
symbol-rate scenario &d hoc shown in Fig. 1 are explained in detail in [15] and [30].
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. . . d
. TABLE | Second, we project the estimated response vé€tor and nor-
CONSTRAINT MATRIX C,, AND THE CORRESPONDINGNUMBER OF . . . Aok ’ .
CONSTRAINTS ORCOLUMNS N, FOR EACH ISR MODE. EACH mahz_e i to derive th? ISR combinéd;". V_Ve use this com-
GENERICCOLUMN (' . SHOWN ABOVE IS NORMALIZED TO 1 biner instead of MRC in (28) to extract the signal component es-
timatess®*. An upgrade of the single-user STAR [15], referred
ISR Mode &, = [cj] N, to as STAR-ISR, exploits these new ISR outputs as shown in
- Fig. 1 to improve estimation of the symbol decisitbfj@ w the
Total Realization (TR) . M i i ~aND ~ +A 4
(const total MAI) i= ;mn 1 received powe(z/;n). , and the channel parame.te{(;s‘;{n, Tont
x An enhanced version of STAR-ISR [30] that incorporates ISR
2 Obf . . e . .
2 GaYn in the channel identification process further improves these es-
=1 . . . ']
Reatizations (R) decmgm timates and offers an integrated solution for an efficient and
(C;:sf;:::;rer) at=g NI cost-effective multiuser receiver in wideband CDMA.
S bonTin Similar STAR-ISR receivers for each interferer (see
= , ) PO L o
= Section 1lI-C) estimate{’,, 6" ... " . and enable
decompose/symbols ) {”(/n, nQ+k? Cfin’ Tp,n}

2 construction of the constraint matri&C,, (see Fig. 1). An
L= Zétiﬁgfm.-} NyNI estimate ofén is constructed with MRC symbol estimates

—— or reconstructed with ISR symbol estimates from previous
(Q+2)NI ISR stages in a multistage processing scheme (see Fig. 2
and Section 11I-G). In Table I, we show how to forfd,, for

Diversities (D)
(const./finger/int.)

Hypotheses (H)
(const./sym./int.)

A Ny it
i V)
SN DM C
f=1

Reduced Hypotheses (RH) [ Qiff" ¢ o ] - different modes, which decompose or regroup interference
{const. /int./future sym.) ez e vectors from the different interference subspace characteriza-

Decorrelator tions of (29). The total realization (TR) mode nulls the total
can be regarded as H&D [ka] @+2nnN interference vector and, hence, requires accurate estimation of
(const. /sym. /finger/int.) all the channel and data parameters of Mg interferers. It is

similar to the PIC detector, only it implements the more accu-
) ) rate nulling instead of the subtraction Hf. As one example,
To suppresd,, as characterized in subspack;, the com- gp TR would still implement a perfect null-constraint if the

biner for thekth symbol of the desired user, for=0,..., @~ yoyer estimates were all biased by an identical multiplicative

1, must conforr to the following theoretical constraints factor, while interference cancellers would subtract the wrong
LEHd R amount of interference. The realizations (R) mode nulls the

Wt Y5, =1, Wt Y5, =1, (30) signal vector of each interferer and, hence, becomes even more
WeR G, = 0, WEFT T =0, robust to power estimation errors. The diversities (D) mode

nulls the signal vector from each interfering finger of each
The first constraint guarantees a distortionless response to itiierferer and, hence, gains additional robustness to channel
desired user while the second rejects the interference subspastémation errors. The hypotheses (H) mode nulls the signal
and thereby cancels the total interferedge We shall refer to vector from each interfering symbol of each interferer and,

this approach as interference subspace rejection (ISR). hence, introduces robustness to data estimation errors. In
A solution for the ISR combiner (i.e., the constrained spatieontrast to previous modes referred to as decision feedback
temporal combiner}ﬁf;’“ is given fork =0....,Q — 1 by (DF) modes, the H mode does not feed back decisions from the

symbol estimates int€,,. Its combiner coefficients are hence

Q, = (CHC )—1 31) symbol-independent and can be computed less frequently when
™ non the channel time-variations are slow and when the codes are
I, =1y, — C,,,Q,,,Cf (32) short. Finally, the reduced hypotheses (RH) mode, a hybrid
I ?d between the R and H modes, reduces the number of constraints
Wk — dHni—k"d (33) N (i.e., computational cost) frorf@2 + 2) NI for the H mode
Y, ILY, . to just2N1.

In fact, the H mode is not the most expensive in complexity.
where Ny = M(Q + 1)L is the total space dimension andcombination of the H and D modes results in a structure sim-
Iy, denotes anVy x Ny identity matrix. First, we form the ilar to the decorrelatét? which requires a larger number of con-

projecto II,, orthogonal to the constraint matrix estimalg. straints, i.e.(Q + 2)N;NI. One can even introduce a finer

decomposition by nulling additional dimensions over possible

7This combining approach is borrowed from a multisource (i.e., multiuseﬁH : :
beamforming method called the adaptive source-subspace extraction H|tlpath delays (e'g" over the delay spread) togain robustness

tracking (ASSET) technique [28], [29], an early array-processing form of ® Synchronization errors [21], [31], [32]. However, increasing
group ZF, MMSE, or hybrid ZF-MMSE detector.

8This projector is computed once for all for all desired users at the cost of a
single inversion of aiV, x N, matrix. In the D mode in particular (see Table ), °These operations actually exploit redundant or straightforward computations
the matrix is sparse becauke " is nonzero only at elements, i+ M, m + i the data projection and the normalization.
2M,....m+ ((Q + 1)L — 1)M; and the matrix inversion boils down fa 10The use of decision feedback with the decorrelator is already well docu-
inversions ofP NI x PN I matrices or even to one inversion only when delaysnented (e.g., [14]); but only past symbols were fed back in previous works. In
of a given propagation path are the same at all antennas as assumed hereilSR DF modes, past, present, and future symbols are all fed back.
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C.
X(t) Y, Y, §ik . 7é
: Vector =n ISR n Decision nQ+k
7/[4— Preprocessing reshaper Np | beamformer rule [T
~d
NT NT Yk,n SR
ik i Constraints | I
Despreader & . Channel Power Yo (= generator [~ mode
#i ML identification estimation
TonrChn
Cn
A id
Yo Vector Y, ISR 87| Decision bag+
reshaper N beamformer rule
T
~d
Ny Nr y Ygn
Zd,k 2d
Despreader A Channel Power | ¥n _
#d ML identification estimation
Fig. 1. Block diagram of STAR-ISR.
Yo l l ‘ l l constraintsiV, remains constant. In contrast, the H mode sees
&.0) &ui1) e VR its gain saturate. However, while the H mode does not exact a
N I;Rl i processing delay, the DF modes TR, R, and D will require an
increasing delay of? symbol durations to allow buffering of
LE:;W(O) Liz:;w(l) Liviw@) Li,;" o =higuvy  the next data frame, plus one processing cycle (PC) to allow
estimation oft{,, . ,,, (i.e., the first desired symbol from the
Fig. 2. Block diagram of multistage ISR processitBER(N,) < next frame). The DF mode RH, which directs a null toward
BER(N, — 1) < --- < BER(0)). bi

241)Q requires only a delay of one processing cycle (1PC) to
ailow estimation of the interferers’ symbols from the current
the number of constraintd’. not only increases complexity frame. However, the cycle duration also increases with

but also results in more severe noise enhancement \dhen

approaches the total dimensioh = M(Q +1)L of the entire g Extending DimensionalityX
observation space.

To reduce complexity, guarantee stability in the matrix inver- To reduce noise enhancement and to allow processing of
sion of (31) if it becomes close to rank-degenerate, and mimempletely asynchronous transmissions without exacting
mize noise enhancement, we replace the constraint m@tyix larger processing delays in the DF modes, it is possible
in (31) and (32) by the orthonormal interference subspacetof increase the frame duration (i.e., the observation di-
rank NV, < N, that spans its column vectors to yield the promension) without increasing). We simply generalize the

jectorIL, = Iy, — V,V¥ used in (33), which replaces theobservation to include additional past spread data which has
matrix inversion by the Gram-Schmidt matrix orthonormalizaalready been processed.

-Option

tiontIn practice,V,, can hardly reflect the true rank @f, if it If we expand the matched-filtering observation matrix of (5)
is close to degenerate. It corresponds to the subspace of redygggclude previously processedy symbols, the observation
rank V,. with the highest interference energy to cancel. becomes

To further minimize noise enhancement, one can
also increase the dimension of the observation spagce
Nr = M(Q + 1)L by increasingQ. Increasing the frame *n — [Ya(=NxLT), ..., Ya(=T2), Y (0),
duration (@ + 1)T" has the additional advantage of enabling Yo(To), ... . Yu(((Q+ 1)L - DT (34)
asynchronous processing of a wider interuser delay spread

as well as multirate users. In terms of noise enhancem@n;n”aﬂy expandingv”, Y " andY}j”f keeps the para-

reduction, the DF modes—namely, TR, R, D, and RH—Wile(ric data decompositions of (6), (15), and (24) unchanged,

benefit most from increasin@ because the number of the'rprovided that the expanded frame duratid¥y + Q + 1)7 re-
mains below the coherence time of the channel. On the other

1INote that orthonormalization becomes unnecessary if we checkthis hand_, de_comDOSitionS of (10), (14), (19)3 and (23) that i$0|ate
close to orthonormal (i.e(C,, ~ V,,). contributions over symbols extend the first summation index
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over past symbols from 1 to —(Nx + 1). These extended de- _ TABLE I

it ; it ; _SIGNAL BLOCKING MATRIX Ci:¥ AND THE CORRESPONDINGNUMBER OF
compositions may be better illustrated by rewriting the interfer CONSTRAINTS ORCOLUMNS V. FOR EACH ISR MODE (N 15 SET T00 IN

ence characterization of (27) as THE H MODE). Ef,’ﬂ*f’ =0IFi = i AND ¥’ = k, AND 1 OTHERWISE EACH
GENERIC COLUMN CZ.’k SHOWN ABOVE |s DIVIDED BY THE NORM OF THE
NI NI Ny o A -
_ iy i iy CORRESPONDINGGENERIC COLUMN C'; |, OF TI—!E,CONSTRAINT MATRIX C.,
L, = Z Y, = Z P Z Cf:ﬂ—n (OBTAINED HERE BY REPLACING 8% ** WITH 1)
=1 =1 f=1 1
NI Q Sk ~ 5,k
. . . ik — N
e D DR ISR Mode Ct =[G ] N,
i=1 k=—Nx—1
NT N 0 NI Ny Q e a A f
i d i i i f TRX ZZ Z w:zc},nb:lQ+kYk”,n5§,;k 1
= T/)n Z an+ka,nXk7n' (35) =1 f=1 k'=—Nx-1
i=1  f=lk=—Nx-1
i < 2 i\f sk k
i 74 T Tk,
From the above decompositionsigf, the definition of the con- RX o ;k_ZN . Chabnoti Yernlin - - NI
straint matrixC,, in Table | remains the same for the DF modes T
although its construction requires now summation over est DX 9 g s NoNI
mated symbolg; , ,, starting with index = —Nx —1 instead "’k,_gv: | erkEsEmTi e f
of k = —1. x
Although the X -option is tailored to the DF modes of ISR, Moo i
- : , H S (Q+2)NI
it could be applied to the H mode usif@x + @ + 2)NT m‘, TR E R
=1

constraints. However, increasing achieves the same bene-

fits while it enables processing of more symbols in a block

with minimum overlap between processed frames. Instead, &, into the noise vectay

X-option can combine the H mode in another variant of tqﬂem USers. -

hybrid RH mode gsing the following constraint matrix with combinerWZ;’“ similar to that of (33) can be derived for

number of constraintd/, = (Q +2)N1 the kth symbol of theith user fori = 1,...,NI andk =

0,...,0 — 1. However, the projectiodI,, in (32) is formed

to be orthogonal to the signal subspace that spans contributions

from the NI users. To avoid rejection &f;*Y;, ,, as part off,,

(36) and allow extraction of the desired signal componght, we
modify the projectiorll,, and the combineﬁi;"‘ as follows:

in (26) and focus on processing

-1

_ ~ ~ ~ ~ ~
Cn — | E an+ka,nsz,n7X1,n7'"7XQ,n7"'
k=—Nx—1

The above example is one possible hybrid among many other

. . o H

combinations between ISR modes. For lack of space, hybrid ISR IL" =Ty, — C@anz’k @7

modes will not be pursued in the following. Only the generic ik H;"X; N

modes (i.e., TRX, RX, DX, and H) will be studied. W= (38)
Clearly, extension of the observation space to arrive at a total Yy ALTY,

dimensionNy = M(Nx+Q+1)L provides additional degrees

of freedom and results in less white noise enhancement as shiih Still use the .sameksmgle_ matrix inversion of (31)@j..
in Section V-B. The new projectiorII’;” specific now toith user and itgcth

symbol uses an estimate of the signal blocking me(fﬁab de-
C. Joint ISR Detection fined in Table II. This matrix which spar{d,, — s;*Y;. ,,), and
. . . fortiori 134 (i.e., Iy € Vec{C"*}), avoids suppression
Previously, we focused on implementation ofISRforawea@-f the desired signal and rejects ¥Sklong various ISR de-

power low-rate user in mixed-rate traffic. We now address the . . ik
. . . . compositions. In summary, the joint ISR combird&t;” now

homogeneous-rate case described in Section II-C and introduce : .

L . ) . conforms to the constraints shown in (39) at the bottom of the

joint ISR detection among strong-power high-rate interferers. JH : H

c J i - = . ~ i kO o ot .
It allows for mutual interference rejection with one matrix inPage. Using the result;, , 11*Y, , =Y, .Y, ,, and the im-
version only. This generic case obviously applies to supprd¥icit definition of the MRC combiner in (28), we show that
sion among 'nt_erferers in the m'X_ed'rate scenario treated eafianeyt we exploit this useful property of joint ISR detection to explicitly ad-
lier. Here, we simply merge the signal contribution of tlih  dress ISI rejection for the weak-power low-rate user treated earlier.

Wikt i Ei’,kH_i,n =1,
_4n —‘k,n o = - 3 H ik NIT 7 -/ (39)
Wit o <o, T\ Wit (1,4 L i) =0
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Wok = Hi{’“ﬁiﬁfﬁc - The ISR signal component estimate beperformance/complexity tradeoff. However, this goes beyond

comes the scope of this paper.
One can readily illustrate group and hybrid ISR by addressing
. .G H . H PR ~ . . . .
ghk = Eﬁ{k Yy, = m;\&’&m’n (Xn _ Ci{’“QanZn) IS.I rejection for th<=T weak—poyver low-rate user Qealt with in the
ot N mixed-rate scenario of Section IlI-A. We consider that dtie
= Ei’mcm (Xn - Ci{kyn) user constitutes itself a group 6f virtual users, each virtual

user being associated with a desired symbol to be extracted.
The ensemble of these virtual users is characterizeﬁfpyn
. the observation space. The parametric decompositions of ISR
where theV, x 1 vectorv,, = Q,,CZY , iscommon to all users apply toY'*. They give rise to the constraint mat® indexed

_ ik kT Nk
= SMRC,n — EMRC,nCn v (40)

£

andsy/yc . is @ new notation for the MRC signal componenith d and the corresponding blocking mat@%* for the kth
estimate of (28). virtual user (or symbol) along any of the ISR modes described

_ The soft outputy,, of the linearly-constraineccombiner*  (e.g.,C¢ = [V¢] andC%* = [lfs”f »] in the TR mode). Note
C,.Q. [28] are actually estimates within a multiplicative factokhat hybrid ISR construct€ for the dth user and®,, for the

of the parameters over which the interference is decompésedy 1 interfering users along different modes.

For a given ISR parametric decomposition, the interference toThe ISR combiner that extracts tiigh symbol of thedth

be suppressefi, — s;;*Y ,, is hence reconstructed €%;*v,, user is therefore updated to reject ISI by incorporating joint ISR

then subtracted fro@n before MRC Combining in (40) ISR among th@ desired Symbo]s in (31) to (33) as follows:
can therefore be interpreted as a Him@arly-constrainedinear

IC method. Indeed, the one-stage linear PIC [11], [13] resem- (3;11 - ang (41)

bles closely ISR-H whed/ = 1 antenna and wheg,, is set Gk — 11 Cdk (42)

to the identity matrix (i.e., MRC combinet,,). In contrast, " e

ISR exploits soft outputs from linearly-constraineccombiner Q= (CZH CZ) (43)

and thereby replaces error-sensitive subtraction by more robust dk T

nulling. I = Iy, - CLQLCy (44)
Note that the H mode can use W = C,Q, 4% = &I, (45)

][5\9T+2)*(’_1)+k+2as an alternative direct implementation %

of the ISR combiner. Note also that the ISR DF modes require Wik = o =k (46)

feedback of the current and future symbol estimmk for kaﬂﬁ’klk?n

k =0,...,0Q which are derived in a preliminary stage from the . ) .
MRC Signa' Component estimaté%[kRC for k = 0’ ey Q Both Qn and Hn still use (31) and (32) Notice that if there
Using the resulting ISR outputs to iterate the ISR process ag#fi§ NO strong interferers to be suppressed, we may still reject

gives rise to multistage ISR addressed in Section II-G. ISI before despreading by settidd, to the identity matrix. If
we also replacd@I¢ by the identity matrix, then we revert to a

simple MRC combiner.

. _ ISR offers a unifying framework that approaches IC methods
The two generic cases of the mixed-rate and NOMOGgthe |ow end (i.e., TR) and the ZF decorrelator-type receivers

neous-rate traffic scenarios addressed in Sections Ill-A age high end (i.e., H&D). Its general formulation can reduce to

C, respectively, can be easily extended to group detec“?ﬁ‘nple MRC above and it can also be extended to MMSE-type
[14], [28], [29], [33] where ISR suppression is implementegriteria in the next section.

among groups of users following a hierarchy in rate or power.

A given group of users can suppress other selected interferiag\weighted ISR and Centralized Versus Blind Structures

roups and possibly implement mutual suppression within that . . .
group POSSIDl IMp utual supp on Witht An additional remedy to noise enhancement addressed in

group by joint ISR detection, if required. Additionally, the ISI%ections IlI-A and B is to relax the null constraints and assign

detector can implement hybrid modes of suppression (e.g. . : e .
RH in Section IlI-B). Hybrid ISR is applicable to mixed ratesg penalty weight to noise amplification in the ISR suppression

where the duratiod)7” includes different numbers of symbolsprogi.ss' -r:hls var|a||1t of ISR,b_referreId _to as} weighted ISR,
for the respective interferer rates. It may also be used for mixﬁ ! |e-s the general ISR combiner solution of (31) to (33) as
modulations where the decomposition is over different types o ows

symbols. More generally, suppression modes may be mixed,

D. Group/Hybrid Detection and ISI Rejection

some dimensions applying constraints from the D mode, others (?" - Cfg’j 1 (47)
from the R mode, etc. One could design an optimal suppression Q. = (C/C, +\1y,) (48)
strategy that would allocate the null constraints/modes among IL, = Iyu2r—1) — CnQanj (49)
users and groups in the most efficient way to achieve the best I ve
. . . . e ——, S (50)
1 . —n dH d
3The]ﬂ) column of the combine€,, Q,, has a unit response to thi¢h Xk,nl_‘[nzk,n

column of C,, and null responses to its other columns.

14n the D mode for instance, the generic term:of is proportional to . . . .. .
i (. This feature enables a cost-effective joint detection and chant¥hereA,, is anN. x N. diagonal matrix of positive weights

estimation scheme in one step [17]. and ) an additional weighting factor.
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One can show that the above general weighted ISR solutiare compared to conclude that SIC outperforms PIC in adverse
reduces to MMSE combining with respect to the ISR signalbwer control situations, whereas PIC outperforms SIC when
decomposition selected by setting= 53, the noise variance power control is perfect [41], [42]. Also the decorrelating de-

estimate, and cision feedback algorithm [14] uses a successive structure. In a
(1] in the TR mode first stage, the signal is whitened, then DF is used successively
T _ in the second stage, processing in order of decreasing strengths.
[ ey } ; in the R mode Although this presentation of ISR has been focused on a parallel
[_ |G 7} 7 in the D mode implementation, ISR may also be implemented in a successive
A, = ’ (51) manner, denoted ISR-S in what follows.
Without loss of generality, let us consider the operation
cowh bt |, inthe Hmode of ISR-S among theéVI users sorted in order of decreasing
— strength such that usér= 1 is the strongest and usee= NI
\ (@+2) times

is the weakest. The ISR-S signal component estimate for the
The instantaneous parameter estimates in the equation ablaesymbol of theith user is, hence, given by
can be further averaged or smoothed in time. The columns of

the constraint matrix estima€g, are reconstructed without nor- v, =QinCLY,
malization. For lack of space, this version of weighted ISR re- wik _ aisk Wik Gk (52)
Sy = SMRC,n — YXMRC,n VinYin

ferred to as MMSE-ISR will not be pursued and will be ad-

dressed in a future work. whereC; ,, spans only the subspace of usérs. .,i — 1 (and
Note however that weighted ISR extends the unifying frame-SO of J’S"er.pif S| re'gction is dgsired) anéi’."‘. ’denotes the
work of ISR suppression by approaching centralized MMS% ‘ ) ' i

multiuser receivers [9], [10], [34][36] at the high end (i.e.corresponding signal blocking matrix. Cleady; , is no longer
MMSE ISR-H and D) and weighted IC methods [37] at the lo®Mmon to all users, which requires the expensive matrix inver-
end (i.e., MMSE ISR-TR). In fact, weighting in IC methods i$1oN to be performed for each user. However, this inversion is
applied to data decisions instead of noise [37]. In this regard, g¥°ided with ISR-TR sinc&; ,, = (C/,C;,)™" is a scalar.
developed another version of ISR that introduces weights ogR™TR-S represents an alternative to its parallel counterpart,
data decisions reflecting our confidence in those decisions. Fgft"TR: and provides an ISR analog to SIC. Other modes may
lack of space, we refer the reader to [38] for more details abd@t® advantage of the common element&f, from one pro-
this variant of ISR referred to as partial ISR. cessing cycle to the next using matrix inversion by partitioning

Note also that the above versions of ISR still assume tH48) @lthough this has not been considered. The disadvantage
the noise vector is uncorrelated both in space and time. TH¥/SR-S is the long processing delay. It may be useful to con-
would optimally require knowledge of the codes of all user%'der_ the _tra_deoffs betwee_n parallel processing and serial pro-
to process them all. Non-centralized MMSE receivers such $&5Sing similar to the hybrid interference canceller (HIC) [44],
[39], [40] attempt to optimally suppress all users without knowl45] which combines the often better performance of SIC with
edge of their codes. Yet our experience is that the centraliZ&§ Parallel structure of PIC.
receivers are more robust to time-variations than the noncen- ] . ]
tralized or blind versions [28], [29]. In this regard, the noncerf2- Multistage Processing/-Option
tralized receivers require use of short codes [39], [40] to en-The DF modes of ISR (i.e., TR, R, and D) use coarse MRC
able tracking of cyclo-stationary signals. Nevertheless, opegmbol estimates at a preliminary stage in order to reconstruct
tion without knowledge of the user codes remains an advantaggnals for the ISR operation (see Section 11I-C). MRC estimates
for these receivers. are less reliable than ISR estimates causing worse reconstruc-

Regarding this issue, ISR indeed requires knowledge @dn errors. We may use improved ISR estimates to reconstruct
interferers’ codes, but only those of a few high-power high-raggd perform the ISR operation again in successive stages to pro-
users in the served cell due to complexity limitation. Thesgde better results [11]. This multistage approach illustrated in
codes are readily available at the base station on the up-lifkg. 2 and referred to as thé -option processes the signal com-
On the downlink, we envisage use of Walsh codes [18], H9]ponent estimate for theth symbol .k = 0, ..., Q — 1, of theith
priori known to the mobile. Overall, the computational powetiser inV, stage® as shown in (53) at the bottom of the next
available should allow implementation of ISR on either linlpage where*(1) is the signal component estimate from first
with a centralized suppression limited to a few high-powagR stage andC,,(0), C%:*(0), Q,.(0),v,,(0) are formed from
high-rate users. Other high-power high-rate users can be sgpmbol estimates at the preliminary stage (iZzé;Q+k(0) —
pressed blindly by combining ISR, MMSE-ISR or partial ISR.*(0)). Iterating the process, we find the signal component
(or all together) with the partially-centralized hybrid ZF/blindand symbol estimates at stagé (i.e., sk = gRF(N,) —
MMSE scheme in [29]. Thiad hocextension will be detailed @;QM)_
in a future work.

150ne stage means that the ISR operation is performed only once. Strictly

F. Successive Versus Parallel Detection speaking, it is a two-stage approach with a conventional MRC preliminary stage
. Lo . (see Fig. 2).

Itis already documented in literature that successive IC MaYienote that intermediate frame channel-decoding can be combined with mul-

sometimes outperform parallel IC. For instance, SIC and Pt&age ISR [22] for further improved performance.
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The multistage approach has a cost in increased complexigntly, provides a framework for interference subspace rejection
however, complexity can be reduced because many computet stems from various parametric decompositions of the inter-
tions from one stage to the next are redundant. For example, theence. These decompositions are motivated by the resulting
costly computation of;,, (5) could be tracked instead, becausemproved robustness to errors in power control, channel param-
v,,(j) = v, (j—1) ifthe symbol estimation errors do not changeter estimation, and symbol decisions. They provide a more
much from stage to stage, which can be expected in most situamplete understanding of the performance/complexity trade-
tions. offs available. Overall, ISR offers much more extended appli-

Application of the M-option to PIC follows the same cability (see options and applications in Section III).
approach. Thé/-option may also be generalized to the succes- Atthe high end in complexity, the decorrelator [6]-[8] and the
sive structures ISR-S and SIC. For ISR-TR-SM the approachdE-DF partial decorrelator [14] can be regarded as a combina-
as follows: The first stage is as usual, but the following stagéen of the H and D modes of ISR with one antenna. This hybrid
take advantage of reconstructed interference available frahlSR is also similar to the projection receiver (PR) [50], [51],
the previous stage. When users processed at stageusers which implements a ZF-type detector through exploitation of a
i+ 1,..., NI are reconstructed from the estimated symbols pfojector orthogonal to the interference subspace. In the general
stagei — 1; whereas users, ..., ¢ — 1 are reconstructed from case, however, ISR characterizes interference from different in-
previous estimates of the same stage. Except for the first stageference subspace decompositions and accordingly suppresses
ISR-TR-SM therefore also nulls lower power users. The saritealong modes (i.e., TR, R, D, H, etc) that require reduced

approach is used for SIC-M. complexity. Computational power is what limits exploitation of
ISR-H today, and fortiori the more complex decorrelator-type
IV. DISCUSSION OFISR ADVANTAGES receivers. Other ISR modes require tolerable complexity and

A. Interference Rejection Paradigm offer significant gains over IC detectors (see Section V).

Multiuser detection techniques differ in the way they chaB. Signal Combining

acterize interference and in the way they suppress it. Like ICNote that the observation model of (26) merges space and
methods [11}-[13] at the low end in complexity, ISR characte{rme into a vector dimension and therefore allows joint com-

izes interference by its signal contributidy to the observation ining over multipaths and antennas in one stepultiuser

vectory”,,. ISR-TR and ISR'TRS’ the closest 'to PIC .[11]1 [12 ombining in [34], [52] also matches a composite channel over
and SIC [12], [13], respectively, reconstruct this contributign multipaths, but unlike STAR [15] it uses one antenna and “non-

then Suppress It Howeyer, uniike IC techniques, ISR_repIa Arametric” channel estimation. To our knowledge, the advan-
e_rror-sensmve subtrac_non by more rObl_JSt nulting est|_ma- tages of simultaneous matched combining and interference sup-
tion errors and can b_e mterpretgd as a fiewarly-constrained ression were not recognized previously and were not pursued
IC method (see Section I1I-C). Linear IC methods [47], [48] als further integrate the spatial dimension made available by an-

replace nonlinear hard decision by linear soft-decision feedb na arrays. Tsatsanis and Giannakis [35] simply commented
andlre_zts ultlgto atcafc?ﬁef prtla_jectolrs [47], t[4$]. Hdowevg_r ISR on possible extension of their multirate filter model of CDMA
EXplolts sott oulpuls from a finearly constrained ComoIner anfL.qgs 1o spatial sampling using multiple antennas. Paulraj and
the_reby_lmplements more robust nulling (.)T interference alor?gapadias [53] developed a more general model for multiple ac-
various interference subspace decompositions (or characterg@és technigues but resorted to 2D-RAKE receiver solutions that
t|o,(1/|s)ak t al.ch terized the interf b b separate processing in space and time in the CDMA case. Cur-
. 'Ia oure at. ctharac enzg_ the "_:_Igr ergr:?ce %Su S_tphac?ént CDMA solutions similarly propose multiuser processing
simiiar in span to those used In the an modes wi 0BSst—combining [54], [55] or precombining [36], [55], [56] over

antenna.in [18]. anq [19], re_spectively, then suppresseq this intﬁ{ﬁltipaths and/or antennas in a RAKE-like receiver structure.
feren.ce by prOJect|orjs. Unlike ISR hawever (see Section [V- he post-combining solutions do not exploit multiuser detec-
they implemented signal combining over the cleaned obserY -

. } . . X n capabilities to improve channel estimation [36]. Thereby
tion with a RAKE-type receiver. Our work, carried out mdepen[-mth sighal combining and interference suppression can be de-

7advantages of interference suppression by nulling with projections instegdiaded. The precombining approaches do not exploit the advan-

of subtraction were previously recognized in an acoustic echo cancellation gages of diversity and process fingers individually as if they were
plication in [46].

18Although linear IC approaches the decorrelator [47], [48], it performs worse 19This feature is inherited from the post-correlation model [15] for which an

than nonlinear IC in selective fading [34], [49] . ISR version over despread signals is available.
ik ik A i ke N
854(0) = Sihen — {€,(0), €40, Qu(0), v,(0)}
ni ke ik ik 2k A ~i ke A
51 = $ifhen — Wihe. (002, (0) — {€.(1), € (1), Qu(1), v, (1)} 53)

SN = 8k — Wik CEE(N, = o, (N, = 1) — 8% = 5i}(N,)
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separate users with fractioned power [54], [49]. Complexity is TABLE I
thereby increased as if more users were to be processed while”ARAMETERS USED IN SMULATIONS (UNLESS OTHERWISE SPECIFIED)
depriving multiuser detection of the diversity advantages. Un

like previous methods, STAR-ISR fully exploits both space an 2ameter Value Comment

time diversities as well as the array-processing potential offere___E: 4.096 Mcps chip rate

by the antennas while carrying out simultaneous channel ar M lor2 number of antennas

timing estimation [15], [30], signal combining and inherent in- P 3 number of paths

terference rejection. (0 dB, -6 dB, -10 dB) (relative average strength)

fe 1.9 GHz carrier frequency

C. The Edge Effect and ISI fo 8.9 Hz Doppler frequency (i.e., 5 Kmph)
The edge effect and ISl relate to the difficulties introducec  f. 300 Hz offset error over f, (uniform)

by the symbols at the edges of the processed frames and the L 16 processing gain

surrounding the desired symbol. They arise in asynchronot ¢, 1600 Hz frequency of PC updating

transmissions from the self-ISI vectdty;, and similarly AP +05 4B PC adjustment

from the multiple-access (MA-ISI) vectoié’s’}yn. DF methods  BER,c 10% simulated PC bit error rate

[11]-[14] rely on error-sensitive one-shot hard decision ani s, 2 ppm symbol clock drift (linear)

feedback to remove the edge effect. Linear receivers resort = A 8 chips maximal delay spread

long sequence estimation and thereby reduce the edge effect

to a negligible amount [4]. The edge effect is completely

suppressed in [58] by subtraction. Future symbols are predic®dSK DS-CDMA with NI in-cell users sharing the channel;
there using convolutional coding. Simpler methods eliminathereas out-of-cell users along with thermal noise are modeled
the edge effect by transmitting bursts of symbols or by ir&s additive white Gaussian noise (AWGN). For lack of space,
serting isolation bits [57]. ISR effectively isolates the currewe refer the reader to [16] where we report on a mixed-rate
symbol without reducing the transmission-rate and treats ttiaffic situation that mixes BPSK and 8-PSK users, a scenario
equally-isolated adjacent symbols as virtual interferers (seerrently studied in new wireless technologies such as EDGE or
Section 1lI-D). Near—far resistant nulling in ISR remove©FDM for high-speed wireless data access [59]. The channel is
MA-ISI interference while self-1SI is simply suppressed byonsidered Rayleigh fading [60] with chip normalized Doppler
dedicated null-constraints (see Sections III-C and D). In boif»1.., and we consider frequency-selective fading with= 3

the single-symbol-based (i.e2 = 1) and block estimation propagation paths. Transmitters are equipped with one transmit
cases, this approach does not suffer from the edge effectamtenna; whereas the receiving end is equipped Mth= 1
holds over a large observation window of symbols that allows 2 antennas. We implement closed-loop power control,
treatment of wider interpath and interuser delay spreads as welh a power control correction factah P to be updated

as permitsad hocextension to multirate detection. and adjusted every 2560 chips with a simulated transmission
. o delay of 0.625 ms and an error rate on the power control
D. Unifying Framework and Extended Applicability bit of BERpe = 10%.20 The parameters most commonly

ISR offers a unifying framework for multiuser detection thawtilized in the simulations, unless otherwise is specified, are
reaches IC detectors and linear receivers at both ends in gisted in Table lll. STAR [15] is used to estimate temporal
formance and complexity. It can be interpreted as a hiew delays and channel gain, except for ISR-D which uses its
early-constrainedinear IC method and can be adapted to impl€@Wn estimator (see footnote 14). Thus the capacity figures
ment MMSE-type criteria and/or weighting over symbol decpbtained for STAR-PIC/SIC are significantly higher than
sions in partial ISR [38]. It applies to completely asynchronotgose obtainable with RAKE-PIC/SIC. For lack of space, only
transmissions, to one-shot or block estimation, and to mul§ingle-symbol-based estimation ISR (i@.~= 1) is studied.
modulation, multirate, or even multicode CDMA. ISR can be )
adapted to the downlink and to MIMO systems [22] and eff: Simulation Results
ciently combines with channel identification with STAR [30]. In Fig. 3, we show simulation results along with bit error rate
Overall, it offers an efficient and cost-effective multiuser relBER) bound® for a system supportingf/ = 8 users with

ceiver solution for wideband CDMA. processing gaid. = 16 and other parameters as specified in
Table Ill. With L = 16, the symbol rate is 256 kb/s and cor-
V. SIMULATIONS AND DISCUSSION responds to 128 kb/s with simple 1/2 rate channel coding and

In this section, we provide simulation results that compafjeeCOding' ISR-D, DX(256) where 256 is the temporal dimen-

ISR modes with SIC and PIC. We summarize these results aﬂ&“’zz is shown in _Fig. 3(a). ISR_R’RX.(ZS.G) in Fig. 3(b), ISR-
discuss application of the modes. TR, TRX(256) in Fig. 3(c), and ISR-H in Fig. 3(d). Completely

20Fixed to this value regardless of the actual channel BER.

A. Simulation Setup 2lWe have been able to derive accurate noise amplification factors due to

; ; - R constraints and theoretical BER bounds in the asynchronous transmission
In the simulations that follow, we attempted to apprOXImaﬂcéase. For lack of space, we will report on these new analysis results in a future

the specifications for up-link WCDMA [2] in a homoge-publication.
neous-rate scenario. We consider a differentially encoded2remporal dimension 2L = 32 for basic ISR (i.e.Q = 1 andNx = 0).
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Fig. 3. BER versu€, /N, performance of ISR with and without past data extensi®rofption) for 8 DBPSK mobiles at 256 kb/s: simulated (solid) and lower
bound (dashed). (a): ISR-D,DX. (b): ISR-R,RX. (c): ISR-TR,TRX. (d): ISR-H.

asynchronous transmission was considered withXheption
while quasisynchronism was used otherwis8ounds are ex- [

tremely tight at low to moderate SNR and differences appe —— ISR-DX(512) i
only at high SNR when identification errors become dominar | = |~ :22:'?;(;2(32)3) Y, (
The X -option is seen to be very effective with ISR-D and ha —+—  ISR-TRX(128)-S :

only little effect on ISR-TR and ISR-R. We note again that th : —— SIC

DF modes flatten at high SNR indicating that the DF mode_or - | lne, { = 0.6

have zero asymptotic efficiency. ISR-H provides some asym= o

totic efficiency, but has very poor performance at low to mocw® .
erate SNR.

In later simulations we focus on a BER of 5% which is consic : ; : : ;
ered app|icab|e to WCDMA [1]’ [2] before channel decoding I T LS .5 ...... i ]
The general picture is that ISR-H performs poorly compared : : : : 5
the other modes in this range and therefore is not considered 1
ther. ISR-H proves valuable in mixed power or modulation [16 ¥ . . , :
To support completely asynchronous transmission Xhep- 2 4 3 3 1 12 14 1
tion is used by default in what follows. N

Fig. 4 depicts thel, /Ny required to obtain a BER of 5% Fig. 4. Required®; /N, at 5% BER before FEC decoding versus the system
for increasing number of user§7, as obtained by searchingload NT in DBPSK mobiles at 256 kb/s: single-antenna case.
around the target BER. The figure shows also performance of
ISR-TRX-S, SIC, and PIC. The system setup is the same @5 virtue of its higher robustness to estimation errors and
previous section. All DF ISR modes provide roughly the sam&pecially to power estimation errors.
capacity (NI < 14), but higher than subtractive receivers, The load line dictates the operating condition when all in-cell
particularly when the system load is high. The successiygt not out-cell interference is suppressed, while neighboring
implementation of ISR-TRX, ISR-TRX-S, provides slightlyce|is are assumed to have same load as the target cell and when
worse performance than its parallel version, but better than Sige out-cell to in-cell interference ratio j&; = 0.6 [20]. Ca-
ISR-TRX-S and SIC are similar up to the point of interferencgacity ranges from 7.5 users (SIC) to 8.5 users (ISR-D). These

rejection; ISR-TRX-S nulls interference, whereas SIC subtragigpacities may be exceeded if out-cell interferers are suppressed
it. ISR-TRX-S therefore gains robustness compared to Sig \ell. or if the cell is isolated.

23Simply because th& -option enables complete asynchronous support as 1) Multiple Antennas:Fig. 5 shows performange withl =
discussed in Section II-B. 2 antennas. Generally speaking, all methods gain performance
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Fig. 6. Required®; /N, at 5% BER before FEC decoding versus the system

NI

load NI in DBPSK mobiles at 256 kb/s: high-Doppler case (i.e., 100 kmi/h).

stages is increased to two. Comparing these to the one-stage
curves of Fig. 4, the performance of all modes is improved by
about 0.5 dB nea’vI = &. This improvement increases to

5 dB for ISR-TRX atNI = 16. This confirms that DF based
on MRC estimates for one-stage operation is good when inter-
ference noise is low (low or moderate number of users), but
becomes degraded at high degree of interference (Ndh
SIC-M and ISR-TRX-SM achieve performance comparable to
DF ISR-M modes, but not ISR-DX-M. However, ISR-TRX-SM

is better than SIC-M with performance close to ISR-DX-M and
even relatively better at very high loads. ISR-TRX-SM is a very
attractive solution for high performance. It suffers, however,
from an increase in processing delay.

3) High Doppler: In Fig. 7, we have increased the Doppler
by a factor of 20 reflecting mobile speeds of 100 Kmph. All
modes of operation suffer from increased Doppler because
power control is not able to follow the variations of the channel,
causing greater power fluctuations and worse identification

load N'T in DBPSK mobiles at 256 kb/s: two-stage multistage ISR processiff theé channel. Again, this is seen to favor ISR-DX (rela-

case.

tive to other modes) which promises the best robustness to
channel identification errors. As expected, ISR-RX suffers

by the same amount. Required SNR is about 3 dB lower and there than ISR-DX but ISR-TRX suffers the most as it is the

number of users accommodated is doubled. This increase islg@st robust DF mode. Large variations in power are seen to
surprising, since the noise is now distributed over two receivirigvor the successive methods. SIC and ISR-TRX-S have same
antennas and the dimensionality is doubled. Furthermore, vap@formance and outperform ISR-TRX,RX but not ISR-DX.
tions in total received power are reduced because the numbeP8¢ and ISR-TRX have poor performance in high Doppler.
diversitiesN; = M P is doubled. ISR-D offers slightly better Capacity is reduced to 4 (PIC) and 4.5 (ISR-DX) as seen from
performance than other DF modes (less than 0.5 dB) becatl¥ load line, a reduction by a factor of almost 2. Fortunately,
the E}, /Ny operating point is generally 3 dB lower, which depractical systems are dominated by users with low mobility
grades channel identification. This tends to favor ISR-D whighnd, therefore, this reduction may not be important in practice.
is completely insensitive to estimation errors of the channel .
gain. Again, ISR-TRX-S outperforms its nonlinear companiofr- DIScussion
SIC. The load line suggests that at the low end 13.5 users caenerally, all ISR modes of operation with DF outperform
be supported with PIC but ISR-DX may serve about 15.5 usersceivers with interference cancellation by subtraction (SIC
Doubling the number of antennas, therefore, increases capaeitgl PIC). Only in high Doppler and multistage is SIC able
by about 1.8. to take sufficient advantage of successive processing of users
2) Multistage Processingd/-Option: Fig. 6 provides per- to outperform ISR-TRX,RX; but not ISR-DX. However, the
formance curves with one antenna when the number of IS8R alternative to SIC, ISR-TRX-S provides mostly better
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TABLE IV
PERFORMANCE FEATURES AND COMPLEXITIES OF SINGLE-SYMBOL -BASED ESTIMATION (i.e.,@ = 1) ISR MoDESWITH STAR

Robustness to

estimation errors of

Complexity {Gops]t

— IC method Ne Delay t Timing Phase Power Symbols
NI =8/16/32
subtracts reconstructed
PIC —_ 14+1PC 2.2/4.2/8.4
interference
subtracts reconstructed
SIC interference - 1+NIPC 2.2/4.2/8.4

of higher power users

1 tructed bit
ISR-H nutls reconstructed bt 3NT 1PC v v v 13.9/52.0/220.6

of interfering users

nulls reconstructed
ISR-DX NgNI 1+1PC v v 8.3/27.4/102.9

interfering diversities

nulls reconstructed

ISR-RX NI 1+1PC (some) v 4.7/13.8/45.7
interfering users
nulls total reconstructed
ISR-TRX 1 1+1PC (some) 2.2/4.2/8.4
interference
nulls total reconstructed
ISR-TRX-8 interference 1 1+NIPC (some) 2.2/4.2/8.4

of higher power users

nulls total
ISR-TRX-M(2) ISR reconstructed 1 14+2PC (some) (some) 2.9/5.5/11.0*

interference

tRefers to a user with processing gain 256. For smaller processing gains it ranges from 1+1PC to 256/L+1PC. It can, however, always be reduced to 1+1PC
considering smaller observation windows at a cost of increased complexity.

{Based on an observation length Ny = 5§12 chips (section 1II-B), chip rate 4.096 Mcps, M = 1 antenna, P = 3 paths and provided as a total over NI users and
includes STAR. Note that ISR-H requires the same number of constraints as ISR-D; however, ISR-D has real-valued constraints which lower its complexity. Actual

processing gain of users has negligible impact on complexity.

* This complexity depends on the number of MRC symbol errors in preliminary stage relative to ISR symbol errors after first stage. It is assumed that the total

complexity of ISR does not increase by more than 50%.

performance, underlining the strength of constrained subspac@nother, the complexity required increases while the resulting
suppression rather than interference subtraction. ISR-TRXSBIR advantage decreases, making the last decibel of gain even
has same complexity as SIC and therefore is an attractive I8®re expensive to obtain.
solution for successive processing.

The complexity of the ISR techniques is mainly determined
by the number of users to be cancelled and to a lesser extent VI. CONCLUSION
by the number of users processed. The complexity differences
arise mainly from differences in dimension of the matrix to be A new multiuser receiver structure, ISR, has been presented
inverted in (31), which corresponds to the total number of cothat offers a number of implementation modes covering a large
straints N, imposed by the mode. A rough calculation is prorange in performance and complexity. The low sensitivity to
vided in Table IV along with the performance features of theariations in interference power enables simultaneous support
ISR modes. The DF modes rank in performance as ISR-DX both high-power high-rate and low-power low-rate transmis-
> ISR-RX > ISR-TRX, consistent with the exact ranking ofsions in integrated multiservice wideband CDMA networks.
complexity. Significant differences appear only in adverse sitisR-H manifests the best performance but is the most complex
ations such as high Doppler. ISR-TRX with complexity of théo implement. ISR-TR may be the short-term preferred choice
order of the PIC is, therefore, a very attractive solution in mogiith respect to performance/complexity tradeoffs.
situations as it combines affordable complexity with satisfac- ISR-TRX provides generally very good performance in most
tory performance. Further improvements in performance maituations when identification is good. Moreover, it always out-
be obtained at the least cost in complexity by increasing tperforms PIC and generally outperforms SIC, both of which
number of processing stages. More precise estimation of quessess the same level of complexity. ISR-TRX is therefore a
constraint by decreasing the data estimation errors yields bettery attractive solution for multiuser detection. Eventually, the
results than introducing modes with additional constraints. Tleolution of DSPs, which tend to double in performance every
strength of more elaborate modes such as ISR-H is to be fowme and a half years, may gradually allow for cost-effective
in adverse near—far situations [22], [30] or when identificatioimplementation of ISR-RX,DX to achieve better performance.
of the channel is poor. This indication of theory is supported HER-TRX-S represents an alternative to SIC, achieving better
simulations. However, as performance improves from one moplerformance than SIC in all situations while requiring about the
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same complexity. ISR-H was found to provide inferior perfor-[18] M. F. Madkour, S. C. Gupta, and Y.-P. E. Wang, “A blind downlink
mance for high data rates in the operating region of interest.
However, its advantages were demonstrated in adverse near—far
situations [16]. ISR-H is studied further in [30] with emphasis[19] —, “A subspace projection based blind interference cancellation
on downlink applications.

The tolerable complexity is best exploited by limiting the
number of high-power users to that which the base station rgz20]

ceiver can suppress and allowing as many low-power users

it

the SNR limit permits. Since overall complexity varies roughly
linearly with the number of interferers suppressed, advances in
tolerable complexity appear to be readily translatable to highe[FZ]
bandwidth efficiencies.

(23]
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