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Sum m ary

In order to deriv e an e�cien t m ulti-user system for the adv erse mobile en vironmen t m uc h

e�ort has already b een expanded b y mobile comm uni cation researc hers. In v estigations

co v ered the deriv ation of new mo dulation tec hniques, m ultiple accessing sc hemes, and in

designing the e�cien t detection sc hemes. In this w ork, w e in v estigate one suc h sp ectrally

e�cien t system whic h incorp orates the b ene�ts of m ulti-carrier mo dulation as w ell as the

adv an tages of co de division m ultiple accessing sc heme. Sp eci�cally w e deriv e the c hannel

mo del for fading and Doppler shift en vironmen ts whic h ha v e a ma jor impact in the mobile

radio comm unic ations.

Iterativ e m ultiuser in terference mitigation system has recen tly b een found v ery m uc h

fruitful for the CDMA c hannel. Due to the in teresting similarit y of the MC-CDMA

c hannel under v arious mobile radio en vironmen t to the DS-CDMA c hannel, w e discussed

the e�ect of the iterativ e receiv er on our system. As the maxim um -a-p osteriori algorithm

criterion mak es a signi�can t con tribution in the receiv er, w e also review the algorithm

prop osed b y Bahl et al . W e ha v e sho wn that due to Doppler shift, the c hannel is similar

to the async hronous CDMA c hannel results in a similar p erformance. P erformance of the

MC-CDMA system ho w ev er degrades under frequency selectiv e fading c hannel.

Application of the space div ersit y in the MC-CDMA is in v estigated b y sev eral researc hers

recen tly . It is found that this div ersit y sc heme can mitigate the fading e�ect and can

impro v e the p erformance of the system. Ho w ev er, a detail c hannel mo del of MC-CDMA

system with space div ersit y and the p erformance of the system with iterativ e detection

are not discussed b y an y other researc hers in the �eld. In this w ork w e address these

issues thoroughly . W e dev elop the c hannel mo del for the MC-CDMA system with base

station an tenna arra y and in v estigate the p erformance o v er fading c hannel. W e conclude

b y sho wing that with maximal ratio com bining, the iterativ e receiv er reco v ers most the

a v ailable signal p o w er.
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Chapter 1

In tro duction

It is eviden t from daily nation wide media and v arious tec hnical and p opular science jour-

nals that Mobile Comm unication is one of the fastest gro wing segmen ts of telecomm uni-

cations. It promotes greater p ersonal securit y and comm unic ation from an y remote place

in the w orld at an y time of da y .

The mobile comm unications systems ha v e an uplink (mobile station (MS) to base station

(BS)) and a do wnlink (BS to MS). In uplink mobile comm unications a n um b er of users

share the c hannel and send their information to a common receiv er (the BS). This kind

of c hannel is also kno wn as m ultiple access c hannels. On the other hand, the do wn link

is similar to a broadcast c hannel where the users receiv e information from a common

BS. Due to co existence of sev eral unco ordinated users, the m ultiple access c hannel has

b een found to b e more complex and p erformance limited as compared to the broadcast

c hannel. In this w ork w e therefore fo cus on this c hannel. W e particularly concen trate on

the m ultiuser in terference (MUI) that results due to co-existence of m ultiple users in the

c hannel.

The noisy , in terference limited radio propagation en vironmen t in whic h mobile comm uni-
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In tro duction

cations tak e place is generally random in nature. The unpredictable nature of the c hannel

results from the constan tly v arying ph ysical c haracteristics of the media. F or example,

di�eren t kinds of fading can result from the re
ection of signals from v arious natural ge-

ographical features and man made ob jects. Due to these natural features of the c hannel

a direct line of sigh t (LOS) do es not exist b et w een the BS and the MS. Therefore, signals

reac h the receiv er through v arious m ulti-paths, add v ectorially and create a comp osite

signal at the receiv er an tenna (MS or BS). The receiv ed signal therefore su�ers from

frequency selectiv e fading or 
at fading dep ending on the c haracteristic of the carrier

bandwidth and the m ulti-path pro�le.

The relativ e sp eed of MS compared to the BS can also create large c hanges in the phases

of the arriving plane w a v es. The phase c hanges is normally evidenced as a Doppler

frequency shift or Doppler spread in the receiv ed signal. In lo w-earth-orbit (LEO) satellite

comm unicati ons the Doppler shift is more dominan t due to the high sp eed of the satellite

as compared to the MS.

A w ell kno wn solution to the fading problem is to in tro duce some sort of div ersit y sc heme

in the system. F or example if a n um b er of replicas of the transmitted information signal

can b e supplied to the receiv er o v er indep enden tly fading c hannels, the probabilit y that

all the signal comp onen ts will fade sim ultaneously is reduced considerably . Therefore,

probabilit y of a bit error, P

b

, also reduces signi�can tly . F requency div ersit y is one of the

metho ds whic h can b e used to supply the receiv er sev eral indep enden tly fading replicas

of the same information-b earing signal. In this metho d same information-b earing signal

is transmitted on a n um b er of carriers, where the separation b et w een successiv e carriers

equals or exceeds the coherence bandwidth of the c hannel. Therefore, fading on eac h

carrier can b e mo delled as a 
at-fading c hannel using the Ra yleigh random v ariables.

Note that suc h a transmission can also b e view ed as a form of blo c k-in terlea ving the bits

in the rep etition co de [1] in an attempt to break up the error bursts and, th us, to obtain

indep enden t errors. The p erformance of system with suc h div ersit y sc heme is found to

b e 20-30 dB b etter for digitally mo dulated signals than that of the sc heme without an y

div ersit y at a P

b

v alue of 10

� 5

[1].

Multi-Carrier (MC) mo dulation has recen tly ev olv ed as an e�cien t mo dulation tec hnique

whic h can pro vide similar frequency div ersit y in the system as discussed ab o v e. It is

basically deriv ed from orthogonal frequency division m ultiplexi ng (OFDM) [2, 3] and es-
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In tro duction

sen tially relies on orthogonal m ultiplexing of data in the frequency domain [4]. In MC

mo dulation, the carrier bandwidth B

u

allo cated to a particular user m is divided in to J

con tiguous sub-carriers with equal bandwidth B

d

and the carrier bandwidth B

u

is related

to the sub-carrier bandwidth B

d

as

B

u

= B

d

� J : (1.1)

Sub-carrier separation is c hosen to b e 1 =T

d

so that the sub-carriers are orthogonal and

o v erlapping can b e allo w ed [2, 4]. The adv an tages of MC mo dulation include the ro-

bustness in the case of frequency selectiv e fading c hannels, in particular the reduced

signal pro cessing complexit y b y equalisation in the frequency domain and the the capa-

bilit y of narro w-band in terference rejection. Since MC transmission relies on a n um b er

of sub-carriers, a large n um b er of suc h sub-carriers can pro vide a high imm unit y against

m ultipath disp ersion. On the other hand due to larger sym b ol duration T

d

of eac h sub-

carrier as compared to the c hannel time disp ersion, the e�ect of in ter-sym b ol in terference

(ISI) will b e minimi sed. One problem with MC mo dulation is ho w ev er the increase in the

amoun t of �lters and oscillators due to large n um b er of sub-carriers. This problem, as will

b e sho wn in this thesis, can b e resolv ed b y realising the mo dulation sc heme b y in v erse

discrete F ourier transform (IDFT). MC mo dulation, ha ving densely spaced sub-carriers

with o v erla ying sp ectra of mo dulating signal, o�ers a high sp ectral e�ciency and allevi-

ates the use of sharp edged band-pass �lters to detect eac h sub-carrier as it is used in

the frequency division m ultiple access (FDMA) sc hemes. The breakthrough of MC mo d-

ulation o ccured in 1990s when OFDM w as the underlying mo dulation sc heme in Amati's

prop osal for ADSL in the US [5] and w as prop osed for digital audio broadcasting (D AB)

standard [6, 7]. F ew other prominen t applications of MC transmission in late 90s include

Wireless lo cal area net w orks, Europ ean digital terrestrial television broadcasting (DTTB)

and High sp eed cellular [8].

Another w ell kno wn adv an tage of MC based is its capabilit y to supp ort a wide range

of bit rates b y using di�eren t rates at di�eren t sub-carriers [9]. This m ultirate supp ort

capabilit y of MC mo dulation made it a candidate for third generation cellular mobile

systems whic h will o�er a high data rate upto 2 Mbit/s for v arious services suc h as audio,

video, sp eec h and data transmission [10, 11]. One of the most imp ortan t c hallenge of these

systems, in addition to m ultirate capabilit y , include the c hoice of an appropriate m ultiple

access sc heme that will o�er high sp ectral e�ciency .
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Spread sp ectrum (SS) tec hniques originating from the military applications ma y partly

ful�ll ab o v e requiremen ts. Main adv an tages of SS tec hniques include high imm unit y

against m ultipath distortion, no need for frequency planning as is required b y time divi-

sion m ultiple access tec hnique, easier v ariable rate transmission etc. [10, 11]. Most w ell

kno wn SS tec hnique that found its application in early 90s is called co de division m ultiple

access (CDMA) where users in the c hannel transmit their spread data using their sp eci�c

co de in time domain. CDMA tec hnique wins due to its MUI rejection capabilit y as com-

pared to other m ultiple accessing tec hniques when the user sp eci�c co des are orthogonal.

MUI ho w ev er increases once the orthogonalit y is destro y ed mainly due to harsh radio

en vironmen t.

The adv an tages and success of MC mo dulation and the CDMA tec hnique has motiv ated

us to in v estigate the suitabilit y of the com bination of MC mo dulation and CDMA kno wn

as MC-CDMA [12{16] for cellular systems. In a MC-CDMA system, either a blo c k of

information bits can b e sen t through a sp eci�ed n um b er of sub-carriers or information

bits can b e sen t consecutiv ely on all sub-carriers. The former tec hnique is de�ned as

concept 1 and the latter is termed as concept 2 in [17]. As the MC-CDMA system

has ev olv ed as a viable candidate for high data rate applications for fast time-v arying

mobile radio c hannels, the prop osed MC-CDMA system should b e viable in suc h mobile

c hannels. The fast time-v ariations ma y o ccur when the system is used in high sp eed

trains, aircrafts and lo w earth orbit satellites. The correlation time [18] of suc h mobile

c hannels can b e as small as some h undreds of microseconds. The detection at the receiv er

then requires a recursiv ely up dating c hannel estimation pro cedure, whic h relies on the

already detected information bits. Suc h c hannel estimation is p ossible when the sym b ol

duration is m uc h less than the correlation time. Ob viously , concept 1 requires a rather

large sym b ol duration. Therefore, concept 2 is more appropriate for the fast mobile radio

c hannel. In this rep ort w e use concept 2.

Orthogonalit y b et w een the sub-carriers in a MC-CDMA system pla ys an imp ortan t role in

the p erformance of the system. W e use orthogonal co des and c ho ose sub-carrier spacing to

main tain the orthogonalit y b et w een the sub-carriers. Ho w ev er, orthogonalit y is compro-

mised if w e use random spreading co des instead of orthogonal co des. Moreo v er, frequency

shift due to Doppler esp ecially in a LEO mobile satellite comm unications can also destro y

orthogonalit y and enhances MUI in the c hannel. Therefore, a MC-CDMA system su�ers

from b oth frequency shift and MUI once random co des are used and due the system p er-
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1.1. Thesis Ov erview

formance ma y degrade signi�can tly due to their e�ects. Deriving an e�cien t detection

tec hnique for MC-CDMA system under suc h c hannel conditions has therefore b een a topic

of extensiv e researc h recen tly . T o com bat fading, v arious co ding strategies ha v e b een em-

plo y ed b y sev eral researc hers [19{23]. Join t m ulti-user (MU) detection sc hemes has b een

studied b y Jung et al. [17, 24] for v arious fading c hannels. RAKE receiv er emplo ying

c hannel estimation and DPSK sc heme is also prop osed in [16, 25, 26]. Ho w ev er, all these

receiv er assumes random co des. In this w ork, w e use random co de and the in v estigate the

p erformance of a recen tly prop osed iterativ e MU receiv er [27] for MC-CDMA system. On

the other hand, as the Doppler e�ect mak es a signi�can t con tribution in destro ying the

orthogonalit y b et w een the sub-carriers, a ma jor e�ort w as also put in this con text [28{35].

Ho w ev er, though Doppler shift is more dominan t in LEO mobile satellite comm unications,

this issue is not addressed for MC-CDMA system in the literature. In this thesis w e will

also address this issue.

1.1 Thesis Ov erview

The thesis is organised as follo ws. In c hapter 2, w e dev elop and discuss the m ulti-user

MC-CDMA c hannel mo del for A W GN and compare the p erformance for single user and

m ultiuser detection sc hemes. W e ha v e used the decorrelating detector for MU detection.

The decorrelating detector basically decorrelates the MUI b y correlating the receiv ed

signal with a mo di�ed signature w a v eform. In c hapter 3 and c hapter 4 w e dev elop the

MC-CDMA c hannel mo del under fading and Doppler shift e�ects in A W GN. W e sho w

that suc h a c hannel mo del resem bles the CDMA c hannel discussed in [27]. The w ork

therefore dev elop to w ards an e�cien t m ulti-user detector as discussed in [27, 36{39].

The iterativ e detection sc heme for CDMA w as indep enden tly prop osed b y Giallorenzi et

al. [40] and Reed et al. [38]. Due to the similarit y of the MC-CDMA c hannel mo del to

that of DS-CDMA c hannel, w e can emplo y this e�cien t detection sc heme. Sp eci�cally

the in terference canceller discussed in [27] is used in our receiv er to reduce the MUI. As

the detection sc heme is based on the maxim um -a-p osteriori algorithm b y Bahl et al. [41],

w e also review the steps in the algorithm. Chapters 5 and 6 are therefore dev oted to

detection of MC-CDMA c hannel and the p erformance in v estigations of the system o v er

v arious mobile radio c hannel.

5



1.2. Summary Con tributions

Space div ersit y is a commonly used div ersit y whic h is ac hiev ed b y using m ultiple an tennas

either at the MS or at the BS. This tec hnique do esn't require extra frequency sp ectrum

and mainly relies on the fact that the an tenna separation should b e suc h that the fading

at eac h an tenna elemen t is indep enden t to eac h other. Pro cessing these indep enden t sig-

nals can help in com bating the fading e�ects in the c hannel. This div ersit y sc heme has

b een extensiv ely studied [42{47] for the CDMA c hannel to mitigate frequency selectiv e

fading whic h results due to m ulti-path presen t in the c hannel. V arious arra y pro cess-

ing and b eam-forming tec hniques are mainly prop osed to mitigate the m ulti-path e�ects.

Recen tly , Nak ada et al. [46] ha v e prop osed a div ersit y com bining tec hnique rather than

b eam-forming and arra y pro cessing to mitigate the fading e�ects in the MC-CDMA sys-

tems. The authors ha v e used selection div ersit y and exploited the adv an tage of fading

indep endence across the elemen ts in the arra y . W e address the p erformance of an an tenna

arra y in our system in c hapter 7. W e consider only up-link and dev elop the MC-CDMA

c hannel mo del with an an tenna arra y at the BS to pro vide space div ersit y in the system.

A thorough study of space div ersit y for MC-CDMA has not y et b een discussed b y an y

researc her. W e therefore discuss the c hannel mo del in great detail. W e in v estigate only

maximal ration com bining [1] as a div ersit y com bining sc heme and presen t the system

p erformance with iterativ e MU receiv er.

W e conclude the thesis in c hapter 8 b y summarising our results, their impact on the area

and men tioning the unsolv ed problems related to this w ork.

1.2 Summ ary Con tributions

The e�ect of iterativ e m ultiuser receiv er on MU MC-CDMA systems is not in v estigated

b y an y other researc her in the �eld. The author has con tributed directly to w ards this. As

this new detection is w ell kno wn for CDMA, the author establishes the equiv alence of the

MC-CDMA system and then use this sc heme with only mo di�cations at the application

lev el. The adv an tages of the detector is used to solv e the problems of fading and Doppler

shift c hannels. Exploitation of space div ersit y for MC-CDMA system is v ery new and

not y et b een discussed thoroughly . The p erformance limitation due to the fading c hannel

is addressed b y the no v el w ork done there in com bining a MC-CDMA system with an

an tenna arra y . This new tec hnique whic h uses maximal ratio com bining in the MC-

CDMA system is found to b e v ery e�ectiv e as the sim ulation results con�rm.
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Chapter 2

In tro duction to Multi-Carrier

CDMA

In this c hapter w e will discuss MC-CDMA systems under A W GN c hannel. Sp eci�cally , w e

consider the up-link mobile c hannel and dev elop b oth a con tin uous-time and a discrete-

time mo del for a MC-CDMA system when more than one user share the c hannel. W e

presen t the p erformance of the MC-CDMA system with single user (SU) detection and

with MU detection. W e conclude b y demonstrating a need for a more e�cien t MU detec-

tion sc heme. W e b egin with the basic principles of MC-CDMA systems.

2.1 Con tin uous-time Mo del

In this section w e describ e the con tin uous-time mo del of the MU MC-CDMA c hannel in

an A W GN en vironmen t and deriv e a con v en tional SU, sub-optim um detection tec hnique

based on the w ork done for CDMA c hannels in [1].

7



2.1. Con tin uous-time Mo del

2.1.1 Sync hronous Multi-user MC-CDMA c hannel

Let M activ e users use the MC-CDMA c hannel at the same time instan t t . Eac h user

m transmits K data sym b ols d

m

k

of sym b ol duration T

d

, where, d

m

k

2 f +1 ; � 1 g ; m 2

f 1 ; 2 ; � � � ; M g is the user n um b er and k 2 f 1 ; 2 ; � � � ; K g iden ti�es the sym b ol in terv al.

The sym b ols of user m are �rst sequen tially replicated in to J parallel branc hes. Eac h

of these J branc hes are then m ultiplie d b y a c hip of a random spreading co de, s

m

k

=

�

s

m

k ; 1

; � � � ; s

m

k ;J

�

where, the c hip of the spreading co de is de�ned as s

m

k ;j

2 f� 1 =

p

J ; +1 =

p

J g

and j 2 f 1 ; � � � ; J g iden ti�es the sub-carrier index. Here, s

m

k

denotes the spreading co de

of length J emplo y ed b y user m at sym b ol in terv al k . So, in MC-CDMA transmission,

eac h c hannel sym b ol d

m

k

of user m is spread o v er J parallel branc hes b y using the user-

sp eci�c spreading sequence s

m

k

, where notional c hip duration T

c

is related to the sym b ol

duration T

d

according to the follo wing equation:

T

d

= J T

c

: (2.1)

In MC-CDMA transmission, the carrier bandwidth B

u

is divided in to J sub-carriers of

bandwidth B

d

so that

B

d

= 1 =T

d

= B

u

=J : (2.2)

The relationship b et w een the carrier bandwidth, B

u

and the c hip rate, 1 =T

c

can also b e

expressed as,

B

u

= 1 =T

c

= J =T

d

= J B

d

: (2.3)

The sub-carriers are n um b ered b y j = 1 � � � J . Eac h sub-carrier has a unique cen ter

frequency f

c

+ f

c;j

where, the spacing, f

c;j

, b et w een the sub-carriers are c hosen according

to the follo wing relation:

f

c;j

=

j � 1

T

d

; j = 1 ; 2 ; � � � ; J : (2.4)

Therefore, the �rst sub-carrier of bandwidth 1 =T

d

has cen ter frequency f

c; 1

= 0, the second

sub-carrier of bandwidth 1 =T

d

has cen ter frequency f

c; 2

= 1 =T

d

, the third sub-carrier of

bandwidth 1 =T

d

has cen ter frequency f

c; 3

= 2 =T

d

, and so on. The c hoice of f

c;j

according

to equation (2.4) mak es the sub-carriers o v erlap eac h other, but mak es them orthogonal

8
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B

u

B

d

Figure 2.1: Graphical illustration of sub-carriers.

whic h helps in deriving a simple mathematical mo del of the system. This mo del allo ws

mo dulation b y fast F ourier transform (FFT) as will b e sho wn in section 2.2. Figure

2.1 illustrates the o v erlapping structure of the sub-carriers graphically . Eac h of these J

sub-carrier frequencies is BPSK mo dulated, summed, and transmitted o v er the c hannel.

Let us de�ne

s

m

k

( t ) = p

T

d

( t )

J

X

j =1

s

m

k ;j

�

j

( t ) (2.5)

�

j

( t ) =

1

p

J

cos(2 � f

c;j

t ); j = 1 ; � � � ; J (2.6)

where, 1 =

p

J is a normalisation factor, �

j

( t ) is the BPSK mo dulation on sub-carrier j ,

and p

T

d

( t ) is a unit pulse with the follo wing relationship

p

T

d

( t ) =

�

1 : t 2 [0 ; T

d

]

0 : otherwise.

(2.7)

The spreading sequence is assumed to ha v e the follo wing ideal prop erties

� = ( s

m

k

)

2

= 1 (2.8)

�

mq

= s

m

k

s

q

k

= 0 : (2.9)

The lo w-pass equiv alen t con tin uous-time w a v eform transmitted b y user m in sym b ol in-

terv al k can therefore b e written as

r

m

k

( t ) = d

m

k

s

m

k

( t � [ k � 1] T

d

) (2.10)

= d

m

k

p

T

d

( t � [ k � 1] T

d

)

J

X

j =1

s

m

k ;j

�

j

( t � [ k � 1] T

d

) : (2.11)
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User m transmits the data sym b ols consecutiv ely using the aforemen tioned tec hnique.

Therefore, for a K sym b ol blo c k the transmitted signal b y user m will b e

r

m

( t ) =

K

X

k =1

d

m

k

s

m

k

( t � [ k � 1] T

d

) (2.12)

-

- -

- -

m m

m m

� �

� �

�

�

��

@

@

@R

��

��

- -m m -

? ?

? ?

? ?

d

m

k

s

m

k ;J

s

m

k ; 1

r

m

k

( t )

�

J

( t )

�

1

( t )

�

�

�

p

w

m

k

n

m

k

( t )

� +

e

m

k

( t )

Figure 2.2: Con tin uous-time MC-CDMA transmission for user m .

Figure 2.2 sho ws the con tin uous-time MC-CDMA transmission for user m at bit in terv al

k .

W e assume that at bit in terv al k , the sub-carriers corresp onding to user m are corrupted

b y J statistically indep enden t uncorrelated white Gaussian noise pro cesses f n

k ;j

( t ) : j =

1 ; � � � ; J g . Therefore, the w a v eform r

m

k

( t ) arriv es at the receiv er corrupted b y noise. Let

the receiv ed energy in e ach chip of the w a v eform transmitted b y user m at bit in terv al

k b e denoted b y w

m

k

. Since, M users are transmitting sim ultaneously o v er an additiv e

c hannel, at bit in terv al k , the receiv er observ es the con tin uous-time w a v eform

e

k

( t ) =

M

X

m =1

p

w

m

k

r

m

k

( t ) + n

k

( t ) ; (2.13)

where, n

k

( t ) =

P

M

m =1

P

J

j =1

n

m

k ;j

( t ) is the sum of J M statistically indep enden t uncorrelated

white Gaussian noise pro cesses and n

m

k ;j

( t ) is the noise on sub-carrier j for user m at bit

in terv al k . The aggregate noise is therefore a white Gaussian noise from the cen tral limit

theorem with double sided p o w er sp ectral densit y �

nn

( f ) = N

0

= 2 and v ariance �

2

n

= N

0

= 2.

A close lo ok at equation (2.13) rev eals the presence of MUI in the receiv ed signal. Figure

2.3 sho ws the sync hronous m ulti-user MC-CDMA c hannel mo del for M users.
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Figure 2.3: Sync hronous m ulti-user MC-CDMA c hannel.

2.1.2 Single User Detection in MC-CDMA

A t the receiv er, w e assume p erfect fron t-end �ltering so that all the sub-carrier c han-

nels can b e separated p erfectly . F or con v en tional receiving, eac h user p erforms do wn-

con v ersion, demo dulation, and despreading op erations on eac h sub-carrier c hannel. The

sum of sub-carrier c hannel signals is therefore matc hed �lter to the used w a v eform and

sen t to the decision circuit. Figure 2.4 sho ws the SU detection mo del for user m .

The signal at the decision circuit for user m at bit in terv al k can b e written as

y

m

k

=

Z

k T

d

t =( k � 1) T

d

J

X

j =1

e

k

( t ) �

j

( t ) s

m

k ;j

dt (2.14)

=

Z

k T

d

t =( k � 1) T

d

J

X

j =1

(

M

X

m =1

p

w

m

k

r

m

k

( t ) + n

k

( t )

)

cos (2 � f

c;j

t ) s

m

k ;j

dt (2.15)

F or sub-carrier j , substituting the v alues of r

m

k

( t ) from equation (2.10) in to equation (2.15)
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Figure 2.4: Single user detection mo del for user m .

w e get

y

m

k ;j

=

Z

k T

d

t =( k � 1) T

d

"

M

X

q =1

q

w

q

k

J

X

j =1

p ( t � [ k � 1] T

d

)

d

q

k

s

q

k ;j

�

1

p

J

cos(2 � f

c;j

t )

�

cos(2 � f

c;j

t ) s

m

k ;j

�

dt

+

Z

k T

d

t =( k � 1) T

d

n

k

( t )

J

X

j =1

cos(2 � f

c;j

t ) s

m

k ;j

dt

| {z }

noise term

: (2.16)

W e no w consider only the noise free term on sub-carrier j ,

y

m

k ;j

=

Z

k T

d

t =( k � 1) T

d

"

M

X

q =1

q

w

q

k

p ( t � [ k � 1] T

d

) d

q

k

s

q

k ;j

s

m

k ;j

cos(2 � f

c;j

t )

�

1

p

J

cos (2 � f

c;j

t )

��

dt (2.17)

=

Z

k T

d

t =( k � 1) T

d

r

w

m

k

J

d

m

k

s

m

k ;j

s

m

k ;j

f cos(2 � f

c;j

t ) g

2

dt +

Z

k T

d

t =( k � 1) T

d

M

X

q =1 ;q 6= m

r

w

q

k

J

d

q

k

s

q

k ;j

s

m

k ;j

f cos(2 � f

c;j

t ) g

2

dt : (2.18)

No w using the prop ert y in equation (2.8), and neglecting the high frequency terms, w e
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get from the previous equation,

y

m

k ;j

=

p

w

m

k

T

d

p

J

d

m

k

+

2

6

6

6

6

6

4

M

X

q = 1

q 6= m

p

w

q

k

T

d

p

J

d

q

k

�

mq

3

7

7

7

7

7

5

: (2.19)

Here w e ha v e assumed p erfect c hannel estimation. The noise term after matc hed �ltering

can b e written as,

v

k ;j

=

Z

k T

d

t =( k � 1) T

d

n

k

( t )

J

X

j =1

cos(2 � f

c;j

t ) s

m

k ;j

dt : (2.20)

Since n

k

( t ) is a white Gaussian noise with �

2

n

= N

0

= 2, the v ariance of v

k ;j

is

�

2

v

= E[ v

2

k ;j

]

=

N

0

2

Z

k T

d

t =( k � 1) T

d

(

J

X

j =1

cos(2 � f

c;j

t ) s

m

k ;j

( t )

)

2

dt

=

N

0

2

: (2.21)

If w e place the corresp onding v alues for the signal term and the noise term for sub-carrier

j in to equation (2.16) w e get,

y

m

k ;j

=

p

w

m

k

T

d

p

J

d

m

k

| {z }

useful term

+

2

6

6

6

6

6

4

M

X

q = 1

q 6= m

p

w

q

k

T

d

p

J

d

q

k

�

mq

3

7

7

7

7

7

5

| {z }

MUI term

+ v

k ;j

|{z}

noise term

: (2.22)

So, for orthogonal co des �

mq

= 0 and w e are left with the SU c hannel. W e note from

equation (2.22) that the n um b er of arithmetic op erations (additions and m ultiplic a-

tions/divisions) p er mo dulated sym b ol gro ws linearly with M . This is b ecause of the

MUI [1] terms dep ending on the data of all users. Therefore, this SU matc hed �lter

detection tec hnique su�ers from computational complexit y if MUI has to b e remo v ed.

Again, if the spreading sequences are orthogonal, the MUI from the other users giv en b y
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middle term in equation (2.22) v anishes and the con v en tional SU detection giv es opti-

m um p erformance in the A W GN c hannel. On the other hand, if one or more of the other

spreading sequences are not orthogonal to the user spreading sequence, the MUI term

can b ecome excessiv e, particularly if the p o w er lev els of the signals (or the receiv ed signal

energies) of one or more of the other users are su�cien tly larger than the p o w er lev el

of user m . This situation is generally called the ne ar-far pr oblem in CDMA m ultiuser

comm unicati ons. The practical solution generally requires a p o w er adjustmen t metho d

that is con trolled b y the receiv er via a separate comm unication c hannel that all users are

con tin uously monitoring. Another option is to emplo y a MU detection metho d that is

near-far resistan t.

In the follo wing section w e will consider one of the MU detection tec hniques [1] used

for CDMA c hannels. W e will sho w that this MU detection reception tec hnique giv es

b etter p erformance than the standard matc hed �lter metho d as it is not vulnerable to

MUI. This MU detection tec hnique ho w ev er, has linear computational complexit y . Before

considering MU detection tec hniques w e deriv e the discrete-time MC-CDMA mo del.

2.2 Discrete-time MC-CDMA Channel Mo del

In this section w e will describ e the metho d of realising mo dulation via an IFFT op eration.

A matrix algebraic approac h will b e considered to form the discrete-time MU MC-CDMA

c hannel and the similarit y of suc h a c hannel to the con v en tional DS-CDMA c hannel [48]

will b e demonstrated. W e can therefore use a con v en tional sub-optim um MU detection

tec hnique [1] for our MU MC-CDMA c hannel.

2.2.1 Mo dulation realised b y FFT

The metho d of realising m ulti-carrier mo dulation via discrete F ourier transform (DFT) is

in v estigated in [1, 2, 4, 49{51]. In this subsection w e follo w the same tec hnique to realise

the m ulti-carrie r mo dulation for CDMA using the fast F ourier transform (FFT). The

rate at whic h the receiv ed signal is sampled b y eac h user is equal to J =T

d

samples p er

second whic h corresp onds to the notional c hip rate 1 =T

c

c hips p er second. Therefore a

discrete-time up-link MC-CDMA c hannel mo del can b e deriv ed from equation (2.13).

14



2.2. Discrete-tim e MC-CDMA Channel Mo del

In equation (2.13) b y substituting f

c;j

=

j � 1

T

d

and t =

( l � 1) T

d

J

w e get sample v alue l of the

receiv ed signal e

k

( t ) at sym b ol in terv al k , where, l = 1 ; � � � ; J . Let us de�ne

�

j

l

=

1

p

J

exp

�

i

2 �

J

( l � 1)( j � 1)

�

2

�

1

p

J

;

� 1

p

J

�

;

l = 1 ; � � � ; J ; j = 1 ; � � � ; J (2.23)

�

j

= ( �

j

1

; � � � ; �

j

J

)

>

(2.24)

D = ( �

j

; j = 1 ; � � � ; J ) = ( �

1

; � � � ; �

J

) 2

�

1

p

J

;

� 1

p

J

�

J � J

: (2.25)

W e can de�ne the mo dulation and spreading for user m at bit in terv al k as

�

m

k

= D s

m

k

(2.26)

=

0

B

@

�

1

1

� � � �

J

1

.

.

.

.

.

.

.

.

.

�

1

J

� � � �

J

J

1

C

A

0

B

@

s

m

k ; 1

.

.

.

s

m

k ;J

1

C

A

(2.27)

=

0

B

@

�

1

1

s

m

k ; 1

+ � � � + �

1

J

s

m

k ;J

.

.

.

�

J

1

s

m

k ; 1

+ � � � + �

J

J

s

m

k ;J

1

C

A

(2.28)

=

0

B

@

�

m

k ; 1

.

.

.

�

m

k ;J

1

C

A

(2.29)

=

J

X

j =1

�

j

l

s

m

k ;j

l = 1 ; � � � ; J (2.30)

=

�

�

m

k ;l

; l = 1 ; � � � ; J

�

: (2.31)

The J � J matrix D denotes the l sample v alues for the j BPSK mo dulation presen t

in equation (2.13). The columns �

j

of D denote the J sub-carriers and the ro ws of D

represen t the J time instan ts within a sym b ol p erio d T

d

at whic h the samples are tak en.

It is w ell kno wn that the in v erse DFT (IDFT), x ( l ) of a discrete sequence X ( n ) is related

b y the follo wing expression [1]

x ( l ) =

1

p

N

N

X

n =1

X ( n ) exp

�

i

2 �

N

( n � 1)( l � 1)

�

(2.32)

and as the in v erse fast F ourier transform (IFFT) is an e�cien t w a y of realising IDFT w e
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2.2. Discrete-tim e MC-CDMA Channel Mo del

can write equation (2.32) as

x ( l ) = IFFT [ X ( n )] : (2.33)

Similarit y b et w een equations (2.32) and (2.30) imm ediatel y helps us in describing the

mo dulation pro cess as

�

m

k ;l

= IFFT[ s

m

k ;j

] ; l = 1 ; � � � ; J (2.34)

where, IFFT is the mo dulation realised b y IFFT.
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Figure 2.5: Mo dulation realised b y the IFFT op eration in the MC-CDMA c hannel.

Therefore, without loss of generalit y for user m at bit in terv al k the discrete v ersion of

the signal at the receiv er can b e written as

e

m

k ;l

= IFFT f d

m

k

p

w

m

k

s

m

k ;j

g + n

m

k ;l

l = 1 ; � � � ; J (2.35)

and for all M users on the MC-CDMA c hannel the receiv ed signal can b e written as

e

k ;l

=

M

X

m =1

IFFT f d

m

k

p

w

m

k

s

m

k ;j

g + n

k ;l

l = 1 ; � � � ; J (2.36)

where n

k ;l

=

P

M

m =1

n

m

k ;l

; l = 1 ; � � � ; J are statistically indep enden t white Gaussian noise

sources with v ariance �

2

n

= N

0

= 2. Equation (2.36) simply states that all users use the

IFFT op eration to replace their bank of J mo dulators. This op eration can b e illustrated

as in Figure 2.5.
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2.2. Discrete-tim e MC-CDMA Channel Mo del

2.2.2 Simpli�cation of MC-CDMA c hannel using Matrix Alge-

bra

W e see that equation (2.36) is a linear equation o v er all M users. W e can decomp ose the

spreading and IFFT op eration for M users to form the MU MC-CDMA c hannel under

the A W GN en vironmen t whic h includes all the users. W e use matrix notation to form the

c hannel. If w e place M spreading co des s

m

k

utilised in sym b ol in terv al k in to a c hannel

matrix A

k

as columns, the signal amplitudes

p

w

m

k

in to a diagonal matrix W

k

, and collect

the d

m

k

's and n

k ;l

's in to v ectors d

k

and n

k

resp ectiv ely , then receiv ed signal w ould b e,

e

k

= IFFT f A

k

W

k

d

k

g + n

k

2 C

J

(2.37)

where,

A

k

=

0

B

@

s
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k ; 1

� � � s
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s
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and the IFFT op eration includes M IFFT op erations corresp onding to M users.

The sym b ol sync hronous MC-CDMA receiv ed signal is no w in a linear algebraic form. In

order to compare the structure of the system mo del to the mo dels of other c hannels w e
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Figure 2.6: Structure of MC-CDMA c hannel matrix A in an A W GN en vironmen t.

will no w dev elop the notation for the en tire sym b olling in terv al k = 1 ; 2 ; � � � ; K . Let

A =

0

B

@

A

1

� � � 0

.

.

.

.

.

.

.

.

.

0 � � � A

K

1

C

A

2 C

K J � K M

W =

0

B

@

W

1

� � � 0

.

.
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.
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.

.

0 � � � W

K

1

C

A

2 R

K M � K M

d =
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B

@

d

>

1

.

.

.

d

>

K

1

C

A

2 f� 1 ; +1 g

K M

n =

0

B

@

n

>

1

.

.

.

n

>

K

1

C

A

2 C

K J

then the en tire output v ector of the c hannel is simply

e = IFFT f A W d g + n 2 C

K J

(2.38)
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2.2. Discrete-tim e MC-CDMA Channel Mo del

and the structure of the MC-CDMA c hannel matrix A can b e illustrated as in Figure

2.6. It should b e noted that in the c hannel structure matrix, user spreading sequence also

denotes the sub-carriers. As opp osed to DS-CDMA c hannel here, sym b ol k is placed in all

the sub-carriers. So, the n um b ering 1 ; � � � ; J in Figure 2.6 denotes sub-carrier indexing,

ho w ev er, all users use the same sub-carrier to transmit their information o v er the c hannel.

2.2.3 MU In terference (MUI) in the MC-CDMA c hannel

A t the receiv er, w e �rst p erform an J -p oin t FFT op eration on the c hannel output signal

e . The demo dulated signal therefore can b e written as

q = FFT[IFFT f A W d g ] + FFT( n ) (2.39)

= A W d + z (2.40)

where, z includes the F ourier transform of the noise for all M users. F or user m at bit

in terv al k the FFT op eration on noise can b e expressed as,

z

m

k ;l

= FFT f n

m

k ;j

g (2.41)

=

1

p

J

J

X

j =1

n

m

k ;j

�

m

j;l

(2.42)

where, z

m

k ;l

; l = 1 ; � � � ; J is generated b y pro jecting J statistically indep enden t and

iden tically distributed Gaussian random v ariables n

m

k ; 1

; � � � ; n

k ;J

on to the orthonormal

basis function �

m

j;l

= exp

�

�

2 � ( j � 1)( l � 1)

J

�

. So, z

m

k ;l

is another complex Gaussian random

v ariable whose mean w ould b e,

m

z

= E [ z

m

k ;l

]

= E [

1

p

J

J

X

j =1

n

m

k ;j

�

m

j;l

]

= 0
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as E [ n

k ;j

] = 0 and v ariance w ould b e

�

2

z

= E [ f z

m

k ;l

g

2

] � f E [ z

m

k ;l

] g

2

= E [ f (1 =

p

J )

J

X

j =1

n

m

k ;j

�

m

j;l

g

2

]

= [1 =J ] E [ n

m

k ; 1

�

m

1 ;l

+ � � � + n

m

k ;J

�

m

J ;l

]

2

= [1 =J ] E

"

J

X

j =1

J

X

u =1

n

m

k ;j

n

m

k ;u

�

m

j;l

�

m

u;l

#

= [1 =J ] E

"

J

X

j =1

n

m

k ;j

n

m

k ;j

#

= �

2

j

Here, �

m

j;l

�

m

u;l

= �

j;u

due to orthogonalit y

�

j;u

=

�

1 : j = u

0 : j 6= u

(2.43)
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Figure 2.7: Blo c k diagram of a MU MC-CDMA Channel.

The output of matc hed �lter after the FFT op eration can no w b e written as

y =

^

A

>

A W d +

^

A

>

z =

^

A

>

A W d + v (2.44)

where, v is coloured complex Gaussian random v ariable with mean zero and v ariance

matrix �

2

v

. The matrix

^

A is the receiv er's estimate of A . Channel estimation for suc h a

system using random spreading sequences is non-trivial, but ma y b e accomplished using

similar tec hniques as describ ed in [52]. Assuming p erfect c hannel estimation, i.e.

^

A = A ,
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let the cross-correlation matrix R b e de�ned as

R = A

>

A (2.45)

=
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.
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.
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0 � � � R

K

1

C

A
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where,

R
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= A

>

k

A

k

(2.47)
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(2.48)

=

0

B

@

1 � � � �

1 ;M

.

.

.

.

.

.

.

.

.

�

M ; 1

� � � 1

1

C

A

(2.49)

where, �

i;j

in R

k

is the source of MUI in the c hannel. Therefore, from (2.44) w e ha v e,

y = R W d + v : (2.50)

A closer lo ok at equation (2.50) rev eals that the MC-CDMA c hannel output y has the same

form as the DS-CDMA c hannel output as explained in [36] except that the mo dulation

sc heme de�ned for the c hannel is di�eren t than that of the DS-CDMA c hannel. W e will

use this in teresting similarit y in deriving a similar MU receiv er based on the maxim um -

a-p osteriori (MAP) algorithm in c hapter 5. A blo c k diagram of the MC-CDMA c hannel

in A W GN en vironmen t is sho wn in Figure 2.7.

W e ha v e already sho wn in equation (2.22) that for orthogonal spreading co de sequences

the MUI term will v anish and w e will b e left with a SU c hannel. Ho w ev er, for random

spreading co des MUI b ecomes excessiv e as M increases. In the follo wing subsection w e

will discuss a con v en tional MU detection tec hnique kno wn as decorrelating detection. This

kind of MU detection tec hnique is prop osed for DS-CDMA in [1]. Therefore, deriv ation

of the MU receiv er based on de c orr elating dete ction will ha v e a close similarit y to [1].
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2.2. Discrete-tim e MC-CDMA Channel Mo del

2.2.4 MU receiv er based on Decorrelating Detection

F rom equation (2.50) the c hannel output for all M users at bit in terv al k can b e written

as,

y

k

= R

k

W

k

d

k

+ v

k

(2.51)

where,

v

k

= A

T

k

z

k

= A
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k
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] (2.52)
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(2.54)

The noise v ector with elemen ts v

k

= [ v

1

k

; � � � ; v

M

k

]

>

2 C

M

has a co v ariance

E( v

k

v

T

k

) = R

k

�

2

v

: (2.55)

Since the noise is Gaussian, y

k

is describ ed b y an M -dimensional Gaussian probabilit y

densit y function with mean R

k

W

k

d

k

. That is,

p ( y

k

j d

k

) =

1

p

(2 � )

M

det( R

k

)

exp

�

�

1
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( y

k

� R
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>
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� 1
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�
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� R

k

W

k

d

k

�

�

:

(2.56)

The b est linear estimate of d

k

is the v alue of d

k

that minimi ses the scaled log-lik eliho o d

function,

�( d

k

) =

�

y

k

� R

k

W

k

d

k

�

>

R

� 1

k

�

y

k

� R

k

W

k

d

k

�

: (2.57)

The result of this minim isation yields

~

d

k

= R

� 1

k

y

k

: (2.58)
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Figure 2.8: Illustration of MU receiv er using Decorrelation detection for MC-CDMA

c hannel.

Finally , the detected sym b ols are obtained b y taking the sign of eac h elemen t of

~

d

k

, i.e.

^

d

k

= sgn

�

~

d

k

�

: (2.59)

Figure 2.8 illustrates the receiv er structure. Figure 2.9 illustrates the receiv er blo c k dia-

gram for all M users at sym b ol in terv al k . Figure 2.10 sho ws the simplest mo del for an

unco ded MU MC-CDMA receiv er for the en tire sym b olling in terv al i.e. for k = 1 ; � � � ; K .

F rom equations (2.58) and (2.59) w e see that the decorrelator requires c hannel kno wledge
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Figure 2.9: MU receiv er for MC-CDMA c hannel based on Decorrelation detection.
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Figure 2.10: MU MC-CDMA receiv er for en tire sym b olling in terv al.

to form R

k

. On the other hand, as the estimate of data,

^

d

k

, is obtained b y p erforming a

linear transformation on the v ector of correlator outputs, the computational complexit y

is linear in M once the in v erse correlation matrix has b een found.

2.3 Sim ul ation Results

W e ha v e seen that random co des in SU detection degrades the system p erformance as

the n um b er of user M increases. MU detection on the other hand reduces the MUI

and therefore impro v es the o v erall system p erformance o v er A W GN c hannel. In this

section w e will presen t the p erformance of sim ulated systems with b oth random co des

and orthogonal co des o v er an A W GN c hannel using SU and MU detection presen ted in

the previous sections.

T able 2.1: Sim ulation P arameter for Orthogonal Co des with SU detection.

Num b er of User , M 1, 5, 10, 13

Num b er of c hips p er user, J 32

Spreading Co de Hadamard Orthogonal

En vironmen t A W GN

T able 2.2: Sim ulation P arameter for Random Co des with SU detection.

Num b er of User, M 1, 5, 10, 13

Num b er of c hips p er user, J 32

Spreading Co de Random Co des

En vironmen t A W GN

First w e sim ulate the MC-CDMA system with Hadamard orthogonal co des [1]. The

elemen ts of the Hadamard matrix are denoted b y +1 =

p

J or � 1 =

p

J so that the ro ws of
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Figure 2.11: P erformance of MC-CDMA system o v er A W GN c hannel with Hadamard

orthogonal co des for M = 1 ; 5 ; 10 ; 32 and J = 32.

the Hadamard matrix are m utually orthonormal. Due to the orthogonalit y prop ert y , MUI

in the system will b e remo v ed. Figure 2.11 sho ws the p erformance of the MC-CDMA with

SU detection. The sim ulation parameters are giv en in table 2.1.

W e see that the p erformance of the system, as exp ected, do es not degrade as the n um b er

of users increases.

As a second exp erimen t w e sim ulate the system with the parameters giv en in table 2.2.

W e notice a sev ere p erformance loss as the MUI is increased with an increase in the

n um b er of user.

No w w e emplo y the MU decorrelating detection tec hnique as explained in section 2.2.4.

W e sim ulated the M = 32, J = 32 MC-CDMA system o v er A W GN c hannel for b oth the
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1 1.5 2 2.5 3 3.5 4 4.5 5
10

-3

10
-2

10
-1

10
0

E
b
/N

0
 (dB)

B
E

R

M=1,J=32-ran 
M=5,J=32-ran 
M=10,J=32-ran
M=32,J=32-ran

Figure 2.12: P erformance of MC-CDMA system o v er A W GN c hannel with random co des

for M = 1 ; 5 ; 10 ; 32 and J = 32.

Hadamard orthogonal co des and random co des. Their p erformance is sho wn in Figure

2.13. As exp ected b oth the cases sho w similar p erformance.

2.4 Summ ary

In this c hapter w e ha v e dev elop ed a m ulti user MC-CDMA c hannel mo del for the up-link

mobile radio c hannel corrupted b y A W GN. W e ha v e sho wn that MUI is the limiting factor

for system p erformance. Orthogonalit y b eing the ma jor criteria for e�cien t transmission

as it do es not exhibit MUI. SU matc hed �lter detection do esn't p erform w ell for a system

with random co des as in terference increases with an increase of the n um b er of users. The

SU matc hed �lter receiv er will also su�er from the ne ar-far e�e ct . In this thesis w e ha v en't

26



2.4. Summary
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Figure 2.13: P erformance of MC-CDMA system o v er A W GN c hannel with m ulti-user

decorrelator detection for M = 32 and J = 32 using b oth random and orthogonal co des.

studied this issue. A detail on this can b e found in [1]. W e ha v e dev elop ed a MU receiv er

using similar tec hniques as is done for DS-CDMA in [1]. W e ha v e sho wn that this MU

decorrelating detection can b e used to impro v e the p erformance in A W GN en vironmen t.

The complexit y of the receiv er is linear in M as is the case with SU receiv er assuming an

e�cien t recursiv e up dating metho d for the matrix in v ersion. Ho w ev er, MUI is completely

remo v ed ev en for a system with random co des. P erformance of the receiv er is iden tical

for b oth the orthogonal and random co des in the A W GN en vironmen t.
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Chapter 3

Co ded MC-CDMA F ading c hannel

In this c hapter w e consider fading e�ects on a co ded MU MC-CDMA system. W e partic-

ularly consider frequency selectiv e fading e�ects on the sub-carriers caused b y the c hannel

c haracteristics. W e dev elop a c hannel mo del and sho w that the co ded MC-CDMA fading

c hannel output resem bles the MC-CDMA c hannel output o v er A W GN. W e start with the

fading c hannel description.

3.1 F ading Channel

3.1.1 F ading Channel Assumptions

W e consider the w ell kno wn frequency-selectiv e, time-non-selectiv e, Gaussian wide-sense

stationary uncorrelated scattering fading mo del presen ted in [53]. A wide sense stationary

mo del simply implies that the auto-correlation function dep ends on time di�erence and not

on the actual time while uncorrelated scattering implies that the atten uation and phase

shift of the c hannel asso ciated with path dela y �

i

is uncorrelated with the atten uation and

phase shift asso ciated with path dela y �

j

. F urthermore w e mak e the follo wing assumptions.
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3.1. F ading Channel

� -

0

T

m

�

�

c

( � )

Figure 3.1: Multi-path in tensit y pro�le.

1. In MC-CDMA transmission, eac h sub-carrier bandwidth B

s

is less than the c hannel

coherence bandwidth (� f )

c

. Therefore, the m ulti-path comp onen ts on eac h sub-

carrier of the receiv ed signal are not resolv able and therefore, eac h sub-carrier signal

app ears to arriv e at the receiv er via a single frequency non-selectiv e fading path.

This t yp e of c hannel cannot b e mo deled as a tapp ed dela y line mo del for a system

with narro w-band sub-carrier whic h is the presen t case, as can b e done for frequency

selectiv e fading c hannel [1]. W e ho w ev er mo del the fading f  

m

k ;j

: m = 1 ; � � � ; M ; j =

1 ; � � � ; J g of the users as indep enden t of one another and indep enden t of other sub-

carrier c hannels at bit in terv al k . The c hannel impulse resp onse h

m

( � ) of user m is

a zero-mean complex Gaussian random pro cess with auto-correlation function,

E[ h

m

( �

i

)(( h

m

)( �

j

))

�

] = �

c

( �

i

) � ( �

i

� �

j

) ; (3.1)

where, �

c

( � ) is simply the a v erage p o w er output of the c hannel as a function of the

time dela y � as sho wn in Figure 3.1 and � ( � ) is the Dirac delta function. �

c

( � ) is

also kno wn as the m ulti-path in tensit y pro�le or the dela y p o w er sp ectrum of the

c hannel in the literature. W e assume that �

c

( � ) is same for all users and nonzero in

[0 ; T

m

).

2. In equation (2.5), the pulse shap e p

T

d

( t ) is c hosen suc h that it results in negligible

in terference on a frequency non-selectiv e fading c hannel.

3. A t the receiv er, w e ha v e p erfect fron t-end �ltering so that p erfect sub-carrier c hannel

separation is p ossible without an y distortion.
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3.1. F ading Channel

4. Sym b oling in terv al T

d

is greater than the c hannel m ulti-path spread T

m

. Therefore,

w e assume a negligible ISI in our c hannel.

5. Sym b oling in terv al T

d

is also c hosen suc h that it is smaller than c hannel coherence

time (� t )

c

. Therefore w e consider a slo wly v arying c hannel.

3.1.2 F ading Mo del

Due to our assumptions ab out the c hannel w e can mo del the frequency-selectiv e fading

as 
at fading for individual sub-carriers. The fading for sub-carrier j of user m at bit

in terv al k can b e describ ed b y ,

 

m

k ;j

= 


m

k ;j

exp ( i�

m

k ;j

) (3.2)

where, 


m

k ;j

is Ra yleigh distributed and �

m

k ;j

is uniformly distributed on [0 ; 2 � ). Since

w e ha v e assumed indep enden t fading b et w een users, fading amplitudes f 


m

k ;j

: m =

1 ; � � � ; M ; j = 1 ; � � � ; J g will b e a set of m utually indep enden t Ra yleigh random v ariables

and phases f �

m

k ;j

: m = 1 ; � � � ; M ; j = 1 ; � � � ; J g will b e a set of m utually indep enden t

uniform random v ariables on [0 ; 2 � ).

Slo wly v arying frequency non-selectiv e Ra yleigh faded v ariables for eac h sub-carrier can

b e generated [1] b y ,




m

k ;j

=

q

( g

m

k ;j

)

2

+ ( h

m

k ;j

)

2

; (3.3)

where, g

m

k ;j

and h

m

k ;j

are zero mean statistically indep enden t Gaussian random v ariables

eac h ha ving a v ariance �

2

. The probabilit y densit y function of the Ra yleigh distributed

random v ariable 


m

k ;j

is giv en b y [1],

p




m

k ;j

( x ) =

x

�

2

exp ( �

x

2

2 �

2

) ; x � 0 : (3.4)

The � -th momen t is giv en b y

E[( 


m

k ;j

)

�

] = (2 �

2

)

� = 2

�(1 +

�

2

) : (3.5)

Therefore, mean and the v ariance are giv en b y

m




m

k ;j

= E[ 


m

k ;j

] =

r

� �

2

; (3.6)

�

2




m

k ;j

= E[( 


m

k ;j

)

2

] � f E[ 


m

k ;j

] g

2

= 2 �

2

(1 �

�

4

) ; (3.7)
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3.2. Con v olutional co ding for MC-CDMA
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Figure 3.2: E�ect of F requency-selectiv e fading on the the sub-carriers of the MC-CDMA

system.

where, �( p ) = ( p � 1)! ; for p an in teger, p > 0.

The e�ect of the fading on the c hannel is illustrated in Figure 3.2. W e ha v e sho wn a

case of the system using the up-link where the BS has one an tenna. A case with m ultiple

an tennae in the BS is considered in c hapter 7. W e assume that a user transmits data o v er

5 sub-carriers. W e see that due to the fading, sub-carriers f

c; 2

; f

c; 3

; and f

c; 4

are atten uated.

W e also note that eac h sub-carrier can b e considered to su�er from a 
at-fading e�ect.

3.2 Con v olutional co ding for MC-CDMA

A con v olutional co de is generated b y passing the information sequence to b e transmitted

through a linear �nite-state shift register. In general the shift register consists of P stages

and v linear algebraic function generators [1]. The rate of the co de is R

c

= u=v , where, u

is the n um b er of input bits, v is the n um b er of output bits and P is the constrain t length

of the co de. If the n um b er of memory elemen ts in the enco der is � = P � 1, then the

enco der will ha v e � = 2

�

states, indexed b y the in teger, � = 0 ; � � � ; �. If the enco der is

time in v arian t then the state transition of the enco der is generally depicted b y a trellis

diagram with bit index k , where k is the co ded bit in terv al. Let the unco ded bit in terv al b e

denoted b y

�

k = 1 ; � � � ; K

u

and the co ded bit in terv al b e denoted b y k = 1 ; � � � ; K . Then

the state sequence of the trellis extending from bit in terv al k = 1 to k = K is denoted b y

S

1 ;�

; � � � ; S

K

u

;�

and the corresp onding co ded bit sequence is denoted b y d

1

; � � � ; d

K

while
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Figure 3.3: Rate 1 = 2, 4 state con v olutional enco der for MC-CDMA.

the unco ded bit sequence is b

1

; � � � ; b

K

u

. A con v olutional enco der is more generally w ell

describ ed b y ( v ; u; � ).

Another metho d of describing the enco der is the asso ciated generator matrix. As the input

sequence to the enco der is semi-in�nite in length, the generator matrix for a con v olutional

co de is also semi-in�nite. In particular, as an alternativ e to the generator matrix, one often

uses the functionally equiv alen t represen tation of p olynomials whic h use the v mo dulo-2

adders. A 1 in the i th p osition of the v ector indicates that the corresp onding stage of

the shift register is connected to the mo dulo-2 adder and a 0 in a giv en p osition indicates

that no connection exists b et w een that stage and the mo dulo-2 adder.

In the presen t system w e ha v e a (2,1,2) con v olutional enco der. As w e ha v e used L

u

unco ded bits w e will ha v e K = v K

u

co ded bits. Therefore, it has a shift register with

P = 3 stages, � = P � 1 = 2 memory elemen ts, � = 2

2

= 4 states, and the rate of the co de

is R

c

= 1 = 2. F rom the generator matrix p oin t of view it has v = 2 function generators

eac h ha ving a dimension of P = 3, ie.,

g

1

= [101]

g

2

= [111]

and the generator p olynomial in o ctal form can b e written as, G = [5

8

7

8

].

The structure of the enco der based on the generator p olynomial is sho wn in Figure 3.3.

The trellis diagram of the enco ding pro cess is sho wn in Figure 3.4, where,

�

k denotes

the unco ded bit in terv als, blac k dots denote the states, and the branc hes represen t the
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Figure 3.4: T rellis diagram of a (2,1,2) con v olutional enco der.

transitions ha ving non-zero probabilities.

The output of the enco der is sen t to the in terlea v er. Eac h user in terlea v es their data

indep enden tly . Con v en tionally an in terlea v er is required to pro vide time div ersit y . W e

emplo y in terlea v ers for time div ersit y and to aid the receiv er design that w e will discuss

in c hapter 5.

3.3 Channel Mo del

Let the co ded output bit for user m at bit in terv al k b e denoted b y d

m

k

. Figure 3.5

illustrates an equiv alen t lo w-pass MC-CDMA transmitter for user m , where, eac h sub-

carrier c hannel is sho wn to ha v e 
at fading e�ect. As w e ha v e assumed T

d

� (� t )

c

and

B

s

� (� f )

c

, w e consider the simplest c hannel p ossible for the up-link to simplify our

in v estigations.
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Figure 3.5: Lo w-pass equiv alen t MC-CDMA transmission o v er a fading c hannel.
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3.3. Channel Mo del

Since, M users are transmitting sim ultaneously o v er the fading c hannel corrupted b y

A W GN, at sym b ol in terv al k the receiv er observ es the con tin uous-time w a v eform,

e

 k

( t ) =

1

p

J

M

X

m =1

J

X

j =1

p

w

m

k

d

m

k

s

m

k ;j

 

m

k ;j

exp f 2 � f

c;j

t g p

T

d

( t � k T

d

) + n

k

( t ) (3.8)

where, n

k

( t ) is a zero mean Gaussian stationary random pro cess describing the noise in

the c hannel.

A discrete-time mo del of the signal can b e deriv ed using the same tec hnique as discussed

in section 2.2. Therefore w e can write the discrete-time receiv ed signal as,

e

 k ;l

=

1

p

J

M

X

m =1

J

X

j =1

p

w

m

k

d

m

k

s

m

k ;j

 

m

k ;j

exp

�

i 2 � ( j � 1)( l � 1)

J

�

+ n

k ;j

(3.9)

e

 k ;l

=

M

X

m =1

IFFT

�

d

m

k

p

w

m

k

s

m

k ;j

 

m

k ;j

	

+ n

k ;j

; (3.10)

where, l = 1 ; 2 ; � � � ; J . Let us de�ne the faded spreading c hip as c

m

k ;j

= s

m

k ;j

 

m

k ;j

and place

the M Ra yleigh faded spreading co des c

m

k

=

�

c

m

k ; 1

; � � � ; c

m

k ;J

�

>

2 C

J

utilized in the sym b ol

in terv al k in to the c hannel matrix A

k ; 

as

A

k ; 

=

�

c

1

k

; � � � ; c

M

k

�

2 C

J � M

(3.11)

F or the en tire sym b oling in terv al ho w ev er, w e ha v e still the same de�nition for W ; d ; and n

except for A

 

where,

A

 

= diag

�

A

1 ; 

; � � � ; A

K; 

�

2 C

K J � K M

(3.12)

Assuming p erfect c hannel estimation, user m p erforms demo dulation and despreading on

eac h sub-carrier. The MC-CDMA fading c hannel output therefore will b e,

y

 

=

^

A

H

 

A

 

W d + v (3.13)

where, v is a colored Gaussian random pro cess as discussed in c hapter 2. Rede�ning the

cross-correlation matrix as R

 

= A

H

 

A

 

from equation (3.13) w e ha v e,

y

 

= R

 

W d + v (3.14)
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Figure 3.6: Blo c k diagram of m ulti-user MC-CDMA system under fading c hannel.

Due to the fading w e see that the energy in eac h sub-carrier will b e reduced and therefore,

the p erformance of the system will degrade. W e note that the c hannel output y

 

in

equation (3.14) has the same structure as in the c hannel output of the MC-CDMA system

o v er A W GN c hannel as discussed in c hapter 2. Ho w ev er, w e will see in c hapter 5 that due

to fading, p erformance degrades compared to the A W GN p erformance. A blo c k diagram

of the MC-CDMA fading c hannel is sho wn in Figure 3.6.

3.4 Summ ary

In this c hapter w e ha v e discussed the fading c hannel, review ed the con v olutional enco der

used b y eac h user in the system and dev elop ed the corresp onding MC-CDMA fading

c hannel mo del. The ma jor con tribution of this c hapter is the dev elopmen t of MC-CDMA

c hannel mo del in the frequency selectiv e fading en vironmen t. W e conclude b y sa ying

that the MC-CDMA fading c hannel has a similar structure to the MC-CDMA c hannel

with A W GN. Due to the fading w e exp ect to see a p erformance loss with a con v en tional

MU receiv er designed for the A W GN c hannel. If w e can use indep enden t randomly faded

samples of the same signal w e can impro v e the �nal receiv ed signal. Receiv er p erformance

for the MC-CDMA fading c hannel mo del dev elop ed in this c hapter will b e discussed in

c hapter 6 where w e consider an e�cien t iterativ e receiv er.
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Chapter 4

MC-CDMA c hannel mo del under

Doppler shift

In this c hapter w e discuss Doppler e�ects in a MC-CDMA system for a LEO mobile

satellite comm unicati ons link. Doppler e�ects include Doppler shift and Doppler spread.

Among these t w o e�ects w e consider only Doppler shift whic h is the dominan t case in

LEO mobile satellite c hannels. The main con tribution of this c hapter is the MC-CDMA

c hannel mo del under Doppler shift for LEO satellite comm unications. W e start with a

review of Doppler e�ects.

4.1 Doppler e�ects

An apparen t c hange in the frequency due to the relativ e motion b et w een source and sink

(MS and BS) is kno wn as the Doppler e�ect. Doppler e�ects create a time v ariation in the

mobile c hannel whic h is eviden t as a Doppler shift of a sp ectral line (shift in frequency)

and/or as Doppler spread in the bandwidth of the receiv ed signal. In this section w e

explain these t w o e�ects for the mobile comm unicati on en vironmen t.
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4.1. Doppler e�ects

4.1.1 Doppler Shift
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T

Figure 4.1: Ov erheadview of a case where Doppler shift o ccurs due to the motion of the

MS with resp ect to the BS.

Due to the motion of the mobile with resp ect to the BS an apparen t shift o ccurs in the

carrier frequency of the mobile terminal. This apparen t shift in frequency is kno wn as

a Doppler shift. W e explain b y an example. Consider a MS mo ving at sp eed v

T

and a

carrier w a v e with phase v elo cit y v

P

arriv es at the BS at an arriving angle � from the MS

as illustrated in Figure 4.1. The sp eed of the v ehicle imp oses an apparen t phase v elo cit y

^v

P

on the w a v e suc h that

^v

P

= v

P

� v

T

cos � (4.1)

where, � dep ends on the direction at whic h the mobile terminal is mo ving with resp ect

to the BS.

W e kno w that phase v elo cit y can b e expressed as [54]

v

P

= �f

c

(4.2)

where, f

c

is the carrier frequency and � is the w a v elength of the carrier. Therefore, the

apparen t phase v elo cit y w ould b e,

^v

P

= �

^

f

c

(4.3)

where,

^

f

c

is the apparen t carrier frequency . Substituting equation (4.3) in equation (4.1)

w e get,

^

f

c

= f

c

�

~

f (4.4)
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Figure 4.2: Di�eren t cases where Doppler shift can o ccur due to motion of mobile.

where,

~

f =

v

T

�

cos � (4.5)

is the Doppler shift. In equation (4.4)

~

f is p ositiv e (i.e. the apparen t carrier frequency

is increased so that

^

f

c

= f

c

+

~

f ) if the mobile is mo ving to w ard the direction of arriv al

of the w a v e and is negativ e (i.e. the apparen t receiv ed frequency is decreased so that

^

f

c

= f

c

�

~

f ) if the mobile is mo ving a w a y from the direction of arriv al of the w a v e. F rom

equation (4.5) w e see that the maxim um Doppler shift is,

f

m

=

v

T

�

(4.6)

Figure 4.2 sho ws other p ossibilities when Doppler shift can o ccur for a single cell. MSs

m

1

, m

2

, and m

3

are either mo ving to w ards or a w a y from the BS with relativ e v elo cities

v

1

, v

2

, and v

3

resp ectiv ely . It should b e noted that Doppler shift for eac h mobile will b e

di�eren t as the arriv al angles of the signals are di�eren t for eac h mobile.
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4.1. Doppler e�ects

4.1.2 Doppler Spread

Figure 4.3 illustrates a simple case of Doppler spread whic h results due to the com bination

of Doppler shift and m ulti-path dela y . Multi-path dela y results from the re
ection of w a v es

from static and mo ving re
ectors. Due to Doppler shifts there o ccurs a shift in frequency

and due to m ulti-path dela y there o ccur a phase shift. In Figure 4.3 w e see that there

will b e a Doppler shift due to relativ e v elo cit y , v

B

, of the mobile with resp ect to BS and

a m ulti-path Doppler shift due to the relativ e v elo cit y , v

C

, of the mobile with resp ect to

the mo ving scatterer (a mo ving v ehicle with v elo cit y v

A

in this case).

.
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Figure 4.3: A simple case of Doppler spread.

The arriv al angles �

1

and �

2

are not same. In practical cases, there will b e a large n um b er

of re
ectors and scatterers in the mobile radio c hannel. Due to their relativ e motion, the

c hannel b ecomes time v arying and the m ulti-path comp onen ts also v ary with time. As a

result a sp ectral broadening of the transmitted signal o ccurs. It can b e sho wn [1] that if

there is no time v ariation in the c hannel then there will not b e an y sp ectral broadening

in the receiv ed signal. This sp ectral broadening is kno wn as Doppler spread,

~

B , in the

literature.

~

B is actually de�ned as the range of frequencies o v er whic h the receiv ed signal

sp ectrum is essen tially non-zero. The amoun t of sp ectral broadening dep ends on m ulti-

path dela y , time v ariation in the c hannel and Doppler shift

~

f whic h is a function of relativ e

v elo cit y of the mobile, and the arriv al angle � . As time v ariations in the c hannel app ear

to b e unpredictable w e c haracterise these c hannels statistically .
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4.2. Doppler shift in LEO Mobile-Satellite Comm unications

4.2 Doppler shift in LEO Mobile-Satellite Comm uni -

cations

Tw o w ell kno wn problems [55] for geo-sync hronous equatorial orbit (GEO) satellite com-

m unications are the higher path loss and the larger comm unic ation dela y . These t w o

disadv an tages are reduced b y placing the satellites in LEO t ypically in the 200-3000 km

range. Man y suc h non-geostationary satellites are required in a constellation in order to

pro vide co v erage equiv alen t to the geostationary satellite co v erage. As these satellites are

not �xed with resp ect to a p oin t on earth as is the case for GEO satellites, they require

complex con trol telemetry and net w ork managemen t system. Also due to high relativ e

v elo cit y of the LEO satellites, they in tro duce v ery high Doppler frequency shifts. This

frequency shift is one of the ma jor problems in LEO satellite comm uni cations.

In LEO mobile satellite comm unic ations w e assume that there will alw a ys b e a direct

line of sigh t. Therefore, w e consider only Doppler shift. In this section w e in v estigate

the Doppler frequency shift in the up-link of LEO mobile satellite comm unicati on. W e

start b y reviewing the geometry of the LEO satellite comm unication. Then w e explain

the Doppler shift and its e�ects on v arious parameters in LEO satellite comm unications.

4.2.1 Geome try of LEO satellite orbit

Figure 4.4 illustrates the imp ortan t distances and angles for a LEO satellite orbiting the

Earth, where,

h = orbital altitude (meters)

� = elev ation lo ok angle or arriv al angle (degrees)

p = terminal-satellite distance (meters)

� = co v erage angle (degrees), angular separation b et w een the terminal and the satellite

v

s

= satellite v elo cit y (meters/second)

v

T

= satellite v elo cit y to w ards the mobile terminal (meters/second)
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Figure 4.4: Geometry of Lo w Earth Orbiting Satellite.

R

E

= Earth radius. The radius of the Earth at the Equator is 6378 km. The p olar radius

is 21 km less due to the oblate spheroidal shap e of the Earth. As w e are assuming

a p olar orbit, w e tak e the radius of the Earth to b e the a v erage of the p olar and

equatorial radius, i.e., R

E

= 6367 : 5 km.

F rom Figure 4.4 w e see that, terminal to satellite distance p w ould b e

p =

q

R

2

E

+ ( R

E

+ h )

2

� 2 R

E

( R

E

+ h ) cos � : (4.7)

Giv en the altitude h , terminal to satellite distance p , and the co v erage angle � , the

elev ation lo ok angle � for di�eren t terminals for a particular p osition of satellite can b e

written as [55]

� = arccos

�

( R

E

+ h )(sin � )

p

�

: (4.8)

By examination of Figure 4.4, it can b e seen that the co v erage angle is giv en b y

� = arccos

�

R

E

cos �

R

E

+ h

�

� � : (4.9)

F rom equation (4.9) w e see that � v aries b et w een [ � � = 6 ; + � = 6] while � v aries b et w een

[0 ; � ]. Figure 4.5 is a plot of the arriv al angles or the elev ation lo ok angle � for di�eren t

users v ersus � for h = 1000 km. W e ha v e assumed that the users are uniformly distributed
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Figure 4.5: Co v erage angle � v ersus the arriv al angle � .

within [ � = 6 ; � = 6) o v er the earth's surface and the satellite is �xed for a sym b ol duration

o v er the terminal at � = 0 in the orbit. F rom Figure 4.5 w e can see that the mobile

terminal at � = 0 will ha v e an arriv al angle � = � = 2, mobile terminal at � = � 2

0

will

ha v e an arriv al angle � = 104 : 4819

0

, and so on. These arriv al angles as w e will see, can b e

used to calculate the Doppler shift for di�eren t mobile terminals for a particular p osition

of satellite.

Other imp ortan t satellite c haracteristics are the sp eed and p erio d of the orbit. Satellite

v elo cit y and p erio d of a circular orbit at an altitude of h are [55],

v

s

= R

E

r

g

R

E

+ h

(4.10)

T =

2 �

R

E

s

( R

E

+ h )

3

g

(4.11)

where, g = 9 : 80665 m=s denotes the Earth's gra vitational acceleration at the Earth's

surface.
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4.2. Doppler shift in LEO Mobile-Satellite Comm unications

4.2.2 Doppler Shift in LEO satellite comm unications

When designing a LEO comm unications system the Doppler shift caused b y the high

sp eeds of LEO satellites b ecomes v ery imp ortan t. W e already kno w from section 4.1 that

the Doppler shift is a result of mo v eme n t of a satellite relativ e to the MS, BS, or another

satellite. Due to its high sp eed, LEO satellite comm unic ation links su�er from relativ ely

large Doppler frequency shift as compared to the GEO satellite link. F or a circular orbit

Doppler shift is giv en b y [56]

~

f =

f

c

� v

T

c

(4.12)

where, f

c

is the carrier frequency , c = 2 : 99793 � 10

8

m/s is the sp eed of ligh t in free space,

and from Figure 4.4 v

T

can b e expressed as

v

T

= v

s

cos( � + � ) : (4.13)
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Figure 4.6: Doppler shift v ersus V elo cit y of LEO satellite.

Note that equation (4.12) can b e deriv ed as explained in section 4.1. Substituting equa-

tions (4.9) and (4.13) in to equation (4.12) w e obtain the follo wing relationship

~

f =

f

c

v

s

c

�

R

E

R

E

+ h

� cos � : (4.14)
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Figure 4.7: Doppler shift v ersus Carrier frequency .

Figures 4.6 and 4.7 sho w the plots of Doppler shift v ersus the v elo cit y of satellite and

Doppler shift v ersus the carrier frequency resp ectiv ely for a particular LEO satellite with

orbital altitude, h = 1000 km, � = 0

0

, and f

c

= 1 : 5 GHz.

W e no w express the Doppler shift as a function of carrier frequency f

c

and the arriv al

angle b y substituting (4.10) in to (4.14),

~

f =

f

c

( R

E

)

2

c

r

g

( R

E

+ h )

3

cos � : (4.15)

Figure 4.8 sho ws the plot of Doppler shift v ersus the arriv al angles for f

c

= 1 : 5 GHz,

h = 1000 km, when � v aries b et w een [0 ; � ]. Figure 4.9 sho ws the amoun t of Doppler

shift exp erience b y di�eren t mobile terminals when the satellite is �xed at � = 0

0

, mobile

terminals are uniformly distributed in [ � � = 6 ; � = 6] with resp ect to satellite and f

c

= 1 : 5

GHz and h = 1000 km.

Note that, in LEO satellite comm uni cations the satellites mo v e at around 7 : 2 km/s to 7 : 8

km/s range relativ e to the surface of the earth. As this v elo cit y is v ery high compared

to the v elo cit y of mobile terminals, including most aircraft, v elo cit y of mobiles can b e

ignored.
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Figure 4.8: Doppler shift v ersus arriv al angle.

4.3 MC-CDMA c hannel mo del in Doppler shift

In this section w e will in v estigate the e�ect of Doppler shift in the LEO satellite up-link

using a MC-CDMA system. Before explaining the statistics of the c hannel w e brie
y

in tro duce the ph ysical structure of a Doppler shift c hannel and its e�ect on a MC-CDMA

system. W e �nally explain the c hanges in (2.50) due to Doppler shift.

In general, sub-carriers in a MC-CDMA system su�er from di�eren t Doppler shifts i.e. at

bit in terv al k all J sub-carriers of user m su�er from di�eren t Doppler shift. A simple case

of Doppler shift in sub-carriers for t w o user is sho wn in Figure 4.10. F or clarit y Doppler

shift is sho wn only in sub-carrier f

c; 1

for user 1 and user 2. Due to Doppler shift, �rst

sub-carrier frequency f

1

c; 1

asso ciated with user 1 is shifted b y

~

f

1

1

unit and �rst sub-carrier

frequency f

2

c; 1

asso ciated with user 2 is shifted b y

~

f

2

1

unit from the original sub-carrier

frequency f

c; 1

If w e assume that there is no dela y or equal dela y for all users then the m ulti-path dela y

eases the signal pro cessing for the receiv ed signal. So, w e can ignore the Doppler spread

that results due to the time v arying m ulti-path c hannel.

A Doppler shift c hannel for the MC-CDMA transmitter where only user m is activ e can

b e illustrated as sho wn in Figure 4.11 where, �

m

j

( t ) =

1

p

J

exp ( i 2 � f

c;j

t ). If w e assume that
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Figure 4.9: Doppler shift v ersus co v erage angle.

the Doppler shift is a constan t o�set for eac h sub-carrier, then this shift can b e written

as a m ultipli cativ e [57] noise factors,

�

m

k ;j

( t ) = exp ( i!

m

k ;j

t ) (4.16)

= exp ( i 2 �

~

f

m

k ;j

t ) (4.17)

where, Doppler frequency shift on sub-carrier j of user m at bit in terv al k can b e written

as

~

f

m

k ;j

=

f

c

v

m

s

c

�

R

E

R

E

+ h

� cos( �

m

k ;j

) (4.18)

where, j = 1 ; 2 ; � � � ; J ; m = 1 ; 2 ; � � � ; M and f

c

is the carrier frequency . W e note that v ,

c , and f

c

are constan t for user m . So, f

m

k ;j

is a function of �

m

k ;j

whic h v aries non-uniformly

if users are uniformly distributed o v er the earth in [0 ; � ].

4.3.1 Simpli�ed Discrete-time MC-CDMA Channel with Doppler

Shift

F or the sim ulation presen ted in c hapter 5 w e simplify our mo del b y assuming that all

the sub-carriers of a particular user su�er from equal Doppler shift. W e also assume that
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Legend:
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Figure 4.10: Doppler shifts in sub-carrier 1 with frequency f

c; 1

for 2 users indicated b y

the sup erscript.

Doppler shift o v er K sym b olling in terv als remains the same whic h is a reasonable assump-

tion for the up-link of LEO satellite c hannels pro vided K is not to o large. Therefore, from

equation (4.16) the m ultiplicati v e Doppler factor for user m can b e written as

�

m

k

( t ) = exp ( i!

m

k

t ) = exp

�

i 2 �

~

f

m

k

t

�

(4.19)
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Figure 4.11: Lo w pass equiv alen t MC-CDMA transmission under Doppler shift.
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4.3. MC-CDMA c hannel mo del in Doppler shift

where,

~

f

m

k

=

f

c

v

m

s

c

�

R

E

R

E

+ h

� cos ( �

m

k

) (4.20)

is the Doppler frequency shift for user m , v

m

s

is the relativ e v elo cit y of satellite with

resp ect to user m , h is the orbital altitude, �

m

k

is the elev ation lo ok angle.

4.3.2 Discrete-time MC-CDMA c hannel mo del under Doppler

shift

If the transmitted signal exp eriences a Doppler shift as explained ab o v e, at the receiv er

w e will ha v e,

~e

k

( t ) =

1

p

J

M

X

m =1

J

X

j =1

p

w

m

k

d

m

k

s

m

k ;j

�

m

k

( t ) exp ( i 2 � f

c;j

t ) + n

k

( t ) (4.21)

where,

p

w

m

k

as discussed earlier denotes the receiv ed energy in eac h c hip of the w a v eform

transmitted b y user m . F rom equation (4.21) w e see that resultan t energy in di�eren t

frequency bins will b e c hanged relativ e to the ideal no motion due to Doppler shifts

b et w een di�eren t sub-carriers. W e therefore de�ne the Doppler a�ected user spreading

co de as

~s

m

k ;j

= s

m

k ;j

�

m

k

( t ) (4.22)

to include Doppler shifts and rewrite equation (4.21) as follo ws,

~e

k

( t ) =

1

p

J

M

X

m =1

J

X

j =1

p

w

m

k

d

m

k

~s

m

k ;j

exp ( i 2 � f

c;j

t ) + n

k

( t ) (4.23)

T o get an appropriate discrete-time mo del w e sample the signal at the receiv er at the

notional c hip rate, ie. w e substitute ( l � 1) T

d

=J for t and ( j � 1) =T

d

for f

c;j

and write

(4.23) in baseband form using l as the discrete time sample index,

~e

k ;l

=

1

p

J

M

X

m =1

J

X

j =1

d

m

k

~s

m

k ;j

exp

�

i 2 � ( j � 1)( l � 1)

J

�

+ n

k ;l

; (4.24)
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4.3. MC-CDMA c hannel mo del in Doppler shift

Note that, the signal could b e sampled at high rate so that the spreading co des w ould

essen tially ha v e no mo di�cations but only a shift in frequency .

W e can replace the bank of mo dulators for user m with an IFFT op eration follo wing the

same pro cedure as explained in c hapter 3.

~e

k ;l

=

M

X

m =1

IFFT f d

m

k

p

w

m

k

~s

m

k ;j

g + n

k ;l

: (4.25)

Therefore, for the en tire sym b olling in terv al k = 1 ; 2 ; � � � ; K , the signal at the receiv er

ma y b e simply written as

e

D

= IFFT f A

D

W d g + n 2 C

K J

(4.26)

where,

A

D

= diag[ A

D 1

; � � � ; A

D K

] 2 C

K J � K M

;

W = diag[ W

1

; � � � ; W

K

] 2 R

K M � K M

;

d = [ d

>

1

; � � � ; d

>

K

] 2 f� 1 ; +1 g

K M

;

n = [ n

>

1

; � � � ; n

>

K

)]

>

2 C

K J

;

and

A

D k

= [ ~ s

1

k

; ~s

2

k

; � � � ; ~s

M

k

] 2 C

J � M

;

W

k

= diag[

q

w

1

k

;

q

w

2

k

; � � � ;

q

w

M

k

] 2 R

M � M

;

d

k

= [ d

1

k

; d

2

k

; � � � ; d

M

k

]

>

2 f� 1 ; 1 g

M

;

n

k

= [ n

1

k

; n

2

k

; � � � ; n

J

k

]

>

2 C

J

:

A t the receiv er, w e �rst p erform an FFT op eration on the receiv ed signal e

D

. The de-

mo dulated signal therefore can b e written as
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q

D

= FFT [IFFT f A

D

W d g ] + z

D

(4.27)

where, z

D

is white Gaussian noise. After the despreading op eration, the MC-CDMA

Doppler shift c hannel output w ould b e,

y

D

= R

D

W

D

d + v

D

(4.28)

where, v

D

is coloured noise as correlations, C ( t

i

; t

j

), b et w een the pro cesses v ( t

i

) and v ( t

j

)

satisfy the follo wing prop ert y ,

C ( t

i

; t

j

) 6= 0 : (4.29)

The cross-correlation matrix

R

D

=

^

A

H

D

A

D

2 C

K M � K M

(4.30)

and

^

A

D

is the receiv er's estimate of A

D

. Channel matrix A

D

has the exact shifted user

sp eci�c spreading sequences whereas,

^

A

D

is the estimated c hannel matrix. The c hannel

mo del under Doppler shift can b e illustrated as in Figure 4.12.
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Figure 4.12: MC-CDMA Channel Mo del under Doppler shift.

4.4 Summ ary

The original con tribution of this c hapter is the MU MC-CDMA c hannel mo del with

Doppler shift for a LEO mobile satellite en vironmen t. W e review ed the basics of Doppler
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4.4. Summary

e�ects and presen ted the relationship b et w een Doppler shift and related propagation pa-

rameters. W e mainly concen trated on the e�ect of Doppler shift on the sub-carriers. It w as

sho wn that due to Doppler shift the amplitude and/or phase in a particular frequency bin

w as c hanged compared to the A W GN or frequency selectiv e fading en vironmen t. There-

fore the c hip of a spreading co de corresp onding to the frequency bin w as rede�ned and

an appropriate c hannel mo del w as dev elop ed to re
ect this c hange in the c hannel.
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Chapter 5

Iterativ e Receiv er for the Multi-User

MC-CDMA Channel

In this c hapter w e discuss a m ulti-user iterativ e in terference mitigation tec hnique for the

MU MC-CDMA system. W e describ e the receiv er for b oth the fading and Doppler shift

MC-CDMA c hannel. The iterativ e in terference mitigation metho d w as �rst prop osed and

discussed b y Alexander et al. [27] and Hagenauer [58] indep enden tly in detail for the DS-

CDMA c hannel. Due to the similarit y of the CDMA c hannel structure [27] to that of the

MC-CDMA c hannel outputs sho wn in equations (2.50), (3.14), and (4.28), w e prop ose an

iterativ e MU receiv er for the MC-CDMA c hannel. The receiv er structure w as inspired b y

serial concatenated turb o co des, but here w e consider that the CDMA is a rep etition co de

and users individually enco de their data. The receiv er op erates on the MC-CDMA c hannel

output and includes t w o basic blo c ks (ignoring the in terlea v ers), the in terference canceller

and the bank of M single user MAP deco ders. The in terference canceller reduces the MUI

and the M single user MAP deco der blo c ks [41] generate b oth conditional exp ectations

of eac h information sym b ol and conditional c hannel sym b ol exp ectations. The estimate

of c hannel sym b ol,

^

d , is then sen t to the in terference canceller whic h in turn assists in the

further reduction of the m ulti-user in terference. A hard decision is made to estimate the
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5.1. MUI Analysis

information sym b ol once the desired n um b er of iterations is completed. In the follo wing

sections w e discuss the in terference cancellation sc heme, the M single user MAP deco ding

blo c ks and the iterativ e tec hnique used in the receiv er.

5.1 MUI Analysis

A blo c k diagram of the iterativ e m ulti-user receiv er for the MC-CDMA system is sho wn

in Figure 5.1. W e start with the MU in terference analysis.

M -Single User

Deco ders

Dein terlea v er In terlea v er

In terference

Canceller

-
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Pr(

^

d

i

q

)

Figure 5.1: Multi-user MC-CDMA Iterativ e Deco der.

The MC-CDMA c hannel output can b e written as,

y = R d + v : (5.1)

The en tries �

i;j

; i 6= j , of the cross-correlation matrix R include the MUI due to the usage

of random co des b y m ultiple users in the c hannel. The diagonal elemen ts �

i;j

; i = j are the

receiv ed signal lev els in the co de matc hed �lter. W e consider v to b e coloured Gaussian

noise.

T o describ e the deco der, w e write y as a p erturb ed v ersion of d ,

y =

~

W d + v + F d (5.2)
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5.1. MUI Analysis

where,

~

W = diag( R ) (5.3)

F = R � W : (5.4)

The diagonal matrix

~

W has receiv ed p o w ers as its en tries and the matrix F describ es the

MUI presen t in the system. F or a particular elemen t of y , corresp onding to one output of

a particular correlator

y

q

= w

q

d

q

+ v

q

+ f

q

d (5.5)

where, f

q

is ro w q of F and m; k ; and q are uniquely related b y

q = ( k � 1) M + m: (5.6)

If w e kno w M and q , w e can �nd user m and the corresp onding bit k using

m = mo d ( q ; M ) (5.7)

k = d q = M e (5.8)

where, d x e is the smallest in teger not less than or equal to x and mo d( q ; M ) is the

remainder of q = M .

5.1.1 In terference Canceller

The in terference canceller [27] uses the estimates of the data bits

^

d

i

and op erates on the

c hannel output y as follo ws,

x

i

= y � F

^

d

i

(5.9)

=

~

W d + v + F d � F

^

d

i

(5.10)

=

~

W d + v + F ( d �

^

d

i

) (5.11)
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F rom equation (5.9) w e see that w e will ha v e to deliv er the estimate of c hannel sym b ol

^

d

i

to the in terference canceller at the end of iteration i . As w e assume that the receiv er has

full kno wledge of the c hannel R and therefore kno ws F , then d =

^

d when the MUI has

b een remo v ed from the c hannel. The b etter the estimate of d , the b etter the p erformance

of the in terference canceller. Therefore an iterativ e estimation tec hnique is used in the

receiv er.

The in terference canceller also pro duces the conditional probabilities p f x

i

q

j d

i

q

= � 1 g to in-

put in to the single user MAP deco der. The c hannel conditional probabilities are Gaussian

since from equation (5.5) the term f

q

d is deemed Gaussian for su�cien tly large n um b er

of users M . Therefore w e calculate conditional probabilities using

p f x

i

q

j d

i

q

= � 1 g =

1

p

2 � �

2

x

exp

�

�

( x

i

q

� 1)

2

2 �

2

x

�

(5.12)

The single user deco ding blo c k is explained in the follo wing section. W e start with a

review of the MAP algorithm.

5.2 Single User Deco der

5.2.1 Outline of the Maxim um-a-p osteriori (MAP) algorithm

The MAP algorithm w as �rst disco v ered b y Chang and Hanco c k [59] in 1966 as a maximum-

a-p osteriori probabilit y detection metho d for comm unicati on c hannels with memory . The

algorithm w as indep enden tly disco v ered b y Bahl et al. [41]. As more memory is required

to implem en t the algorithm and as it is more computationally complex than that of the

Viterbi Algorithm (V A) [60], it did not get m uc h atten tion at that time. Recen tly , after

adv ances in VLSI tec hnology , soft-decision deco ding of p o w erful error correcting co des has

b ecome feasible and the MAP algorithm has b een utilised b ecause it pro vides a soft-output

quan tit y so that the succeeding deco der(s) can p erform soft-decision deco ding.

Mo di�ed v ersions of the Bahl et al. MAP algorithm ha v e b een prop osed b y Berrou

et al. [61], Divsalar et al. [62] and Pietrob on et al. [63]. Hagenenauer et al. [64]

recen tly prop osed a mo di�ed v ersion of the algorithm for iterativ e deco ding of systematic

con v olutional co des in a DS-CDMA c hannel. Recen t analysis of the algorithms and the

mo di�ed v ersion of the algorithm rep orted b y Zhang et al. [65] sho ws that the original
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5.2. Single User Deco der

Bahl et al. algorithm do es not ha v e m uc h greater complexit y than the mo di�ed v ersions.

F or our single user deco der w e use the original Bahl algorithm.

Let the input bits from user m , f b

m

�

k

;

�

k = 1 ; � � � ; K

u

g , b e indep enden tly generated and ha v e

equal a priori probabilities. The bit sequence f b

�

k

g is enco ded b y a ( v ; u; � ) con v olutional

enco der as discussed in c hapter 3. Let the co de trellis ha v e a total n um b er of � distinct

states, indexed b y the in teger � = 0 ; 1 ; � � � ; �. The state of the trellis at bit in terv al

�

k

is denoted b y S

�

k

and output of user m b y f d

m

k

; k = 1 ; 2 ; � � � ; K g . Let the corresp onding

c hannel output at bit in terv al k on whic h the in terference canceller op erates b e denoted

b y , y

k

= ( y

1

k

; y

2

k

; � � � ; y

M

k

)

>

. F or the en tire sym b olling in terv al the in terference canceller

op erates on the c hannel output y . It includes all M users c hannel output for the en tire

sym b olling in terv al as de�ned in equations (2.50), (3.14), and (4.28).

As there is a one-to-one corresp ondence b et w een the c hannel output y and the in terference

canceller output x w e will use them in terc hangeably and the con text will mak e it plain

whic h is mean t. The single user deco ding blo c ks op erate on x according to the Bahl

algorithm. The outline of the algorithm is giv en b elo w.

Algorithm Outline

1. Initialise the appropriate b oundary conditions �

k =1

( � ) and �

k = K

( � ) for � = 0 ; 1 ; � � � ; �

of the probabilities,

�

k

( � ) = Pr ( S

k

= � ; e

1 ! k

) (5.13)

�

k

( � ) = Pr

�

e

( k +1) ! K

j S

k

= �

�

(5.14)

where, ( � )

1 ! k

denotes the sequence of elemen ts indexed from 1 to k , Pr( x ; y ) is the

join t probabilit y of x and y , and Pr( x j y ) is the conditional probabilit y of x assuming

y . Again the b oundary conditions for the ab o v e probabilities can b e written as [65],

�

1

(1) = 1 for � = 1 and �

1

( � ) = 0 for � 6= 1 (5.15)

�

K

(1) = 1 for � = 1 and �

K

( � ) = 0 for � 6= 1 (5.16)

W e can see that �

k

( � ) and �

k

( � ) can b e obtained recursiv ely , where � recursion go es

forw ard and the � recursion go es bac kw ard.

56



5.2. Single User Deco der

2. In the forwar d r e cursion w e compute and store the branc h metrics 


k

(

�

�; � ) and the

probabilities �

k

( � ) for k = 1 ; 2 ; � � � ; K as follo ws,




k

(

�

�; � ) =

X

e

k

p

k

( � j

�

� ) q

k

( e

k

j

�

�; � )R( y

k

j e

k

) ; 0 � �;

�

� < � (5.17)

�

k

( � ) =

� � 1

X

�

� =0

�

k � 1

(

�

� ) 


k

(

�

�; � ) (5.18)

where, p

k

( � j

�

� ) and q

k

( e

k

j

�

�; � ) are the a-priori transition probabilities with output

probabilities de�ned as,

p

k

( � j

�

� ) = Pr ( S

k

= � j S

k � 1

=

�

� ) ; 0 � �;

�

� < � (5.19)

q

k

( e

k

j

�

�; � ) = Pr ( e

k

= e

m

k

j S

k � 1

=

�

� ; S

k

= � ) ; 0 � �;

�

� < � (5.20)

where, e

k

2 C

J

. According to the assumptions on the information bits w e ha v e,

p

k

( � j

�

� ) = 0 : 5 and q

k

( e

k

j

�

� ) = 1 when there is a transition b et w een

�

� and � , otherwise

p

k

( � j

�

� ) = 0 and q

k

( e

k

j

�

� ) = 0. The c hannel transition probabilities, R( �j� ), in

equation (5.17) are de�ned as

Pr( y

1 ! k

j d

1 ! k

) =

k

Y

j =1

R( y

j

j d

j

) ; (5.21)

where ( � )

1 ! k

= ( � )

1

; � � � ; ( � )

k

, 1 � k � K , and

R( y

j

j d

j

) =

i = v � 1

Y

i =0

Pr( y

j;i

j d

j;i

) (5.22)

where, Pr( y

j;i

j d

j;i

) are Gaussian and can b e written as,

Pr( y

j;i

j d

j;i

= � 1) =

1

p

2 � �

2

exp

�

�

( y

j;i

� 1)

2

2 �

2

�

(5.23)

3. In the b ackwar d r e cursion for k = K ; � � � ; 1 and �;

�

� = 0 ; 1 ; � � � ; � � 1 w e

� compute �

k

( � ) where,

�

k

( � ) =

� � 1

X

�

� =0

�

k +1

(

�

� ) 


k +1

( �;

�

� ) (5.24)
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5.2. Single User Deco der

� compute the join t probabilities #

k

( � ) and �

k

(

�

�; � ) where,

#

k

( � ) = �

k

( � ) �

k

( � ) (5.25)

�

k

(

�

� ; � ) = �

k � 1

( � ) 


k

(

�

� ; � ) �

k

( � ) (5.26)

� compute the a-p osteriori probabilities Pr( d

k

= � 1 j x

1 ! K

) and Pr( d

k

= 1 j x

1 ! K

)

of the information bit at bit in terv al k and

Pr( d

k � 1

= � 1 j x

1 ! K

) =

X

�

� ;� 2 B

� 1

k

Pr( S

k � 1

=

�

� ; S

k

= � j x

1 ! K

) (5.27)

Pr( d

k � 1

= 1 j x

1 ! K

) =

X

�

� ;� 2 B

+1

k

Pr ( S

k � 1

=

�

� ; S

k

= � j x

1 ! K

) (5.28)

where, B

� 1

k

and B

+1

k

denote the set of transitions S

k � 1

=

�

� � ! S

k

= �

that are caused b y the input information bits d

k � 1

= � 1 and d

k � 1

= +1

resp ectiv ely . Here, Pr( S

k

= � j x

1 ! K

) and Pr( S

k � 1

=

�

� ; S

k

= � j x

1 ! K

) are

kno wn as the a-p osteriori probabilities of the state and transition probabilities

or the conditional probabilities of the enco ding trellis and are de�ned as,

Pr( S

k

= � j x

1 ! K

) =

Pr( S

k

= � ; x

1 ! K

)

Pr( x

1 ! K

)

(5.29)

Pr( S

k � 1

=

�

� ; S

k

= � j x

1 ! K

) =

Pr( S

k � 1

=

�

� ; S

k

= � ; x

1 ! K

)

Pr( x

1 ! K

)

: (5.30)

Zhang et al. [65] ga v e a detailed review of the algorithm including all the steps for deriving

the v arious equations. Here, w e ga v e the main steps in v olv ed in the algorithm.

5.2.2 Iterativ e Detection

The M single user MAP deco ders op erate according to the algorithm as describ ed in

the previous section to generate the a-p osteriori c hannel sym b ol probabilities Pr f d

i

q

=

+1 j x

i

g and P r f d

i

q

= � 1 j x

i

g and the information sym b ol probabilities Pr f b

i

q

= +1 j x

i

g

and Pr f b

i

q

= � 1 j x

i

g . The estimate of the c hannel sym b ol

^

d

i

q

= E

�

d

i

q

j x

i

�

used in the

in terference canceller at the i -th iteration is obtained from the conditional exp ectations

whic h are estimated using the output of the single user MAP deco der as follo ws,

E[ d

i

q

j x

i

] = � Pr f d

i

q

= � 1 j x

i

g + Pr f d

i

q

= +1 j x

i

g : (5.31)

These conditional exp ectations de�ne a \soft estimate" whic h the in terference canceller

can use to cancel the MUI. The presence of the in terlea ving blo c ks require that, in the
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5.3. Summary

transmitter, the user in terlea v es the enco der output streams b efore transmission across

the MC-CDMA c hannel to giv e sym b ol indep endence b et w een the m ulti-user in terference

canceller and the MAP deco der. It also reduces burst errors that arise in the single user

deco der blo c ks.

The estimate of c hannel sym b ol at iteration i ,

^

d

i

, is fed bac k to the in terference canceller

to impro v e the in terference canceller output b y reducing the MUI as discussed in subsec-

tion 5.1.1. The iterativ e pro cess therefore impro v es the system p erformance. The hard

estimate of the information sym b ol,

^

b , is generated once the desired n um b er of iterations

is completed.

5.3 Summ ary

In this c hapter w e ha v e discussed an iterativ e receiv er for the MU MC-CDMA c hannel. W e

describ ed an in terference cancellation sc heme and an iterativ e detection sc heme emplo y ed

in the iterativ e receiv er. W e ha v e also brie
y review ed the Bahl et al. algorithm.
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Chapter 6

P erformance of MC-CDMA c hannels

In this c hapter w e presen t the p erformance of the co ded MC-CDMA system for v arious

c hannel conditions. First w e sim ulate the system for the A W GN c hannel. Then w e discuss

and demonstrate the system p erformance o v er the frequency-selectiv e fading c hannel. The

relationship b et w een v arious parameters related to Doppler shift and the p erformance of

the system is presen ted at the end of the c hapter. W e start with the A W GN c hannel.

6.1 P erformance of MC-CDMA system in F requency-

Selectiv e F ading Channel

Eac h user in the c hannel uses a 4 state rate R

c

= 1 = 2 con v olutional co de. The generator

p olynomial in o ctal form is G = [5

8

; 7

8

]. W e sim ulate the system discussed in c hapter 3 for

M = 5 users where, eac h user �rst spreads their data across the same J = 6 sub-carriers

with a random spreading co de of J = 6 c hips. Spreading co des are c hosen indep enden tly

b y the users in eac h bit in terv al.

First w e sim ulate the system for the A W GN case and then w e include frequency selectiv e
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6.1. P erformance of MC-CDMA system in F requency-Selectiv e F ading

Channel
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Figure 6.1: Sim ulated p erformance of the iterativ e MU receiv er for MU MC-CDMA system

with M = 5 users, J = 6 c hips p er user and co de rate R

c

= 1 = 2 under A W GN c hannel.

fading e�ects as describ ed in c hapter 3. W e do not emplo y an y div ersit y com biner at

this stage to mitigate the fading e�ects. Therefore, w e exp ect to see the p erformance of

the system to degrade in the fading case. F or b oth cases w e assumed p erfect c hannel

estimation so that R is kno wn at the receiv er.

Figure 6.1 sho ws the p erformance of the sim ulated system for eac h of four successiv e

iterations with A W GN when all the users are activ e. The sim ulation result also includes

the single user p erformance to compare with the iterativ e receiv er p erformance for more

than one user case. It-1-A W GN, It-2-A W GN, It-3-A W GN and It-4-A W GN are the sim ulation

results after iteration 1, iteration 2, iteration 3 and iteration 4 resp ectiv ely for M = 5

users. SU-A W GN is the single user p erformance. The MUI presen t in the system is reduced

after eac h iterativ e cancellation and w e see that p erformance approac hes the single user
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6.1. P erformance of MC-CDMA system in F requency-Selectiv e F ading

Channel

p erformance b ound after four iterations.

Figure 6.2 sho ws the p erformance of the iterativ e receiv er for the co ded MU MC-CDMA

c hannel with frequency selectiv e fading. It-1-fad, It-2-fad, It-3-fad and It-4-fad are the

sim ulation results after iteration 1, iteration 2, iteration 3 and iteration 4 resp ectiv ely

for M = 5 users. SU-fad is the single user p erformance. F ading across users and the

sub-carriers are considered to b e indep enden t. The magnitude of the fading follo ws the

Ra yleigh distribution. F rom Figure 6.2 w e see that under fading c hannel a BER of 3 � 10

� 4

can b e ac hiev ed at an E

b

= N

0

v alue of 5 dB. The p erformance loss is therefore appro xi-

mately 0.5 dB w orse than that of the A W GN p erformance.
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Figure 6.2: Sim ulated p erformance of the iterativ e MU receiv er for MU MC-CDMA system

with M = 5 users, J = 6 c hips p er user and co de rate R

c

= 1 = 2 under frequency selectiv e

fading c hannel.
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6.2. P erformance of MC-CDMA system o v er Doppler shift c hannel

6.2 P erformance of MC-CDMA system o v er Doppler

shift c hannel

W e consider the up-link of a t ypical L band LEO mobile satellite comm unic ation link

where the frequency band of op eration is f

c

= 1.5 GHz, and the carrier bandwidth is

B

u

= 200 kHz. T able 6.1 sho ws the sim ulation parameters and their corresp onding

v alues. 6.1,

T able 6.1: Sim ulation P arameter for Doppler shift c hannel

Sim ulation P arameters P arameter Setting

Num b er of user, M 13

Num b er of c hips p er user, J 16, Random spreading sequences

Num b er of sym b ols in a blo c k, K 100

Sym b ol rate, r

d

= B

u

=J 12500 Hz

Sym b ol duration, t

d

0 : 08 ms

c hip rate, r

c

200 k c hip/sec

V elo cit y of satellite, v

s

� 7 : 5 km/sec

Horizon to horizon pass time, t

s

� 50 min

V elo cit y of mobile terminal, v

m

� 28 m/sec

Orbital altitude, h 1000 km

Earth radius, R

E

6367 : 5 km

F rom T able 6.1 w e see that v

m

� v

s

. Therefore, the v elo cit y of the MS can b e neglected

with resp ect to that of the satellite. Again from T able 6.1 t

d

� t

s

. W e can therefore

assume that for a particular user m the Doppler shift will b e constan t o v er a K sym b ol

blo c k.

W e can no w use T able 6.1 and equation (4.14) to calculate the Doppler shift for user m

when the satellite is at �

m

= � = 6 as follo ws,

f

D

=

1 : 5 � 10

9

� (6367 : 5 � 10

3

)

2

cos ( � = 6)

3 � 10

8

s

9 : 80665

( R

E

+ h )

3

(6.1)

= 31 : 7457 k H z : (6.2)

In the sim ulation, ho w ev er, w e ha v e used the rounded up in tegral n um b er of equiv alen t

sub-carrier shifts, �

0

. F or a Doppler shift of 31.7457 kHz the v alue of � w ould b e,

� =

f

D

N

B

u

=

f

D

r

d

= 2 : 57 and �

0

= 3 sub-carriers : (6.3)

63



6.2. P erformance of MC-CDMA system o v er Doppler shift c hannel

0
2

4
6

8
10

12
14

0

5

10

15
-3

-2

-1

0

1

2

3

satellite positionUser, M

S
ub

ca
rr

ie
r 

sh
ift

, t

Figure 6.3: Num b er of sub-carrier shifts � for M = 13 users when satellite c hanges its

p osition from � � = 6 to � = 6 with resp ect to earth cen tre.

Figure 6.3 sho ws n um b er of the sub-carrier shifts for di�eren t user when satellite c hanges

its p osition from � � = 6 to + � = 6 with resp ect to earth cen tre. Figure 6.4 sho ws sub-carrier

shifts for uniformly distributed users o v er the earth's surface while the arriv al angle �

from equation (4.8) v aries b et w een 0 to � .

W e again assume p erfect c hannel estimation. W e ha v e used the same con v olutional co de

discussed in section 3.2. Figure 6.5 sho ws the p erformance of the system in terms of

a v erage co ded bit error rate (BER) v ersus signal to noise ratio ( E

b

= N

0

) for four iterations.

It-1-dop, It-2-dop, It-3-dop and It-4-dop are the sim ulation results after iteration 1, iteration

2, iteration 3 and iteration 4 resp ectiv ely for M = 13 users. SU-dop is the single user

p erformance. W e see that after four iterations single user p erformance is ac hiev ed for all

13 users. Figure 6.6 sho ws the system p erformance for 1 ; 5 ; 7 and 13 users when J = 16

is k ept �xed for all the SNR p oin ts. W e see that the p erformances approac h the SU

p erformance at an E

b

= N

0

v alue of 5 dB after 4 iterations for all the users.
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Figure 6.4: Num b er of sub-carrier shifts, � , v ersus co v erage angle, � , for a particular user.

6.3 Summ ary

In this c hapter w e ha v e presen ted the MC-CDMA system p erformance for v arious c hannel

conditions. W e ha v e found that p erformance of the co ded system is m uc h b etter than

that of the unco ded system with the simple receiv er presen ted in c hapter 2. The iterativ e

detection sc heme has impro v ed the p erformance greatly and ga v e equiv alen t p erformance

to the single user case near 4 dB. F or the Doppler shift c hannel and the A W GN c han-

nel w e ha v e e�ectiv ely the same p erformance, ho w ev er, for the fading c hannel, system

p erformance degrades as exp ected. P erformance do es not degrade under Doppler shift

c hannel since w e ha v e tak en care of the Doppler a�ected amplitude and phase b y mo d-

ifying the matrix whic h mo dels c hannel. Under c hannel fading despite maximal ratio

com bining b eing used, net lost energy in other than target FFT frequency bins is not

comp ensated for. Therefore, p erformance degrades b y appro ximately 0.5 dB under fading

c hannel conditions as compared to the A W GN c hannel.
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Figure 6.5: Sim ulated p erformance of the iterativ e MU receiv er for MU MC-CDMA c han-

nel with M = 13 users, f

c

= 1 : 5 GHz, J = 16 c hips p er user, and r

d

= 200 kHz under

Doppler shift en vironmen t.
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Figure 6.6: Sim ulated p erformance of the iterativ e MU receiv er after four iterations for

MU MC-CDMA c hannel with M = 1 ; 5 ; 7 ; 13 users and f

c

= 1 : 5 GHz, N = 16 c hips p er

user, and r

d

= 200 kHz under Doppler shift en vironmen t.
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Chapter 7

Space Div ersit y in MC-CDMA

system with An tenna Arra y

In c hapter 5 w e ha v e seen that the p erformance of a MC-CDMA system is limited b y fading

ev en if w e use an iterativ e receiv er. In this c hapter w e address the issue of mitigating the

fading e�ects. Recen tly , this issue has b een addressed b y Nak ada et al. in [46, 47]. In [46]

they use selection div ersit y to com bine the una�ected sub-carriers on di�eren t an tenna

thereb y impro ving the gain b y com bating the frequency selectiv e fading. W e use maximal

ratio com bining to mitigate the fading e�ects b y using a BS an tenna arra y along with

our m ulti-user in terference mitigation system. W e sho w that the system p erformance

approac hes the single user p erformance.

As the detailed MU MC-CDMA fading c hannel mo del with an tenna arra y has y et not b een

discussed b y an y researc her, w e also address this issue in great detail. An tenna div ersit y for

mobile comm unic ation and in general for signal pro cessing ha v e b een addressed extensiv ely

and [42{45] are some recen t examples. T o assist our w ork in MC-CDMA c hannel mo delling

w e �rst review the basic de�nitions [43, 44] in the an tenna arra y literature and the simple

c hannel mo del for single carrier mo dulation. W e extend this single carrier mo dulation
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sc heme to m ulti-carrier mo dulation and then describ e the MU MC-CDMA c hannel mo del

with fading.

7.1 An tenna Arra y T erminology

In general terms, an tennas can b e classi�ed in to omni-dir e ctional and dir e ctional antenna .

An omni-directional an tenna has equal gain in all directions. It is also kno wn as an

isotr opic antenna . Directional an tennas b y con trast ha v e more gain in certain directions

and less in others. The direction in whic h the gain of the an tennas is maxim um is called

the b or e-sight of the an tenna. The gain of a receiving an tenna indicates the amoun t of

p o w er it deliv ers to the receiv er compared to an omni-directional an tenna. The gain of

a directional an tenna in the b ore-sigh t direction is measured with resp ect to the gain of

the omni-directional an tenna.

An tenna arra ys are usually formed b y arranging similar an tennas in v arious con�gurations

with prop er amplitude and phase relationships to giv e certain desired arra y c haracteristics.

When an an tenna arra y uses simple an tennas suc h as omni-directional an tennas, and

com bines the signal induced on this to form the arra y output, then this kind of arra y is

called a Phase d A rr ay A ntenna . The maxim um gain direction of the phased arra y an tenna

is con trolled b y adjusting the phase b et w een di�eren t an tennas. In some cases the gain

and phase of individual an tennas are c hanged b efore com bining to adjust the o v erall gain

of the arra y in a dynamic fashion as required b y the system. This kind of an tenna arra y is

kno wn as an A daptive A ntenna A rr ay . In man y other cases, the phase and the gain of the

individual an tennas in the arra y are c hanged to obtain an optimal p erformance (maxim um

output SNR) of the system. This kind of an tenna arra y is kno wn as Optimal A ntenna

A rr ay . Eac h an tenna in the an tenna arra y is kno wn as an element . Tw o w ell kno wn

con�gurations of the an tenna arra ys [45] are uniform linear arra y (ULA) and uniform

circular arra y . W e will consider only ULA whic h is v ery common in comm unic ation

systems [42].
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7.2 Beam-F ormi ng

The signals induced on di�eren t elemen ts of an arra y in space are com bined to form a

single output ( b e am ) of the arra y . This pro cess of com bining the signals from di�eren t

elemen ts is kno wn as b e am forming . The direction at whic h the arra y has maxim um

resp onse (arra y has maxim um gain) is said to b e the b e am p ointing dir e ction or lo ok

dir e ction .

F or a uniform linear arra y in whic h the signals are com bined without an y gain and phase

c hange, b eam p oin ting direction is br o adside to the arra y , that is, p erp endicular to the

line joining all elemen ts of the arra y . Man y tec hniques exist for b eam-forming [43]. Here,

w e review t w o fundamen tal tec hniques for b eam-forming.

7.2.1 Con v en tional Beam F orming

In this metho d the phase of the signal from di�eren t elemen ts are adjusted and the gain of

the signal from di�eren t elemen ts are k ept constan t to p oin t a b eam in a desired direction.

The total gain in the b eam p oin ting direction is determined b y the gain of eac h elemen ts

in the arra y .

The shap e of the an tenna pattern in this case is �xed whic h means that the p osition of

the side lob es with resp ect to the main lob e (main b eam) and their lev els are unc hanged.

T o c hange the p osition of the side lob es with resp ect to the main lob e, the gain and the

phase of the signal from eac h elemen t ha v e to b e c hanged.

The gain and phase applied to the signals deriv ed from eac h elemen t is a complex quan tit y

and referred to as a weighting applied to the signals in eac h elemen t. If there is only one

elemen t, no amoun t of w eigh ting can c hange the pattern of that an tenna. If there are t w o

elemen ts, b y c hanging the w eigh t of one elemen t relativ e to the other, one ma y adjust the

output p o w er to the desired v alue at a selected place. That is, one is able to place a single

minim um or maxim um at a particular place. Similarly , with three elemen t s t w o p ositions

ma y b e sp eci�ed and so on. Th us, with an B elements arr ay, one is able to sp e cify B � 1

p ositions . The de gr e e of fr e e dom of the arr ay for this case is B � 1.
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7.3. Beam steering

7.2.2 Null Beam F orming

The 
exibilit y of arra y w eigh ting to get the desired arra y pattern can b e exploited to

cancel directional sources op erating at the same frequency as that of the desired source,

pro vided these are not in the same direction of the desired source. By placing the nul ls in

the pattern in the corresp onding kno wn directions of these in terferers and sim ultaneously

steering the main b e am in the direction of the desired signal, cancellation is p ossible. This

metho d of b eam forming is kno wn as Nul l Be am F orming .

7.2.3 Beam P attern

A plot of the arra y resp onse as a function of angle is normally referred to as the arr ay

p attern or b e am p attern . This is also called p ower p attern when the p o w er resp onse is

plotted as a function of angle. It normally sho ws the p o w er receiv ed b y the arra y from a

particular direction due to a unit p o w er source in that direction.

The arra y pattern drops to a lo w v alue ( � 0) on either side of the b eam p oin ting direction.

The place of the lo w v alue is normally referred to as a nul l . The pattern b et w een the

t w o n ulls on either side of the b eam p oin ting direction is kno wn as the main lob e . The

width of the b eam (main lob e) b et w een the t w o half p o w er p oin ts is called the half p ower

b e am-width . Extent of the arr ay or ap ertur e of the arr ay refers to the distance b et w een the

t w o farthest elemen ts in the arra y . F or a linear arra y it is equal to the distance b et w een

the elemen ts on either side of the arra y . The larger the ap erture of the arra y , the smaller

the b eam-width can b e made.

7.3 Beam steering

7.3.1 Mec hanical and Electronic Steering

F or a giv en arra y , the b eam ma y b e p oin ted in di�eren t directions b y mo ving the ar-

ra y mec hanically . Ho w ev er, in a comm unic ations system, b eam steering is accomplished

electronically b y dela ying the signals from an elemen t appropriately b efore com bining to

form the single output. F or narro w-band signals, the phase shifters are used to c hange the

phase of signals b efore com bining them. The required dela y is sometimes accomplished b y
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inserting v arying lengths of coaxial cables b et w een an tenna elemen ts and the com biner.

This is ho w ev er a metho d that only allo ws �xed directions. A set of the p oin ting directions

can b e ac hiev ed b y c hanging the com binations of the dela y . Switc hing b et w een di�eren t

com binations of b eam steering net w ork is sometime s referred to as b e am switching .

7.3.2 Steering V ector

The ste ering ve ctor con tains the resp onses of all elemen ts of the arra y to a source. Re-

sp onse of the arra y v aries dep ending on the source directions. Therefore, eac h directional

source has its o wn steering v ector. The phase of its comp onen t i is equal to the phase dif-

ference b et w een signals induced on elemen t i and the reference elemen t due to the source

asso ciated with the steering v ector.

In the arra y pro cessing literature steering v ector is also kno wn as arr ay r esp onse ve ctor

or sp ac e ve ctor . In this w ork w e will use the term steering v ector whic h is more common

in mobile comm unications literatures.

7.4 Adv an tages of an An tenna Arra y in CDMA sys-

tems

The motiv ation b ehind using an an tenna arra y for our system lies in the the p erformance

impro v em en t that it can o�er to a CDMA comm unications system. Sp eci�cally it has

the capabilit y to: reduce the e�ect of frequency selectiv e fading in a MC-CDMA system

[46, 47], reduce m ulti-path fading, com bat co-c hannel in terference in CDMA system [42,

66, 67], and impro v e the sp ectral e�ciency b y forming m ultiple b eams.

In the presen t w ork w e consider only fading mitigation using an an tenna arra y utilising

div ersit y com bining tec hniques. Div ersit y com bining [68] is used to o v ercome the problem

of fading in radio c hannels and utilises the fact that the signals arriving at di�er ent

elements se e di�er ent fades . A system emplo ying a div ersit y com biner uses signals induced

on the v arious an tennas placed appro ximately 10 w a v elengths apart at di�eren t lo cations.

The spacing b et w een the elemen ts sho ws appro ximate indep enden t fading. There are

three main w a ys [69] of com bining these signals. F or example, in e qual gain c ombining

the phases of the desired signals are adjusted and are com bined in-phase with equal
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7.5. Single-carrier mo dulation with An tenna Arra y

w eigh ting. In maximal r atio c ombining , w eigh ts prop ortional to the SNR are applied to

the signals and are com bined in-phase. The sele ction diversity c ombiner selects the signal

from the an tenna with maxim um SNR for pro cessing. In general, the greater the n um b er

of an tennas, the greater the reduction in fading. It is found that 10 � 20 an tennas can

pro vide a satisfactory result [70].

7.5 Single-carrier mo dulation with An tenna Arra y

In this section w e describ e the single-carrier mo dulation sc heme using an an tenna arra y

at the BS. W e will sp eci�cally concen trate on the relationship b et w een v arious an tenna

arra y parameters and the c hannel mo del. W e therefore try to determine the adv an tage

of an an tenna arra y system o v er an omni directional system. W e start with reviewing

the concept of a co-ordinate system for the an tenna arra y , b eam-forming tec hniques, and

ULA as explained in [42, 44, 45].

7.5.1 Co-ordinate system and Uniform Linear Arra y
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Figure 7.1: De�nition of co-ordinate system.

Consider an arra y of f B ; b = 1 ; � � � ; B g omni-directional elemen ts imme rsed in a homo-

geneous media in the far �eld of f P ; p = 1 ; � � � ; P g uncorrelated sin usoidal p oin t sources
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7.5. Single-carrier mo dulation with An tenna Arra y

of frequency f

c

. Let the co-ordinate system b e illustrated as in Figure 7.1. Here, the as-

sumption of far �eld means that the radius of propagation (distance b et w een the emitter

and the receiving an tenna arra y) is so large compared to the ph ysical size of the arra y

that the w a v e receiv ed b y the an tenna arra y can b e considered to b e a plane wave or a

w a v e with a 
at plane of constan t phase. Let the origin of the co-ordinate system b e

tak en as the time reference, as sho wn in Figure 7.1. Th us, the time tak en b y a plane w a v e

arriving from elemen t b to the origin is giv en b y [44],

� ( �

p

b

; �

p

b

) =

r

>

b

� ^v ( �

p

b

; �

p

b

)

c

(7.1)

where, r

b

is the p osition v ector of elemen t b , ^v

p

b

is the unit v ector in direction ( �

p

b

; �

p

b

), c

is the sp eed of propagation of the plane w a v e fron t, and � represen ts the inner pro duct.

If a ULA of B equi-spaced elemen ts with in ter-eleme n t spacing d aligned with the x -axis

suc h that the �rst elemen t is situated at the origin then the time tak en b y a plane w a v e

to reac h elemen t b ignoring elev ation b ecomes

� ( �

p

b

) =

d

c

( b � 1) cos �

p

b

; b = 1 ; � � � ; B ; p = 1 ; � � � ; P (7.2)

where, �

p

b

is the azim uth and denotes the direction of arriv al (DO A) of source p on elemen t

b and is measured with resp ect to the normal to the arra y . The geometry of a ULA is

sho wn in Figure 7.2.

| | |||

�-

-

�

�

�

�

�

�

�

�

�=

Source

�

p

b

d

1 2 Bb B � 1� � � � � �

x

Figure 7.2: Geometry of a ULA with B elemen ts.

The signal induced on the reference elemen t (elemen t situated at the origin) due to source

p is normally written as [1],

m

p

( t ) exp ( i 2 � f

c

t ) (7.3)
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where, m

p

( t ) is the complex mo dulating function. F or example for a CDMA system,

m

p

( t ) is giv en b y

m

p

( t ) = d

p

( t ) s (7.4)

where, d

p

( t ) denotes message sequence and s is a pseudo-random noise binary sequence

ha ving the v alues = 1 or � 1. Assuming that the w a v efron t on elemen t b arriv es � ( �

p

b

)

seconds b efore it arriv es at the reference elemen t, the signal induced on elemen t b due to

source p can b e written as,

e

t

( �

p

b

) = m

p

( t ) exp [ i 2 � f

c

f t + � ( �

p

b

) g ] + n

t

( �

p

b

) (7.5)

= m

p

( t ) exp ( i 2 � f

c

t ) g

t

( �

p

b

)

| {z }

Signal term

+ n

t

( �

p

b

)

| {z }

Noise term

(7.6)

where, the arra y resp onse at time t asso ciated with the DO A �

p

b

due to source p on elemen t

b is

g

t

( �

p

b

) = exp f i 2 � f

c

� ( �

p

b

) g (7.7)

and n

t

( �

p

b

) is the zero mean white Gaussian noise comp onen t on elemen t b due to source

p with v ariance �

2

n

= N

0

= 2, where, N

0

= 2 is the double sided noise p o w er sp ectral densit y .

Here, w e ha v e adopted the narr ow b and assumption whic h assumes that the bandwidth

of the signal is narro w enough and that the arra y dimensions are small enough for the

mo dulating function to sta y almost constan t during � ( �

p

b

) seconds, i.e. the appro ximation

m

p

( t ) � m

p

f t + � ( �

p

b

) g holds.

Therefore, due to all P sources the total signal induced on elemen t b of the arra y can b e

written as,

e

t

( �

b

) =

P

X

p =1

e

t

( �

p

b

) (7.8)

Equation (7.8) is an expression for a m ulti-source c hannel as it includes all the sources

in the c hannel. This can b e generalised further for a m ulti-source m ulti-c hannel system,

where m ulti-c hannel also includes the c hannel e�ects due to m ulti-paths. In the literature

this is also kno wn as a m ulti-user m ulti-c hannel [1] system. W e will b e able to appreciate

this fact when w e consider the MC-CDMA system later in this c hapter. Note that, if
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the elemen ts w ere not omni-directional, then the signal induced on eac h elemen t due to

a source (m ulti-path comp onen t) is shap ed b y an amoun t equal to the resp onse of the

elemen t under consideration in the direction of the source.

7.5.2 Beam-fo rm ing

No w let us consider a narr ow b and b e am-former as sho wn in Figure 7.3, where signals

from eac h elemen t output are m ultiplied b y a complex w eigh t and summed to form the

arra y output. The �gure do es not sho w comp onen ts used to con v ert the RF signal to the

IF signal suc h as pre-ampli�ers, bandpass �lters, and so on. F rom the �gure, the arra y

output can b e written as,

y

t

( � ) =

B

X

b =1

e

t

( �

b

) �

�

t

( �

b

) (7.9)
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Figure 7.3: A narro w-band Beam-former.

where, � denotes the complex conjugate op eration and �

t

( �

b

) denotes the w eigh ts of the

b eam-former. W e can no w express equation (7.9) in linear algebraic form b y de�ning the

w eigh ts and the signals from on all elemen ts. Let the w eigh t v ector asso ciated with a

b eamformer b e de�ned as,

�

t

( � ) = [ �

t

( �

1

) ; � � � ; �

t

( �

B

)]

>

2 C

B

(7.10)

and the signal v ector from on the arra y b e de�ned as

e

t

( � ) = [ e

t

( �

1

) ; � � � ; e

t

( �

B

)]

>

2 C

B

: (7.11)
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Therefore, equation (7.9) can b e written as,

y

t

( � ) = �

H

t

( � ) e

t

( � ) 2 C

1 � 1

(7.12)

where, sup erscripts ( � )

>

and ( � )

H

denote the transp ose and complex conjugate transp ose

of a v ector or a matrix, resp ectiv ely .

If the comp onen ts of e

t

( � ) can b e mo delled as zero mean stationary pro cesses, then for a

giv en �

t

( � ), the mean output p o w er can b e written as

P ( �

t

( � )) = E[ y

t

( � ) y

H

t

( � )] (7.13)

= �

H

t

( � ) R

t

( � ) �

t

( � ) (7.14)

where, R

t

( � ) is the arra y correlation matrix and is de�ned as,

R

t

( � ) = E[ e

t

( � ) e

H

t

( � )] 2 C

B � B

: (7.15)

A comp onen t �

ij

of R

t

( � ) denotes the cross-correlation b et w een elemen t i and elemen t j

of the arra y . Let us de�ne the ste ering ve ctor g

t

( �

p

) asso ciated with source p as,

g

t

( �

p

) =

0

B

@

g

t

( �

p

1

)

.

.

.

g

t

( �

p

B

)

1

C

A

2 C

B

(7.16)

where, the in ter-elem en t distance is de�ned as d � 10 � so that uncorrelated fading can

b e assumed across the arra y , and � is the w a v elength of the carrier frequency f

c

and

the de�nitions for � ( �

p

b

) and g

t

( �

p

b

) follo w from equations (7.2) and (7.7) resp ectiv ely .

The steering v ector is also kno wn as the arr ay pr o c essing ve ctor in the arra y-pro cessing

literature [43, 45].

Algebraic manipulation using (7.8), (7.11), (7.15), and (7.16) leads to the follo wing ex-

pression for R

t

( � )

R

t
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p

( t ) g
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= G

t

( �

p

) W

t

G

H

t

( �
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) + �

2

n

I (7.18)
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where,

G

t

( �

p

) =

�

g

t

( �

1

) ; � � � ; g

t

( �

P

)

�

2 C

B � P

; (7.19)
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P
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P � P

; (7.20)

I is the iden tit y matrix, w

p

is the energy of the complex mo dulating function m

p

( t ) when

it is mo delled as a zero mean complex pro cess, and W

t

is the P � P source correlation

matrix denoting the p o w er for eac h source.

Con v en tional Beam-forming

A con v en tional b eam-former also kno wn as delay-and-sum b e am-former [44] c ho oses all

w eigh ts to b e equal in magnitude. The phases are selected to steer the arra y in a particular

direction �

p

, so that the arra y has a unit y resp onse in the lo ok dir e ction , i.e. the mean

output p o w er of the pro cessor due to a source in the lo ok direction is the same as the

source p o w er.

Let the w eigh t v ector asso ciated with a b eam-former for source p b e de�ned as,

�

t

( �

p

) =

1

B

g

t

( �

p

) (7.21)

where, g

t

( �

p

) denotes the steering v ector in the lo ok direction �

p

and assumes that the

source p o w er in the lo ok direction is w

p

then the arra y output can b e written as

y

t

( � ) = �

H

t

( �

p

) e
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( �
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) (7.22)

= �

H

t

( �

p

) [ e

t

( �

p

1

) ; � � � ; e

t

( �

p

B

)]

>

(7.23)

where,

e

t

( �

p

) = m

p

( t ) exp( i 2 � f

c

t ) g

t

( �

p

) 2 C

B

(7.24)

is the arra y signal v ector due to lo ok direction signal.
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Then, from equations (7.24) and (7.16) w e get,
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The b eam-forming op eration therefore yields the mean output p o w er

P ( �

t

( �

p

)) = E [ y

t

( �

p

) y

�

t

( �

p

)] (7.28)

= w

p

: (7.29)
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Figure 7.4: Con v en tional Beam-former with 2-elemen t ULA.

So, w e see that a con v en tional b eam-forming op eration giv es the mean output p o w er equal

to the p o w er of the source if the arra y resp onse v ector is steered in the lo ok direction. The

pro cess is equiv alen t to mec hanical steering in the lo ok direction except that the op eration

here is p erformed electronically . Figure 7.4 illustrates a con v en tional b eam-former where
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7.6. MC-CDMA c hannel mo del with An tenna Arra y

e

t

( �

p

1

) is the signal receiv ed on the �rst of the 2-elemen t arra y , and e

t

( �

p

2

) is the signal

on the second elemen t of the arra y . Here, 1 =B = 0 : 5 is used as the scaling factor, whic h

essen tially pro vides an arra y gain equal to unit y in the lo ok direction �

p

, in eac h elemen t

b efore the sum op eration. The b eam-forming tec hnique describ ed here is v alid when only

one source is presen t. F or m ultiple source case more complex b eam-forming op eration

should b e p erformed. A detail on this can b e found in [44].

7.6 MC-CDMA c hannel mo del with An tenna Arra y

In this section w e deriv e the MU MC-CDMA fading c hannel mo del with a BS an tenna

arra y . The c hannel mo del is dev elop ed based on the fading c hannel assumptions discussed

b elo w.

7.6.1 F ading c hannel Assumptions

W e consider frequency-selectiv e fading for the presen t system. The assumptions for the

fading considered in c hapter 3 are still v alid. Therefore, sub-carriers corresp onding to

a user will su�er from a 
at-fading e�ect. W e assume that the fading across the sub-

carriers is indep enden t. The elemen ts in the BS an tenna arra y are assumed to b e lo cated

far enough apart ( � 10 � ) to b e statistically indep enden t across the elemen ts. Therefore,

sub-carriers on elemen t i ha v e di�eren t fading e�ects than that of elemen t j in the arra y .

Figure 7.5 illustrates an example for the MC-CDMA system with an an tenna arra y with

2 elemen ts. W e see that, due to indep enden t fading across an tenna elemen ts, sub-carrier

f

c; 1

and f

c; 5

are faded for an tenna elemen t 1 and sub-carriers f

c; 2

; f

c; 3

; and f

c; 4

are faded

for an tenna elemen t 2. W e can therefore p erform div ersit y com bining at the IF lev el in

the receiv er to com bat fading e�ects b y p erforming a complex w eigh ted com bining of sub-

carriers from di�eren t an tenna elemen ts so that the probabilit y that the p erformance of

the system b eing degraded b elo w a giv en threshold is v ery m uc h reduced. In Figure 7.5,

the faded f

c;i

s at t w o an tenna elemen ts are complem en tary and adequate p erformance

o v er the whole bandwidth ma y b e ac hiev ed through w eigh ted summation. It is ob vious

that this kind of an tenna div ersit y can not b e ac hiev ed from a MC-CDMA system with

only 1 elemen t at the BS.
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7.6. MC-CDMA c hannel mo del with An tenna Arra y

F rom our assumptions the 
at fading for sub-carrier j of user m at bit in terv al k can b e

describ ed b y ,

 

m

k ;j

= 


m

k ;j

exp ( i'

m

k ;j

) ; (7.30)

where, 


m

k ;j

is Ra yleigh distributed and '

m

k ;j

is uniformly distributed on [0 ; 2 � ).

Note that due to our assumption on the in ter-eleme n t spacing w e can no longer assume

that the w a v efron t is a plane w a v e with a simple DO A. It is ho w ev er p ossible to set up

an tenna arra ys at eac h lo cation in our arra y and ha v e a lo cal DO A. But this concept

is not in v estigated here b ecause of asso ciated high cost of implem e n tation. As a kno wn

phase relationship can not b e assumed b et w een an tenna elemen ts a sync hronisation signal

is necessary to reco v er phase coherence indep enden tly at eac h an tenna elemen t. All of the

phase v ariation is encapsulated in the  

m

k ;j

of equation (7 : 30). Also note that due to our

assumption on the in ter-elemen t spacing, con v en tional b eam-forming tec hnique discussed

earlier is no longer applicable since a p erfect kno wledge of phase relationship is required

for the b eam-forming op eration. In this thesis ho w ev er w e don't address this issue.
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Figure 7.5: Example fading c hannel observ ations in a MC-CDMA system at 2 di�eren t

an tenna elemen ts.
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7.6. MC-CDMA c hannel mo del with An tenna Arra y

7.6.2 Channel Mo del

The signal from user m at bit in terv al k of a co ded discrete-time MC-CDMA system o v er

a fading c hannel can b e written as,

e

m

k

= IFFT

�
p

w

m

k

d

m

k

s

m

k ;j

 

m

k ;j

+ n

m

k ;j

	

(7.31)

where,  

m

k ;j

, as discussed in the previous section, is the Ra yleigh fading c hannel parameter

whic h atten uates sub-carrier j indep enden tly of the other sub-carriers, n

m

k ;j

is the additiv e

white Gaussian noise in the frequency domain corresp onding to sub-carrier j of user m

at bit in terv al k whic h has mean zero and v ariance �

2

n

= N

0

= 2. This represen tation for

the noise is p ossible as the F

� 1

uses an orthonormal basis.

The total signal induced on elemen t b at bit in terv al k due to all users can b e written as,

e

k ;b

=

M

X

m =1

IFFT

�
p

w

m

k

d

m

k

s

m

k ;j

 

m

k ;j;b

+ n

m

k ;j;b

	

: (7.32)

The total signal receiv ed at the an tenna arra y can b e therefore written as

e

k

=

B

X

b =1

e

k ;b

: (7.33)

A t the receiv er w e p erform do wn con v ersion on eac h an tenna elemen t and assume p erfect

fron t end �ltering so that eac h sub-carrier signal corresp onding to eac h co ded bit can b e

separated. The demo dulation op eration on eac h an tenna elemen t is p erformed using an

FFT op eration. Th us after demo dulation equation (7.33) can b e written as,

e

k

=

B

X

b =1

M

X

m =1

�
p

w

m

k

d

m

k

s

m

k ;j

 

m

k ;j;b

+ n

m

k ;j;b

�

: (7.34)
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7.7 MC-CDMA c hannel mo del with an tenna arra y

in linear algebraic form

W e will no w express (7.34) in linear algebraic form. Let us de�ne the faded spreading

co de for user m at bit in terv al k as the B J elemen t v ector,

a

m

k

= s

m

k

� 	

m

k

(7.35)

=

�

a

m

k ; 1

; � � � ; a

m

k ;J

�

>

2 C

B J

(7.36)

where, � is the Hadamard pro duct of s

m

k

and 	

m

k

. The B elemen t v ector a

m

k ;j

= s

m

k ;j

 

m

k ;j

2

C

B

denotes a faded spreading co de c hip and the B J elemen t v ector 	

m

k

=

�

 

m

k ; 1

; � � � ;  

m

k ;J

�

>

2

C

B J

denotes the fading for J sub-carriers at B elemen t s, where,  

m

k ;j

=

�

 

m

k ;j; 1

; � � � ;  

m

k ;j;B

�

>

2

C

B

is the m th user's fading on sub-carrier j at eac h of the B an tenna elemen ts.

F or M users therefore, the c hannel matrix at bit in terv al k w ould b e,

A

k

=

�

a

1

k

; � � � ; a

M

k

�

2 C

B J � M

:

Let the co ded data for all users at the k th bit in terv al b e de�ned as d

k

=

�

d

1

k

; � � � ; d

M

k

�

>

2

f� 1 ; 1 g

M

and the noise at eac h of the B elemen ts for eac h of the J sub-carriers can b e

written as n

k

=

�

n

k ; 1

; � � � ; n

k ;J

�

>

2 C

B J

, where, n

k ;j

= ( n

k ;j; 1

; � � � ; n

k ;j;B

)

>

2 C

B

denotes

the noise for sub-carrier j on the arra y elemen ts. F or the en tire sym b oling in terv al w e

ha v e,

A = diag ( A

1

� � � A

K

) 2 C

K B J � K M

; (7.37)

d = ( d

>

1

; � � � ; d

>

K

)

>

2 f� 1 ; 1 g

K M

; (7.38)

n = ( n

1

; � � � ; n

K

)

>

2 C

K B J

: (7.39)

The structure of the MC-CDMA c hannel matrix A is illustrated in Figure 7.6. Using

the notations sho wn in equations (7.37) - (7.39) w e can write the demo dulated signal in

equation (7.34) as follo ws,

e = A W d + n 2 C

K B J

(7.40)
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Figure 7.6: Structure of MC-CDMA c hannel matrix with an tenna arra y .

where, n is the aggregate additiv e white Gaussian noise pro cess v ector. Note that A

includes the en tire c hannel information for the whole arra y . Equation (7.40) is no w in

linear algebraic form. After demo dulation at the receiv ers and assem bling the samples w e

p erform a matc hed �ltering op eration on the output e as follo ws,

y =

1

B

^

A

H

A W d +

^

A

H

n 2 C

K M

; (7.41)

where, 1 =B is a normalization factor for the B an tenna elemen ts. Equation (7.41) includes

demo dulation, despreading and the div ersit y com bining op eration at the same time. Note

that the signals at di�eren t an tenna elemen ts should b e phase adjusted appropriately with

resp ect to the reference an tenna elemen t so that the an tenna arra y output can b e summed

coheren tly . W e use div ersit y com bining to com bat the fading e�ects. This is ac hiev ed b y

�rst despreading, then m ultiplying the B elemen t outputs b y their corresp onding complex-

v alued (conjugate) c hannel gain f (  

m

k ;j;b

)

�

; m = 1 ; � � � ; M ; k = 1 ; � � � ; K ; j = 1 ; � � � ; J ; b =

1 ; � � � ; B g and then summing. The e�ect of this m ultiplication is to comp ensate for the

phase shift in the c hannel and to w eigh t the signal b y a factor that is prop ortional to the

signal strength. This optim um com biner is kno wn as maximal r atio c ombining [68, 71].
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7.8. Sim ulation

In MC-CDMA systems w e can include this com bining sc heme in our matc hed �ltering

pro cess. In practice the c hannel needs to b e estimated to giv e

^

A whic h can b e done from

the sync hronization mec hanism used to ac hiev e an tenna elemen t coherence and it ma y b e

augmen ted b y a re�nemen t based on the receiv ed data.

Therefore, (7.41) is the c hannel output of the MU MC-CDMA system with the BS an tenna

arra y . Figure 7.7 illustrates the the blo c k diagram of the MU MC-CDMA c hannel mo del

with BS an tenna arra y for the bit in terv al k . If the c hannel correlation matrix is set to

b e R =

1

B

A

H

A , then (7.41) can b e written as,

y = R W d + z (7.42)

where, z is colored noise. Note that, diagonal terms of R are the desired terms and the

o�-diagonal terms in R include all the MUI terms.
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Figure 7.7: MU MC-CDMA c hannel mo del with BS an tenna arra y at bit in terv al k .

7.8 Sim ul ation

W e ha v e sim ulated a M = 5 ; J = 6 ; B = 2 MC-CDMA system for the same fading

c hannel as discussed in c hapter 3. W e use the rate 1 = 2 con v olutional co de with generator

matrix G = [5

8

7

8

] discussed in c hapter 3. Spreading co des used b y di�eren t users are
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7.8. Sim ulation

c hosen randomly and indep enden tly across sym b ol in terv als and users. Figure 7.8 sho ws

the system p erformance in terms of a v erage co ded BER v ersus SNR for the sym b ol syn-

c hronous uplink o v er a fading c hannel. The magnitude of the slo wly v arying frequency

non-selectiv e Ra yleigh faded v ariables for eac h sub-carrier c hannel are generated based

on the follo wing relationship,




m

j

=

q

( u

m

j

)

2

+ ( v

m

j

)

2

(7.43)

where, u

m

j

and v

m

j

are zero mean statistically indep enden t Gaussian random v ariables

with v ariance 1/2.

1 1.5 2 2.5 3 3.5 4 4.5 5
10

-5

10
-4

10
-3

10
-2

10
-1

10
0

E
b
/N

0
 (dB)

B
E

R

It-1-Ant
It-2-Ant
It-3-Ant
It-4-Ant
SU-Ant  

Figure 7.8: Sim ulated p erformance of the iterativ e MU receiv er for a MU MC-CDMA

c hannel with a BS an tenna arra y with a n um b er of arra y elemen ts B = 2 and M = 5

users utilising J = 6 sub-carriers p er user.

W e exp ect to see the same p erformance as in the A W GN case b ecause of the strict

represen tation of fading on sub-carriers discussed in example 1. W e ha v e used maximal
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7.9. Summary

ratio com bining and the iterativ e m ultiuser receiv er for detection. Iteration is terminated

after the fourth iteration.

7.9 Summ ary

In this c hapter w e ha v e dev elop ed the c hannel mo del of a co ded MC-CDMA system

with an an tenna arra y . Space div ersit y is emplo y ed in the system to mitigate the fading

e�ects. W e ha v e review ed the de�nitions and terminologies asso ciated with the an tenna

arra y literature. W e ha v e sho wn that the matc hed �lter op eration can b e used to p erform

div ersit y com bining along with despreading op eration if the c hannel matrix A is de�ned

appropriately . It is also sho wn that a MU iterativ e receiv er along with maximal ratio

com bining can mitigate b oth the fading and the MUI in the system when the sources are

indep enden t.
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Chapter 8

Sum m ary , Conclusions and

Recom m end ations

8.1 Summ ary and Conclusions

The w ork presen ted in this dissertation addressed sev eral problems in a MC-CDMA system

while used in the uplink of a mobile radio c hannel. The signi�can t con tributions and their

impact in the area are describ ed b elo w.

The �rst signi�can t result in c hapter 2 w as sho wing the similarit y of a MC-CDMA c hannel

to that of a DS-CDMA c hannel. This w as done through the dev elopmen t of a detailed

MC-CDMA c hannel mo del for the A W GN en vironmen t at the b eginning of the c hapter.

It is found that a MC-CDMA c hannel can b e view ed as a DS-CDMA c hannel in the

frequency domain. Instead of spreading in the time domain, as is done in DS-CDMA, for

MC-CDMA spreading is done in the frequency domain. Also in MC-CDMA, as opp osed to

DS-CDMA, data is transmitted using m ultiple sub-carriers. Therefore, if the mo dulation

and demo dulation op erations are ignored, a MC-CDMA c hannel resem bles the DS-CDMA

c hannel.
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8.1. Summary and Conclusions

Once the c hannel mo del w as dev elop ed the w ork considered the detection problem. It w as

sho wn that the MUI is a ma jor limiti ng factor in MC-CDMA system p erformance when

users emplo y random co des. Single user correlation detection therefore is sub-optim um

in a system using random co des.

This MC-CDMA c hannel mo del for the A W GN en vironmen t w as extended to the dev el-

opmen t of a co ded MC-CDMA c hannel mo del for fading and Doppler shift en vironmen ts.

Due to the dissimilar nature of the c hannels di�eren t signal pro cessing metho ds are used,

consequen tly the c hannels are treated in t w o di�eren t c hapters - c hapter 2 and c hapter

3. The MC-CDMA c hannel mo del for Doppler shift w as generalised b y including the fre-

quency shifts in the mo del. It w as sho wn that the resultan t energy in di�eren t frequency

bins will b e c hanged relativ e to the ideal no motion case due to Doppler shifts b et w een

sub-carriers. Ho w ev er, the net energy in the MC-CDMA c hannel remains unc hanged. If

the random Doppler shifts for all users are kno wn, a similar p erformance to the A W GN

en vironmen t is exp ected in the case of Doppler shifts as w ell. In this thesis w e assumed

that amoun t of Doppler shift is kno wn to the receiv er. W e did not address the problem

of Doppler shift estimation here. Rather w e lo ok ed in to Doppler shift correction problem.

W e de�ned the c hannel mo del with Doppler shift so that a simple matc hed �ltering could

b e used to eliminate the e�ect of Doppler shift p erfectly if the amoun t of Doppler shift is

kno wn to the receiv er.

In case of fading ho w ev er the net energy at the receiv er is c hanged. Therefore the p er-

formance of a MC-CDMA c hannel o v er fading en vironmen t is exp ected to degrade as

compared to the of the A W GN en vironmen t. Another k ey observ ation from the co ded

MC-CDMA c hannel mo del w as that the structure of the MC-CDMA c hannel could b e

view ed as t w o concatenated co des - the inner co de describing the MU c hannel and the

outer co de describing the enco der for eac h user in the c hannel. The rest of the w ork in

this thesis w as therefore motiv ated b y these three �ndings.

The promising p erformance of an iterativ e in terference mitigation tec hnique in DS-CDMA

c hannel w as �rst prop osed b y Alexander et al. in [27]. Since the concatenated structure

of a MC-CDMA c hannel is similar to that of a DS-CDMA c hannel w e prop osed a similar

iterativ e MU receiv er for the MC-CDMA c hannel. The structure of the receiv er w as

inspired b y the serial concatenated turb o co des where w e consider that the CDMA is

a rep etition co de and users ha v e an enco der for their individual data. In c hapter 5 w e
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review the MAP algorithm and the in terference mitigation tec hnique for the MC-CDMA

c hannel. MU in terference canceller reduces in terference b y cancelling the MUI terms

presen t in the c hannel output. T o do that in terference canceller requires the estimated

data from the SU MAP deco der. Deco ding and MUI reduction is p erformed iterativ ely at

the receiv er. P erformance of the iterativ e MU receiv er presen ted in c hapter 6 agree with

our in tuitiv e conclusions that the p erformances o v er A W GN and Doppler shift c hannels

are same whereas the p erformance o v er fading c hannel degrades as compared to that of the

A W GN c hannel. The results w ere presen ted for four iterations. Note that the complexit y

of the receiv er increases as the n um b er of iteration increases. The main limitation of the

receiv er is therefore its high implem en tati on complexit y .

The w ork therefore, concen trated on the deriv ation of a more e�cien t MC-CDMA receiv er

for the fading c hannel. In c hapter 7 w e consider this issue. W ork done b y Nak ada et al. [46]

for space div ersit y in m ulti-carrier mo dulation to mitigate fading has some similarit y to our

w ork. Ho w ev er, they used a selection div ersit y sc heme to mitigate the fading b y exploiting

the adv an tage of indep enden t fading across di�eren t an tenna elemen ts. Here, w e prop osed

a MC-CDMA system with maximal ratio com bing to mitigate fading. Ho w ev er, the

detailed discussion on the c hannel mo delling presen ted here could b e easily used to deriv e a

generalised c hannel mo del to incorp orate di�eren t t yp e of div ersit y in the system. W e used

the iterativ e MU reception tec hnique since the MC-CDMA c hannel with an tenna arra y can

also b e view ed as the serial concatenated turb o co des. W e assumed indep enden t fading

across the elemen ts. It should b e noted that the c hannel mo del dev elop ed for an tenna

arra y is highly dep enden t on the assumption on in ter-elem en t spacing. W e assumed

an in ter-elemen t spacing of appro ximately 10 � to pro vide indep enden t fading across the

elemen ts. Ho w ev er, the k ey di�cult y with this assumption is that the phase asso ciated

with the signals at di�eren t elemen ts are no longer related and should b e estimated b efore

com bining the arra y output. In this thesis w e ha v e not considered this problem. W e

assumed p erfect c hannel kno wledge in our analysis. A detailed c hannel mo del for co ded

MC-CDMA system with an tenna arra y is not discussed to an y great depth or detail in the

literature. The w ork done in this c hapter is therefore a completely new addition in the

MC-CDMA literature. The linear algebraic mo del describ ed in this thesis helps in �nding

the similarit y of the c hannel to the turb o co de, thereb y allo ws us in using the e�cien t

iterativ e detection sc heme to impro v e the system p erformance o v er fading c hannel. It

w as also found that b y de�ning the c hannel matrix appropriately w e can simply p erform
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matc hed �ltering op eration to re
ect the despreading and maximal ratio com bining at

the same time.

The p erformance of this new MC-CDMA system with iterativ e m ultiuser detector is also

presen ted for a small n um b er of users in this thesis. The complexit y of the iterativ e re-

ceiv er do es not c hange but the pro cessing in the demo dulation and despreading increases

b y a factor of B due to the B elemen t an tenna arra y system. Ho w ev er, the indep en-

den t fading across the elemen ts allo ws us to use the div ersit y com bining op eration. The

p erformance of the system o v er fading c hannel follo ws the A W GN p erformance due to

our strict assumption on the fading c hannel. In general, with maximal ratio com bining,

p erformance approac hes A W GN with 1 n um b er of elemen ts.

8.2 Recomme ndations

Tw o ob vious extensions to our w ork lie in the area of c hannel estimation and the lo w

complexit y MU receiv er design for more adv erse mobile radio c hannels suc h as fast fading

and Doppler spread c hannels. In this thesis one of the main assumptions for the fading

c hannel w as that the sub-carrier bandwidth is m uc h less than the c hannel coherence

bandwidth. Therefore, the frequency selectiv e fading w as mo delled as indep enden t 
at

fading on eac h sub-carrier. Ho w ev er, if the sub-carrier bandwidth is greater than the

c hannel coherence bandwidth then the sub-carriers will su�er from indep enden t frequency

selectiv e fading. Therefore, p erformance of the system will degrade with the existing

iterativ e receiv er. Ho w ev er, with p erfect c hannel estimation tec hnique the phase and

frequency o�sets due to fading c hannel can b e eliminated.

A complex c hannel estimation could also b e required if the Doppler shift c hannel mo del is

extended to include the Doppler spread whic h is more common in the land mobile radio

en vironmen t. Doppler spread includes b oth Doppler shift and m ultipath dela y . Therefore,

to impro v e the system p erformance o v er Doppler spread c hannel, frequency , phase and

timing o�sets should b e estimated and corrected b efore deco ding can b e p erformed.

One k ey observ ation with all our c hannel mo dels is their similarit y to turb o co de. Channel

estimation therefore can b e included within our iterativ e MU receiv er. Not m uc h w ork

has b een done with iterativ e c hannel estimation tec hnique and is therefore an op en area

of future researc h.
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As men tioned earlier, the iterativ e receiv er discussed here su�ers from high implem en ta-

tion complexit y . Complexit y of the receiv er increases as the n um b er of iteration increases.

Ho w ev er, more iterations are required to reduce the MUI and to impro v e estimate of es-

timate of data. SU MAP deco der generates the estimated data based on the in terference

canceller output. Therefore, one p ossible w a y to reduce the receiv er complexit y w ould

b e to emplo y more e�cien t in terference cancellation tec hnique. In the presen t receiv er

w e used linear in terference cancellation. The p erformance of di�eren t t yp e of in terference

cancellation tec hnique is not in v estigated for MC-CDMA c hannel and is therefore could

b e an extension to this w ork.
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