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In this thesis, the performance improvement of uplink coded MC-CDMA system
with a low-complexity iterative receiver was proposed. The iterative receiver consists of
two stages: a soft-input soft-output multiuser detector and a set of single-user channel
decoders. The role of the multiuser detection and the decoder is to compute the extrinsic
information which is fed to the next stage for using as a priori information. The complexity
of the optimal computation, based on maximum a posteriori (MAP) criteria for the
multiuser detection, is prohibitive. Hence, a soft interference cancellation approach is
proposed. The multiuser minimum mean square error (MU-MMSE) detector is used in the
first stage of the cancellation. The simulation results show that the iterative soft
interference cancellation using multiuser MMSE is better than the conventional receiver.
In addition, the partial cancellation technique where only fraction of interference replica is
cancelled from the composite signal is also proposed. To reduce the complexity of the
iterative soft interference- cancellation. using multiuser-MMSE-in the first stage of the
cancellation, the partial cancellation technique is applied to the iterative soft interference
cancellation using-matched filter-in the first stage-of-the cancellation., The simulation
results show that the performance of the receiver using matched filter in the first stage of

the cancellation can be improved by using the partial cancellation technique.
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2.1.4.3 AR (Fading)
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P(u, =+1
A(uy) =log u (2.27)
P(u, =-1]y)
Tng
P(u, =+1]y) Aa phasifluiidndeya u, S +1 Weldsy y
P(u, =-1ly) An mmm%lﬂuﬁﬁm%’@g@ u, A -1 dlelasy y
y Aa éﬁﬁﬂ%’@;ﬂm%wmﬁgﬂmmuﬁm Aouaans
annfuediut (Bayes' Rule) il
P(A,B)=P(A|B)P(B) (2.28)
azle
P(u, =+Ly)/P
A )2 lag (uy y)/P(y)
P(u, =-1y)/P(y)
2. P(Sa =55 =5y)
= log| = , (2.29)
ZP(Sk—l =55, =53,Y)
&%
Tnei

Sy =s A annuzilaqiiy (Present State)
S, =S AB annuznauntin (Previous State)

S+ fe wnes (S,S) iNdenAdasiunNEunIe (Transitions) aMnaniuenauntinllea

o dl a
anuetaqiuninaain u, = +1
A

S— fa EaTas (S, 5) TwaanpdasiunndumItaIndnuziauntinllivanueilaqiiui
WninaIn U, =-1

waziNaANazAINazin P(S,; =9, S, =s,y) foa P(s',s,y)
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Wadansunanazdly P(s),s,y) luannnsi (2.29) ardudiaya
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P(s',s,y)=P(s"s,y. .Y, .Y ) (2.30)

j<k Zj>k
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o
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anngreUtuazaNaTandiasudeyaluauian Y ik Azquag iy

ANUL S muuummimu@mummuv s' deyailaqiiu y uazardudeyaluedn Y e
Faviu azld
P(s',8,y)=P(s's,y. ¥ oY .,)
7 P(ka |S)'P(S”s’¥j<k’¥k)
=P(y, I8)-P(sy, Is)-P(s\y,)
= () 7i(s',8) - a4 (s") (2.31)
Tned
a4 () =P(hy, ) (2.32)
B (s)=P(y,  Is) (2.33)
7 (s',s)=P(s)y, Is) (2.34)

Y. 7 s
ek il ik

2y (5 s £ (s)

U7 2.15 unun nmsadavessiaLLLTResIWGamumAnaaulgdulugf 2.10
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ANANNITN (2.31) aziudnanuiazidu P(s',s,y) aunsauanidunis
ARG TNNAL] Aa a1(8") 7 (s')s) waz ﬂk (s) TnaRmumunaaasanutnaziile
mmuwwmmmmiﬂm 2.15 dmfuidunieiiinainaniug S, =5 lddanug

S, =5 sml,mu‘imm@wuﬂmﬂ Lazifiatihaunngd (2.31) unulugunngdi (2.29) a4

zak-l(s') 7 (8',8) - B (8)

A(uy) =log| 2 (2.35)
‘ Zﬁkdﬂiqﬁs)ﬁdﬂ
AN, (8) aus0AudlE el aanaunieh (2.32) a<le
o (8) =P(.Y, ) =PY ,0Y,)
= > P(",8.Y oY)
S|, =s
- 3 PGy, IP6LY,,)
SIS, =5
> 4(8") 7, (,9) (2.36)
SIS =s

1 1 v 1Y
Tnef > fAe naswnsesaniuy S, =s' ifuldidivuandugn i antue S, =s
S/|Sk:S

dl v o o P4 QI % dl g :j/
Lummﬂiummmwm:muumimmuummummu:@uﬂ PANUL AL

o dl AI % [ dy
AuuaRauluEus Al

©) 1~ if s=0 (2.37)
a = .
0 0 ., otherwise

NIANUATUATY S, () arunsagalladuAtaiunNIsATUINIAT a, (S)
patii azle

eas)=P(y ., )

Zﬂk (8) 7 (s',s) (2.38)

SISy _1=5'
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Tae > Ao wasmwesanuz S, =s MduldldiamwenGudiu o sonue S, =’
S|Sk71=s!
dnlunnsdnaiamsadaninisduganisidnaia (Trellis Termination) HisAa
M anuzgaineaasnsdsialuaniusgud aznmunReulaEusiu Al

1, if s=0
B (s) = {0 (2.39)

, otherwise

1 v v
e N Asanuudadeyansudn uazdaniadnsnamsaaaliniinisduganisdisia ay

o

0 o Py &
AvuaRenlaBusu Al

Bn(s)=ay(s) for all s

(2.40)
NNIANUATUAN 7, (S, S) AIMNInUAn e Faid
7 (s',8) =P(s,y, |s)
=P(y, |s',s)-P(s|s’)
=P(y, [uc)-P(uy) (2.41)

Tnedl u, azaanadasiunislasuainaniue S, , =’ liganur S, =s

Swuald PU, = +1) =P, , P(u, =-1) = P_ lnedl P(u, =+1) + P(u, = -1) =1 uay

P(u,=+1)

P(u, =-1) (2.42)

ﬂ“priori (uk) o Iog

furndnqansiliasusnaesiiadeya u, Aunadnanaisowsen

EXp[— ﬂ“priori (uk )/2]
1+ eXp[_ﬂ“priori (uk )]

P(uk) :( J'eXp[unﬂpriori (Uk)/Z]

= A exp[ukﬂ'priori (Uk)/2] (2.43)

Hia9ann P, :[—“P‘/H]m uaz P :(—VP—/H]M

1+P /P, " |1+P_/P,
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Wafarsuinsdsianddnsniadnaiawiagy 1/n duae lunisdngia
wisdnazladmnanaanianun n 4m uaznivuslddesdyynauduuuulian (Memoryless)

azawnsnvnAtamazilu Py, [uy) 1édsil

Py, [U) =P(Yiw: Yiar--r Yin [ Xkas X210 X))

=P(Yir [ X) - P2 [ Xi2) - P (Yin | Xin) = H P(Yi [ %) (2.44)

i=1

e X, = (Xps Xezo- -1 Xin) AB Do ldannnsdnsaiindoya u, Tneh x,, = u,

(Y — X i)2
Py, luk) e exp{— EW}
n A 2 n v
eXp|: z (yk| 2( ) :| exp{z ykl )z(kl :I
i= 20—[1 iz1 Ojy
— i exp[zn:yL)z(“} (2.45)
izt Ojp

LUANENANTT (2.43) LALANANI (2.45) AN (2.41) azls

7, (5',5) % A By eXPIUy Apriori (U ) /2] exp{zyLﬁ“} (2.46)

iz=1 Op

Haan 7, (5',5) azUsngiaesiazdauliuannii (2.35) Al AAsi

o

d‘ @ a v a ¥ & o o L4 A ' 1 dl A
A B, (@ufudaseriuindaga U, ) azindansiu. nuuali L, Ae A1Auimene ey

Ta9dtyny10s (Channel Reliability) HATiilu
2
L. =— (2.47)
O-n

ANNENNTN (2.46) a<le

i=2

, 1 1 4
7 (s',8) = eXp{E Apriori (Ui ) X + 5 L yk1Xk1:| : EXD[Z[ L Yii Xy ﬂ (2.48)
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WWAY 7, (S',S) AMNANNIIN (2.48) Tuaunan (2.35) azlé
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S+ i=2 2
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A(U) = A griori (U ) + Le Vi + Aexe (Ug) (2.50)
Tned
2 1(8):7(5',8) - B (5)
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> P(x; [ [i1=-La,)P(a,)
n=1

o

AANUNazuluannITh (3.7) TAA9E
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Abstract

In this paper, we improve the conventional iterative soft
interference cancellation by introducing the partial cancel-
lation technique and minimum mean square error (MMSE)
multiuser detection technique in an uplink turbo-coded mul-
ticarrier code division multiple access (MC-CDMA) sys-
tem. The performance of our proposed receiver is evalu-
ated in Rayleigh multipath fading channel by using com-
puter simulation. Simulation results demonstrate the ad-
vantages of the proposed technique over the conventional
technique.

1 Introduction

Recently, the combination of multicarrier (MC) modu-
lation technique, known as orthogonal frequency division
multiplexing (OFDM), and conventional CDMA has re-
ceived much attention among researchers [3, 8]. MC mod-
ulation is robust to frequency-selective fading and CDMA
plays a leading role in the next generation wireless commu-
nication. Thus, MC-CDMA, the combination of these two
techniques, can take advantages such as interference ‘sup-
pression capability and bandwidth efficiency in future high
speed wireless communication [8].

In the uplink channel, the orthogonality of the received
spreading sequences is typically lost and cannot be easily
recovered by using the simple received techniques because
the channel of each user is mutually independent. Hence the
effect of multiple access interference (MAI) significantly
increases due to the non-zero cross correlation.

Since most practical CDMA systems are employed the
error control coding, recent works have focused on the com-
bined multiuser detection and error control coding. More
recently, iterative (turbo) receivers for coded system have

received considerable from attention. The inspiration be-
hind these receivers is the decoding of turbo codes [1], in
which the transmitted signal contains two-dimensional re-
dundancy in the form of two recursive systematic convo-
lutional codes separated by an interleaver. Decoding is
achieved via an iterative process in which extrinsic infor-
mation is exchanged between two channel decoders.

In this paper, the iterative multiuser receiver is devel-
oped for uplink turbo-coded MC-CDMA system. The it-
erative receiver consists of two stages: a soft multiuser de-
tector, followed by K parallel channel decoder. There are
two types of iterations in the receiver, where the outer itera-
tion exchanges information between the multiuser detection
and the decoder and the inner iteration computes within the
turbo decoder.

The complexity of the optimal computation, based on
maximum a posteriori (MAP) criteria [4] for the multiuser
detection; is exponential in terms of the number of active
users. Hence, for the same of implementation feasibility,
we will consider a soft interference cancellation approach.
In [4, 5], the detected symbols in the first stage are pro-
vided by the single-user minimum mean square error detec-
tor (SU-MMSED). This receiver is known for its capability
to mitigate MAT in the downlink channel. Unfortunately,
due to the channel independent character of the uplink chan-
nel, SU-MMSED cannot suppress the MAI In this paper,
we replace SU-MMSED by the multiuser minimum mean
square error detector (MU-MMSED) [6] in order to over-
come the disadvantage. In addition, we adopt the partial
cancellation technique where only fraction of interference
replica is cancelled from the composite signal. This partial
cancellation is beneficial for cancellation based on practical
imperfect symbol detection.

This paper is organized as follows: Section 2 describes
the uplink turbo-coded MC-CDMA system. Section 3
presents the iterative multiuser receiver. Simulation results



are provided in Section 4, and Section 5 contains the con-
clusion.

2 System Description

The K-user uplink turbo-coded MC-CDMA system is
considered. Block diagram of the system is shown in Fig.
1. The information bits of each user are encoded by the
turbo encoder and passed to a channel interleaver (denoted
as 7.y, in the figure).The interleaved bits are binary phase-
shift keying (BPSK) modulated. Each modulated data sym-
bol b*) € {—1,+1} is spread with user’s spreading se-
quence, ¢® = [P M. c(Lk)l]T and passed to the
MC-CDMA modulator. The MC-CDMA modulator con-
sists of serial to parallel converter, inverse discrete Fourier
transform (IDFT) operation followed by a cyclic prefix in-
sertion [4].

Figure 1. Block diagram of uplink MC-CDMA
system with iterative multiuser detection at
the receiver.

Each user’s signal is transmitted through different mul-
tipath channel. We assume that cyclic prefix duration is
longer than the maximum delay spread of channel plus the
delay of each user’s signal. Therefore, signal at each sub-
carrier is subject to flat fading. At the receiver, the received
signal is processed by the MC-CDMA demodulator, which
performs reverse operation. The cyclic prefix is removed
and the resultant signal is demodulated by using DFT.

In discrete time notations, the /th output of DFT at ith
code bit can be written as

Z pi e b (1)

(k)

where p;"’ is complex gain of /th subcarrier of kth user

channel, cl(k)

bgk) is ¢th code bit of kth user and n; is zero mean additive

white Gaussian noise with o2 variance.

is Ith chip of spreading sequence of kth user,

3 Iterative Multiuser Receiver

The iterative multiuser receiver structure is shown in the
lower half of Fig.1 [7]. It consists of two stages: a soft
multiuser detector, followed by K parallel single-user chan-
nel decoder. The two stages are linked by deinterleavers and
interleavers. The soft multiuser detector delivers extrinsic
information, which can be written as

P =175 (6] (1)]

Amut[p4¥)] = log

PO 135, 6] (1)
1 Pp*) =41 1 )
IO

where the first term in (2) represents the a posteriori log-
likelihood ratio (LLR) of the code bit bgk), and the second

term, denoted by X _[b k)} , represents the a priori LLR
of the code bit , which is computed by the decoder of the
kth user in the previous iteration, interleaved, and then fed
back to the soft multiuser detector. For the first iteration, as-
suming equally likely code bits, i.e., no a priori information
available, we have )\gec [b(k)] =0,forl <k<K.

The soft multiuser detector computes the extrinsic
information, A1 [bl(.k)] , based on the received signal r(t)
and the a priori information of all other code bit in the
frame. The extrinsic information, which is not influenced
by the a priori information of bgk) provided by the decoder,
is then deinterleaved and fed into the kth user’s decoder as
the a priori information in the current iteration.

Based on the priori information AP [b(k)} and the struc-
ture of the turbo code (as indicated by the conditioning on
C below), the kth user’s decoder computes the extrinsic in-
formation of each code bit using

b [b e

pMc]

mul

(B,

(3)
This extrinsic information is the information about code
bit b(k) gleaned from the priori information about the other

code bits {)\mul[ ki /i , based on the constraint of the
turbo code.. The decoder also computes the a posteriori
LLR of every information bit, which is used to make a deci-
sion on the decoded bit at the last iteration. After interleav-
ing, the extrinsic information delivered by the K decoders
is then fed back to the soft multiuser detector as the priori
information about the code bits of all users in the next iter-
ation. Note that The decoding algorithm in turbo decoder is
based on MAP algorithm [1].

Aec[DM] = log

mul

PR = 127
Pp® = —1)x2

mul

3.1 Soft Interference Cancellation Scheme

As earlier discussed in the introduction, the computation
complexity of the optimal scheme is prohibitive for practi-



cal system. Thus, we consider a, suboptimal technique, soft
interference cancellation [4, 5]. The concept of this scheme
is to estimate the a posteriori LLR based on the approx-
imate single-user signal. This signal can be obtained by
canceling the interference from other user. In addition, the
reliability of the estimated LLR can be improved by itera-
tive process.

Figure 2. Block diagram of the iterative soft
interference cancellation receiver.

The block diagram of the soft interference cancellation
is shown in Fig. 2. We first form soft estimates of the code
bits of all user based on the a priori information of the code
bits of all users, A} [b(-k)] , provided by the decoder from

dec
the previous stage. We have

= > P = by
bre{+1, 71}
= > [1+bktanh( re (k))} 4)
bke{+1,71}

— tanh (305,161}

These estimated code bits are used to generate the es-
timation of interference in each subcarrier. The estimated
interference of ith code bit of /th subcarrier of jth user is

P B, 5)

Il
20\

k=0
k#j

Next, the interference is canceled from the received sig-

nal (the output of DFT). For the first iteration (no IC), the

estimated interference is set to zero. In real applications,

the residual interference exists due to inaccurate signal de-

tection in the first stage. In order to improve the detection

performance of the first stage, we propose to replace SU-
MMSED by MU-MMSED is

RO wa) By — 10), ©)

After the first stage, the signal is regarded as interference
free signal. Thus, MF, which is the optimum receiver for the

only noise disturbed system, will be used in the following
stage.

), wf, )

The gain w(¥) = .,wy ] of kth user us-

ing MU-MMSED is given by

w®) = (887 4 521) 15k (7

The column vector s(*) and matrix S is given by

sW=Lp? a1 ®
and
S = [ S(O) S(l) S(Kfl) } (9)

, respectively. The detector gain of [th subcarrier of kth user
using SU-MMSED is given by

(k) P
W = I (10)
> ‘Pl + o2
j=0
and for MF the gain is
w? = p. (11

The estimated LLR A, [bgk)] , which is the extrinsic
information, can be computed as described in [4]. Equation
(6) can be expanded as

AT AN Tk A
B H b w® o)
ESHES D) 50)n, (R) () (k) ()
+ > (b = b )w e g (12)
j=0 [=0
S
= cl(k)wl(k)nl
=0

The first term in (12) represents the desired signal part.
The second term corresponds to the residual MAI due to in-
correct cancellation. The third term denotes an equivalent
noise component. For sufficiently long spreading codes,
the MAI term can be considered as a zero mean additive
Gaussian noise with equivalent variance, o3, ,; . The esti-
mated LLR of the code bits of kth user, is given by

hepr 0

Amun [07] = ( (13)

O &
OMAI + O noise

where h.y; , an effective fading coefficient, is given by

Zw (k) (14)

can be approximated as

hepy =

and the variances 0%, ,; and 02, .
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3.2 Partial Interference Cancellation Scheme

In the early stages of interference cancellation the esti-
mated code bits ng) are less reliable than that in the later
stages. It is sensible to cancel only a fraction of the interfer-
ence in the early stages.

In this paper, we propose two types of partial cancella-
tion technique.

Type I: The partial weight p,, is used to factor the esti-
mated interference I, l(k) before cancellation. We have

L-1

5 = w i -

=0

pal D). (17)

Type II: This technique is based on the algorithm in [2].
The partial weight is used to factor both the signal after can-
cellation and the estimated LLR for the user of interest ob-
tained from the previous iteration. We have

(k) Z w( ){pn rl K Il(z)) (1*P77,)/\mul[b§k)(n71)]}

1=0

(18)
where A, [6%) (n — 1)] is the estimated LLR of kth user at
the previous iteration. Note that the partial weight is O to 1.

4 Simulation Results

We consider a rate-1/2 turbo code consisting of two
punctured recursive ‘systematic convolutional codes (1 +
D, 1+ D+ D2) for channel coding, with an S-random in-
terleaver of size 320 information bits. After the encoder,
coded data bits are interleaved by a block interleaver (size
40 x 16). Walsh-Hadamard codes of length 32, which can
support up to 32 users, is used as the spreading sequence.
We assume that there are 30 active users in the system. The
OFDM symbol duration is set at 6.4 usec. a guard inter-
val of 1.6 usec is inserted between symbols to avoid ISI.

A 6-path Rayleigh fading channel with uniform power pro-
file is used for simulation. The maximum multipath delay
is 1 usec. the channel estimation is assumed perfect. The
turbo decoder uses 4 iterations for decoding. A total of 3
iterations of joint multiuser detection and decoding are con-
sidered
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Figure 3. BER performance of the iterative
soft interference cancellation receiver.

BER performance for the iterative soft interference can-
cellation receiver is shown in Fig. 3. We compare three
types of detector (MF, SU-MMSED, MU-MMSED), which
used for the first iteration. From Fig. 3, the soft interfer-
ence cancellations using MF and SU-MMSED at the first
iteration perform very similarly, that is, in the uplink system
the SU-MMSED cannot improve the performance from MF.
For the first iteration (no IC), the soft interference cancella-
tion using MU-MMSED significantly improves the perfor-
mance of turbo decoding, providing highly accurate esti-
mates of interference for cancellation in the subsequent it-
erations. Therefore, the soft interference cancellation using
MU-MMSED perform better then that using MF.

1 E+0 -
. USERS
| -0l *"""\-\-.. —
- ‘ wr
- 1503 I = -
1 E S
H"‘. . = - o
T E-04 3
LE T
2 + g

SNE ()

Figure 4. BER performance of the iterative
partial soft interference cancellation receiver
using MF at the first iteration.

Next, we consider the iterative partial soft interference
cancellation receiver. The partial weight factors of each
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Figure 5. BER performance of the iterative
partial soft interference cancellation receiver
using MU-MMSED at the first iteration.

stage are 0.8 and 1.0, respectively. Fig. 4 and Fig. 5
show the performance of the partial soft interference can-
cellation using MF and MU-MMSED at the first iteration
respectively. The partial cancellation technique can signifi-
cantly improve the performance of the soft interference can-
cellation using MF at the first iteration whereas only slight
improvement can be observed when applies this technique
to soft interference cancellation using MU-MMSED at the
first iteration. The type II partial technique perform better
than the type I partial technique. However, the soft interfer-
ence cancellation using MU-MMSED at the first iteration
still perform better than the partial soft interference cancel-
lation using MF at the first iteration but the complexity is
higher.

5 Conclusion

We have considered the iterative multiuser detection in
the uplink turbo-coded MC-CDMA system. The iterative
soft interference cancellation using MU-MMSED at the
first iteration is proposed. Simulation results show that this
proposed receiving technique can outperform the conven-
tional technique. We also propose the iterative partial soft
interference cancellation. Performance improvement by us-
ing partial cancellation is obvious in case that MF is used for
initial symbol detection at the first iteration but it does not
show the improvement in case that MU-MMSED is used.
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