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Abstract— In this paper, we investigate the perfornance of
the partitioned and the iterative approach to conctenation of
the Parallel Interference Cancellation (PIC) technjue with
turbo detection in the Space-Time Block Coded (STBC
system. The paper studies the comparative performae of
both concatenation approaches. It was observed thatt low
Signal to Noise Ratio (SNR) the Iterative Approach(lA)
performs better than the Partitioned Approach (PA).
However, as the fidelity of the received signal imeases the
PA starts to have a better performance than the IABoth PA
and IA system performances are shown to be dependean
the diversity level, system loading, channel conddns and
detector parameters. A case is made for the desigof a
switching algorithm that monitors the ‘crossover’ pint and
switches to the better performing concatenation appach for
a given system setup.

Index Terms— Multiple access interference, multiuse
detection, Parallel interference cancellation, spae-time block
codes.

I. INTRODUCTION
he presence of Multiple Access Interference (MAl)Jdode-

Division Multiple Access (CDMA) systems has led man

researchers to investigate ways of exploiting th&l & improve
the system performance. The optimum Multiuser Dietg@UD)
proposed in [1] that consists of the Maximum Likelbd
Sequence Estimator (MLSE) based on the Viterbi diecp
algorithm has shown huge improvements (i.e. a auolat
increase in system capacity) over the conventiauatelation

receiver. Unfortunately as the number of userseiases so does
its computational complexity. This complexity grows

exponentially with the number of active users armhstraint
length of the code making any practical implemeéatatvery
prohibitive. Various suboptimum detectors have bpesposed,
which include, but not limited to, decorrelator, iéhum Mean
Squared Error (MMSE), Successive Interference Qhatiom
(SIC) and Parallel Interference Cancellation (Pl@keivers
(2],[3].

The demand on higher system capacity and higher ddés
has led researchers to the investigation of Muatipl
Input/Multiple-Output  (MIMO) wireless systems [4]The
implementation of MIMO is particularly appealingdagise of its
relative simplicity of implementation and the fdaky of
multiple antennas at the base station where the ®Midsts can
be evenly shared by the system users [5]. Mored#O
systems have been shown to offer much capacity@aen single
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antenna systems [4], [7]. Work done by [4] and p8édicts a
remarkable capacity increases for MIMO system$ienfdresence
of multipath fading.

Space-Time Codes (STCs) have recently gained nttetitian
as an effective MIMO algorithm [9] and [5]. Thereedwo main
types of STCs, being space-time block codes (STBUO3) and
Space-Time Trellis Codes (STTCs) [5]. When manysusee in
the system, strong MAI will occur. In this casevatsity
processing alone cannot improve the system perfwena

Neither MUD alone nor channel coding techniques can
completely eliminate the effects of MAI. Joint detten and
decoding in multiuser systems has been an actseareh area for
the last decade. Researchers like [10] have imadstl the
combined optimum detector [1] and convolutional atbiog
system performance. Due to the exponential comylexi the
receiver in [1], the authors of [10] propose subropt MUD with
convolution coding in [11]. By integrating a comafion of
various suboptimal MUDs with iterative channel dgiog, the
authors of [12] introduce a convolutionaly codeerative
interference canceller.

The powerful error correction ability of the turlsodes [13]
has been combined with interference cancellation[1li4] to
produce the turbo interference cancellation desactpproach.
The work of [14] has further been studied in [1E]6] with
further work being done by [17] and [18].

Though the above work investigates the combined Masid
error control coding performance it still does imtestigate these
in conjunction with diversity techniques. Recentiyjch work has
been done on combining diversity techniques with DU
algorithms [19], [20], [21]. Some authors like [22jve proposed
iterative MUD techniques using error control codargd antenna
arrays while [23] proposes a soft iterative mulis@ array
receiver for coded MUD CDMA wireless uplink. Magtcently
work in [24] investigates the joint DS-CDMA spadex MUD
system with error control coding over a multi-p&tiing channel.
The authors of [24] use convolutional coding foroercontrol
coding and a space-time MMSE detector at the receind.

The objective of this paper is to investigate tlefgrmance
(through simulation) of a turbo coded DS-CDMA syst¢hat
employs space-time multiuser detection at receptitie use a
PIC MUD coupled with STBC to achieve space-time trosér
detection. Depending on the concatenation schenegl, use
divide these into partitioned approach (PA) anchiiee approach
(IA) MUDs.

The remainder of this paper is organized as folldwsection Il

we present the system model. Section Il presdmgartitioned
approach multiuser detector. Section IV introduthes iterative
approach multiuser detector. In section V we presemparative
results between PA and IA turbo multiuser detectbisally in
section VI we draw relevant conclusions and make
recommendations.



ll. SYSTEMMODEL Where 7, 0[0,T]is the delay with which usek's signal is

A DS-CDMA system for Ks asynchronous number ofeceived andh(t) represents the channel coefficient subject to
subscribers (where subscribers are the users &@atido use the fading. We consider a Rayleigh fading channel, whieft) is a
CDMA system) is considered. We further denote thelver of
subscribers currently actively engaged in transomsby K. all .
subscribers in the system are assigned spreadincigscor h(t) = B(t)e )
signatures. Each user’s spreading code will halength of N Where £(t) is Rayleigh distributed ané is the phase value.
chips, where N is termed the processing gain. Tysem in Here * represents the convolution operation, auft}) is a zero

consideration is shown in figure 1 below. _ mean additive Gaussian noise with a two-sided pospectral
Each user’s signal af information bits is first encoded using adensity ofN, /2
— 0 :
rate r =m/nturbo ?ncoder to producs CO‘?'ed symbols. We For simplicity, and without loss of generality, \wssume here
employ a rate r=1/3turbo encoder with the generatory, . the system has, = 2transmit antennas and =1receive
polynomial of the constituent codes beifig5/7),.,, and utilizes antenna. This can be easily extended to any anpitramber of
the MAP algorithm at the decoder. Theoded symbols are then antennas [5], [30]. Following the approach in [1d}ring the first

passed through a random interleaver and then spisaj & gTBC symbol period, two signalg® and x are simultaneously
unique code sequence which is assumed to be knolyrt@the

mobile station and the base station. Once modyladbedsignals

complex Gaussian random process, given as

are then transmitted over the Rayleigh fading chann SpaceTime |
Thekth user’s baseband signal can be modelled as: bl(') O T pfmene ]
s ()= B.d() 5 Jeos(@.8, () 1) =
or Tabo D
— CDMA
5.0 = JE d (9 G Ycosw, t+6, (1) (1.2) o

: Space-Time
o (t) ®
E -p-2p (1.3) e

where B, is the received amplitude of th#h user’s signal, and

E, is referred to as the energy of theh user's signal Mt They
d ('[)l]{+1—]} is the modulated symbol of théth user FIGURE 1: Turbo DS-CDMA system model with spaceetiPiC multiuser detector
K )

ConSiSting of reCtangUlar pulses of duratFQn (blt interval) that transmitted from the two antennaﬂril and Ny, respec’[ive]y)_

correspond to the transmitted symbol. Each used$a ds op the second symbol periogix! is transmitted from antenna
multiplied by the spreading codgt) , and then the composite

, , r'|é=1 and x is transmitted from antenme_, . We assume that the
d, (t) modulates the carrier, we assume BPSK modulation. Her . .
channel is constant across all consecutive symbols.

kO{1---,Kis the user number and, is the energy of the  Considering a multiuser DS-CDMA system with STB@e t
transmitted coded bit, and is related to the uncoded inf@matireceived signals for usek, r(t)and r(t+T,) during timet
bit through E, = R E, andR; = m/ nis the code rate an&, iS gt +T, | respectively, for the uplink scenario can be esped
the energy per information bitd, (t)O{+1-3}is the bit as

transmitted by usek at timet, «,is the carrier frequency ang, () = i(hkle +he,X) + n, (1.8)
is the carrier phase of ttkh user.c, (t) D{l,—]} "is the spreading ) ,i ) )
code employed by usrat timet, consisting oN chips given by: 2 0 = Z (X Hox)+ny (1.9)
c (t) = Tz:_;:ak[ jJlot-iT) (1.4) Where from (1.2)x* and x§ are written as

X = 50= B du( ) G()cos@, t+6, (1) (1.10)

Where a[ jJ0{-13is the jth element/chip of the spreading
k — —
code for userk and ¢(t)is the chip waveform with a chip *2 =52 =V B da() G()cOs@, 6, (1) (1.11)
duration ofT_. We assume that, (t) has unit energy. We assumeand d,, and d,, are the bits transmitted by user k during the first

that all signature waveforms fall within the bit interdial, and are and second STBC symbol period, respectively.
. . . . . Considering usek to be our user of interest, we can expressed
zero outside this range, thus there is no inter-symbeiference .
. . . the despread signal at the MF output as
(ISI) in the system under consideration.

By substituting (1.4) into (1.2) we can express the continuou)éMF:[YTF oY J

time waveform transmitted by udein symbol interval as: Y = [y""F YMFJ (1.12)
N-1 ) ) Kk — KL " kny

s(O=yE X d [a;];@(t- JT- 1D (1.5) 1
i=0 MF _ T K
: : Ya =" G(On

where[a]; is the jth element o&. Ty

We assume a flat fading channel such that the chanpeinses =B d,h,++ E d, h,+ (1.13)
does not vary with time. The continuous time signal atcaiver

from a flat fading channel can be expressed as i
+oo K
r0)= X 2 d O (t-nT* 1) + ) (L6)

(dg +de) hjlcos(gkl_ Hj 1) +H oy

\/ET-/O,-H{ i) hj2c05(9kz -0 2)

(de

j7k



MAI}and MAI] denote the multiple access interference on user
1's signal during the first and second STBC sympetiods,
=-/E d,h, +JE do o+ (1.14) respectively, given as

1
yk“”§=beITbck(t)rzk

‘ ~(di2 + d,)h,cos( 6, -6,.) + p,klhjlcos( 1 91)(0' )
5| [Erg,| (e a) Mal= £ ol VE
17k (dg +dk1)h]2COS(€k2 jZ) ! p]kZh]ZCOS( k2~ 12)(dk2+ d, )
where
1 +§: h \/E7 kaZthCOS( k1 911)(d|<12+ dk2)+
== t) cos(w, t)dt 1.15 o k2 i
£ T, I 6 (ycos) (1.15) Ik kalhjzcos( k2 9]2)(dkl+ dkl)
1 1.24
=T—I n, G (9 cosgw, t)dt (1.16) 71( )
N ~pyahicod8,-6,,) A3+ do)+
and MAL= Ek | hyco(6,,-6,,)(di +d,y)
Pro =106, (t-1,)c, (Dt (1.17) Pl 004G~ 2] o oy
T, h
is the crosscorrelation between jtieandkth user during théh +§ \/* Pi chos(éf(l Jl)(dK )
STBC symbol period. j#k o cos(é? )(OL )
Thekth user’s previous bit during tlign STBC symbol period is 2tz 2= 6
given byd.".

(1.25)

At the combiner the signalg,; and y,, are combined to . :
gnalsd Vi and N;* andN;" denotes the AWGN introduced at the receiver and

extractx{ is expressed as
A= hada + N s N, = (" h,n2/ T, G(cost, tydt (1.26)
= (B + B%)Edda +["h,n, 27T, ¢(9cost, t)dt '
Prahicod 6, =6,,) (di+d)+ N =1" ~hun, 2/ (9 cosge, tat (1.27)

+3hy|JE

I#k pjkzhjzcos(‘gkz_ej 2)(d;1

2+ d
_pjkzhjlcos(‘gkl_‘gj (dk_12+ cLz)"’
k h,|./E; . PARTITIONED APPROACHMULTIUSERDETECTION
ol i+d

)
wh,cod8.,-6,)d} ,
jk Pialy2 S( k2 12)((1( 1) In PA the MUD precedes the decoder and does niateuthe
+h,n +h, decoder output. Decoding is only performed after kst PIC
stage, thus the tentative decisions produced byPtkeof each

) +["hpny2/T, oY cosg, t)dt

. (1.18) stage treats each user data as if it were not cdétgdre 2 shows
and to extractx, the partitioned approach turbo space-time PIC MUEBe signals
: N y\"z +h, Wl are received by the multiple antennas, which ctssisa bank of
B K MFs that are matched to the corresponding fadigof and
= (,Bkl + :Bkz)'\/ ko signature waveforms of each user.
_ The MIMO MF receiver acts as the first stage ofdeéector, it
- _ 1 ,
+§ _ \/E kaZthcos(ekl o, 1)(dk 2" q<2)+ combines and despreads the signals, giving, at BHetoutput
%k pjklhj2cos(9k2 -6, 2)(dj + dxl) y' as given by equations (1.13) and (1.14). Thihétfed to
the PIC, wherg iterative stages are carried out. The output of the
K \/_ ,ojklhjlcos(é{(l—é?j 1)(in + d(l) + pth PIC stage, for the first and second STBC syrpeoiod is
+X h, E,
ia P2y COS(sz -6, 2)(dk12+ d 2) % —Vﬁc:——yﬂis sueae | pc i
ot + ot T R el T e L
(1.19) ;| e P [-~Ia P —»
aontiri l \ i
For notational convenience, the combined estimaft¢$.18) - VE " ol | ' i
and (1.19) can be expressed as : i '
i a | C | |
%= X1+ MAIL+ N (1.20) 24| e Py on 7 :
and e | o ] % [1] 60
| i Tubo
% = X1+ MALL+ NI (1.21) fo | bl Mo LA g
F-ld —
Where X; and X;denote the first user's desired signal —
dpringbthe first and second STBC symbol periodspeetively, FIGURE 2: Partitioned approach turbo space-time LD
given by
Xi=(B4+ /Bkzz)\/ E d (1.22)

X; = (ﬂkzl + ﬂkzz)\/Ekdkz (1.23)



- 41+ d
YeP(®) = % () - 3 ha| JE ouhcod2, gjl)(dkf_: kf)+
i pjkzhjzcos(gkz_gjz)(dk2+ dy 2)
+i h, \/E _pjkzhjlcos(ekl_gjl)(fj;kllz-'-,\akz)-'- 1
. pjklhjzcos(gkz_gj 2)(dk1+ dkl)
(1.28)
_pjkzhjlcos(gkl_9]1)(ai:12+ak2)+
YT () = %0 - 3 ~hy| JE .
* ‘ E ﬁ[pjklhjzcos(gkz_gjz)(dk_i+ dkl)

j#zk

+_§ h, ﬁ[ﬁiklhjlcos(akl—Hjl)(akﬁf d 1)+J
Pih;s cos(E’k2 -6, 2)(dkl2
(1.29)
and akp is the tentative hard decision taken duringptiePIC
stage (wherep >0).
The output of the last PIC stagg,,
space-time block decoder where all the outputs fatimantennas

of the same user are summed up according to the MB@ique
in [9], giving

Yo (t)=d.(9
The combined soft signay"®
turbo decoder to produce the soft decoded ouytputA hard

(1.30)

decision is made ory, giving an estimateﬁk of the transmitted
symbol.

IV. ITERATIVE APPROACHMULTIUSERDETECTION

In 1A the decoder outputs of interfering signale ased in the
MUD to cancel MAI from the desired user’s signaincg in 1A
each user’s signal is considered to be a codesebiience, then
the tentative decisions must be made using a dewdtiethe bit
sequence being re-encoded before the next staganogllation.
Since we can not afford to have an encoder/decpdierat each
PIC stage, we thus estimate (using a decoder) thedc bit
instead of the information bit [10]. Figure 3 shoavsingle stage
IA turbo space-time PIC MUD.
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FIGURE 3: Iterative approach turbo spae&ime PIC MUD
(single stage shown)

In the system shown in figure 3, both the PIC amtid decoding
stages perform only a single iterative step. Thygnads at the
output of both the PIC and space-time multiplexer given by
equations (1.28) and (1.30) respectively. In cattta PA, the

output, at all but the last iteration, of the turbecoder 14 is

demultiplexed by the space-time demultiplexer (ihit allow us
to perform the iterative feedback procedure). Toie sestimates

producedf(ri , are then used in the reconstruction of the MAI.

The MAI reconstruction procedure can be defined(bp4)
and (1.25) for the 2 x 1 diversity scenario. The IMA each user

for all antennasylAl¥ , is subtracted from the MIMO MF

received signal%; , to produce a new (more clean) signgl".

This joint PIC and turbo decoding process is regbpttimes
(as described above). On all iterations we takard decision on

the soft decoder outpuﬁK(t) =sgn@, ) (this is the input data
estimate).

V. COMPARISONBETWEENPAAND IA SYSTEM
PERFORMANCE

Because of complexity of analysis of multistageeiifgrence

is then passed to the cancellation systems, most of this work relies Hgaan Monte-

Carlo simulation techniques to help supplementyaigl For all
numerical results discussed in this section we idensthe
following: a flat-Rayleigh fading channel, a prosieg gain of 16
with random spreading codes. Each user encodesdai using
a rate r=1/3turbo code with the generator polynomial

is then decoded by the relevant(1 5/7),,, and transmits a frame of 1024 bits. We assumelequa

power users and perfect channel state informat@@l)(at the
receiver. For each approach we perform four iteeatancellation
stages (or joint cancellation stages in the cas@)athus giving a
fair comparison, in terms of complexity, betweea to systems
as both are viewed to perform the same numberafifig point
operationsper user per symbplhowever in-depth complexity
issues are not discussed in this paper.

Worthwhile to note is that figures 5, 6, 7 and hare the same
legend as figure 4, while figures 8 and 9 use #meslegend.

In figures 4, 5 and figures 6, 7 we investigate leeformance
gained with increasing the number of iterationsdoth PA and
IA MUDs in the respective cases of four and eigbgra. Worth
noting is that at low SNR IA performs better thaA. As the
signal improves PA ‘crosses’ over the IA performgngiving a
better performance. This phenomenon is easily gbdein a 8-
user system as depicted in figures 6 and 7. In theth-user and
8-user systems in figures 4 to 7, it can be obskmmt the
‘crossover’ performance point occurs at a lower SA&R we
change from a lower diversity (2x1) to a higheredsity (2x2)
system. Figures 8 and 9 show the ‘crossover’ psliift towards
the left (i.e. lower SNR value) with an increasedimersity for
both 4-user and 6-user systems. Furthermore froesethtwo
graphs it is observed that PA takes more advarghdeersity as
there is a notable performance improvement overlAhsystem
for a system with a higher load.

It can be noted from figures 10 and 11 that asnimaber of
system users increases in both PA and IA MUDs]Ahscheme
achieves more capacity gains than the PA scheme.

In figure 12 we investigate the performance of tihe system
as a function of the number of iterations. It igetb that the
‘crossover’ occurs at lower iterations for a lightbaded system
but shifts to the right in both heavy and overlahdgstems.

From all the above observations, we can concludetite point
of ‘crossover in PA and IA system performance isryw
dependent on the receiver parameters (i.e. numbéemtive
stages), diversity level and also the channel taadi
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