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Abstract

This report describes the Bit Error Probability (BEP) performance of Multi-Carrier Code
‘ Division Multiple Access (MC-CDMA) system using the RAKE-receiver in frequency
selective slow Rayleigh fading channels. The analysis has been carried out by a theoretical
approach using the characteristic function method for quadratic form of Gaussian random
variables and by computer simulation. The BEP performance of Direct Sequence Code
Division Multiple Access (DS-CDMA) system under the same conditions is analysed and

compared with the BEP performance of the MC-CDMA system.

Indexing terms: Digital Communication, Spread Spectrum, Code Divison
Multiple Access, Multi-Carrier Code Divison Multiple

Access



Summary

Multi-Carrier Code Division Multiple Access (MC-CDMA) is a new protocol. It was proposed
by Linnartz et al. in 1993. The MC-CDMA protocol is based on spread spectrum technique. In
the MC-CDMA system the signal is spread by using a number of subcarriers and orthogonal
codes.

One of the serious problems in wireless radio communications is multipath fading, which
severely degrades the system performance. This phenomenon can be combated by using MC-
CDMA. We analyse the BEP performance of the MC-CDMA system in frequency selective
slow Rayleigh fading channels. The results of this analysis are compared with the BEP
performance of a well-known Direct Sequence Code Division Multiple Access (DS-CDMA)
system. Also, it will be compared under the same conditions: the same kinds of Power Delay
Profile (PDP) and RAKE structures are used in both CDMA receivers, that is, the frequency
domain RAKE-receiver for the MC-CDMA system and the time domain RAKE-receiver for
the DS-CDMA system. In order to take the correlation of subcarriers into account an
exponential PDP is assumed and the result is compared with that using a uniform PDP, which
is equal to the case where the subcarriers are uncorrelated. The analysis is done theoretically
and by using computer simulation. The BEP lowerbound is obtained by using the characteristic
function method for quadratic form of Gaussian random variables. Unfortunately there is no
closed form for the BEP upperbound for the MC-CDMA system, therefore, we have to resort
to computer simulation. Also multiuser interference on the BEP performance for MC-CDMA
system is analysed by using computer simulation because of its theoretical complexity. In

addition a simple multiuser detection scheme is proposed.

The BEP lowerbounds for the MC-CDMA system obtained by theoretical and computer
simulation agree well. From the BEP lowerbounds of the MC-CDMA and DS-CDMA systems
we can conclude that the MC-CDMA system can outperform the DS-CDMA under certain
circumstances. The BEP upperbound appears to be independent of the number of simultaneous
users. Further we can see the MC-CDMA system can accommodate more users than the DS-

CDMA system given a certain bandwidth.



List of symbols

an/p] the pth bit of the data sequence

a(t) attenuation of the signal component at delay 7,(?) for the nth path
By Doppler spread

i/ gain of the /th path

A guard duration

(40 coherence bandwidth

c(t; 1) lowpass channel function

Cif:v) Fourier transform of ¢(7; )

D decision variable

i Walsh-Hadamard code sequence of the nth user

Af frequency separation between two signals

f the carrier frequency

H() transfer function of a channel

h(t) impulse response function of a channel

Po(7) multipath intensity profile or the delay power spectrum
o.(7, A1) autocorrelation of ¢(7,1)

& random variable of the phases

Kps processing gain of DS-CDMA system

Kue processing gain of the MC-CDMA system

M covariance matrix

Pu(t) a unit pulse that is non-zero in the interval of 0 and 7
Ry random variable of the amplitude

r(t) received signal

Pxy complex correlation coefficient of random variables x and y
s(t) transmitted signal

Ty bit duration

T multipath spread or rms delay spread

T, symbol duration

(1) delay for the nth path
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Xi
Y

bandwidth of the baseband signal
inphase phase component of R

quadrature phase components of R
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BEP

BPSK
CDMA
DS-CDMA
11D

ISI

LOS
MC-CDMA
MPD
MRC

PDP

pdf

PN

QPSK

SS

WH

WSS
WSSUS
US

List of abbreviations

Bit Error Probability

Binary Phase Shift Keying

Code Division Multiple Access

Direct Sequence Code Division Multiple Access
Independent and Identically Distributed
Intersymbol Interference

Line-Of-Sight

Multi-Carrier Code Division Multiple Access
Measured Power Delay

Maximum Ratio Combining

Power Delay Profile

probability density function

Pseudorandom Noise

Quadrature Phase Shift Keying

Spread Spectrum

Walsh-Hadamard

Wide Sense Stationary

Wide Sense Stationary Uncorrelated Scattering

Uncorrelated Scattering

v




CONTENTS

SUIDARIY, reousnsaussaronsesnmssessns s e e A TR RS ANSR A R S R RS SRS TR RS RASS i
LSt OF SYMDBOLS.voiccusessnsssrssossssonsosussasanssersnssusssssusssonsssssasosssnassssssssssssensassnssosssssssonsssssossisasen ii
List of abbreviations.........cueeeeiinirnnieinieininneineinieeeneeisesessssesosessssssssssssssassssssssssssnns iv
L ITOUREHON . s s s AR AT B N T SRS TS STV (S s iea s an i 1
2 Multipath Fading Channel....ccovmesmsamsamnnammmmsssasossasamssasssamsassssosisss >
2.1 Multipath fading..............coooiiiiii e 5

2.1.1 Delay spread and coherence bandwidth.............................................. 7

2.2.2 Doppler spread and coherence time............................coooiiiiiiiie, 9

2.2 Diversity teChNIQUES. .........oooiiiiiiiiieeceee e 9

3 MCCDMA and DS-CDMA: SYSRME ..o ossmsmsssssevsssmmms 11
3.1 MC-CDMA SYSEEIM ..ottt 12

3.1.1 Base station model ................cocooiiiiiiiii 12

3.1.2 Channel model .............oooooiiiiiiiiice e 14

3.1.3 Receiver model ............cccoviminenvenrenenrinenseeereeseeseesseseessmrsrssessssssossessens 15



3.2 DS-CDMA SYSLEIM ......ooiiiiiiiieiiiiie ettt 16

3.2.1 Base station model ............c.oooiiiiiiiiiii 17

3.2.2 Channel model ............c.cooiiiiiiiiiiiiiiii 18

3.2.3 Recetver model ..ot 19

3.2 Design of the SYSIEMS .......o.oiiiiiiiiiiiiei i 20
4 BEP Performance ANSIYSIS .csnsesssssvossvesmnersssssssssrasssvossassssssssssassssssonessosssasssassrssossnses 21
4.1 BEP analysis for the MC-CDMA...............oooiiiiiiiiee e, 21
4.1.1 BEP lowerbound..............cooooiiiiiiiiii 23
4.1.1.1 Correlation between two and more signal ................................. 23

4.1.1.2 Power delay profile ...........c..ooovviiiiiiiioiiiiiciceee 25

4.1.1.3 ReSUIES ..o 26

4.1.2. BEP UpPerbOUNT ..cousmumssess s snvssmmnssnssasmsns stssesmanseses s sastat i oot innamnn 28

4.2 BEP analysis for the DS-CDMA ..o 28
4.2.1 BEP lowerbound................ccooiiiiiiiiiiiiii e 29

4.2.2 Multiuser effect onthe BEP ..o 30

4.2.3 RESUILS ..ottt 30

4.3 BEP comparison between MC-CDMA and DS-CDMA ..., 32
5 Computer SIMUIALIONS c.cccuuiiieriireiiriireeirrrreeecesreeeeeesseeteeeesssereesessssrassasesssssssasssssssssssses 33
5.1 Simulation model of the tranSmitter.................oooeiiiiiiiiiiiieeeeeee 33
5.2 Simulation model of the channel............................ 34
5.3 Simulation model of the receiver ...............occooiiiiiiiiiii e 35
5.3.1 Single-user deteCtion .............cccvvieeiiiiiiiiiiiiiiiiecieecce e 35

Fidel NOINSEr GSIEBIION -.onscnsessmmmreoe s D LR mbmammermne 37

vi



5.4 Simulation results 37

5.5 Comparison between theorctical and simulation results.............coccooooiiiin. 41
6 Conclusions and recommendations....... esssserssasis RITRIS SRRSO SISO RIS 43
REMCIEICES . ccccurerrienccarrcscrnecsonsncerosssnosssnessnssossessensassansasssanssssssnssssssnssssssssssssssssssessssssssssassons 45
APPONUIXS oo cosissssssisisissississssiraonsrissserntsnoronsssnsssasnanasenssssrnesestyitinnt bisnsitississsinsesssrsrossassessere 49

“BER Comparison of DS-CDMA and MC-CDMA for Frequency Slective
Fading Channels”

7th Tyrrhenian International Workshop on Digital Communications, 10-14
September, 1995

vil



Introduction

Indoor wireless radio communication is becoming increasingly popular in offices, warehouses,
hospitals, etc., since it offers people true mobility by freeing them from cables. Also indoor
wireless radio communication reduces wiring in new buildings and provides flexibility in
changing or creating various communication services in existing buildings. Until now many
researches have been done in the areas of indoor wireless radio communications [1-3]. One of
these areas is the multiple access scheme. Like any other wireless radio communications,
indoor wireless radio communication suffers from multipath fading, which severely degrades
the system performance. Multipath fading occurs when signal components, for example
resulting from reflections, arrive at the receiver via two or more paths. Depending on whether
the different signal components are combined constructively or destructively, the received
signal will be located in a peak or a dip respectively. Two parameters that are often used to
characterise the multipath channel are the root mean square (rms) delay spread 7, and the
coherence bandwidth (4f). [4]. The delay spread 7, is a measure of the length of the impulse
response of the channel. When the rms delay spread is larger than the symbol duration
intersymbol interference (ZS7) occurs. Further, the coherence bandwidth (4f), is given in [4] as

(see also Chapter 2)
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1
(Af), ~
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and is a measure of the correlation of fading between frequencies. If two frequencies lie within
the coherence bandwidth of the channel, then they are likely to experience correlated fading.
The precise definition of coherence bandwidth can differ from one reference to another [35, 6]
and is subjectively determined.

In narrowband systems the corresponding narrowband signal experiences little IS/, since
the bit duration 77 is much larger than the delay spread (7 >> T,). However, the condition 73
>> T,, also means that the signal bandwidth is much smaller than the coherence bandwidth,
thus time correlated fading is very likely to occur and the signal can totally fade.

As a solution to the above-mentioned problem, one converts the information waveform
into a waveform with a much wider spectrum thus to achieve frequency diversity. The
conventional DS-CDMA technique spreads the information signal by multiplying it by a
pseudorandom sequence with a chiptime of 7,/Kps, where Kps is the processing gain [7]
(usually Kps varies from 100 to 1000). The bandwidth of the spread signal will be Kps times as
large as that of the original signal. If Kps is chosen to be sufficiently large, i.e. much larger
than the coherence bandwidth, it is unlikely that the spread signal will totally fade. However,
the delay spreads will affect the signal to a great extent and the signal will experience a

considerable interchip interference, which introduces additional cross-correlation noise.

The objective of this report is to compare the performance of Multi-Carrier Code Division
Multiple Access (MC-CDMA) system with that of a conventional DS-CDMA system in terms
of bit error probability (BEP). It is interesting to compare the MC-CDMA system with the DS-
CDMA system since many other systems have been compared to the DS-CDMA system.
Further, a thorough analysis of the MC-CDMA system is necessary to come to the right choice
for the implementation of a particular service in a particular environment since there are
different candidates for multiple access schemes, such as TDMA [8], DS-CDMA and MC-
CDMA.

The MC-CDMA scheme was proposed by Linnartz et al. in 1993 [3]. In contrary to DS-
CDMA, where after signal spreading the adverse effects of the delay spread is increase as a
consequent of interchip interference, the MC-CDMA spreads a signal without increasing the
negative effects of the delay spread by using a number of subcarriers. In reference [3] the
performance of the MC-CDMA system is studied by assuming Rayleigh fading to be

Independent and Identically Distributed (IID) at each subcarrier. However, in practice, this




1 Introduction

assumption is not correct since the subcarriers are in general highly correlated. In this report
we will take the correlation between subcarriers into account by assuming an exponential
Power Delay Profile (PDP). Also for the case of uncorrelated fading we discuss a uniform
PDP. Further we discuss carrying out computer simulation to verify and analyse the MC-
CDMA system. Receivers with RAKE structure [4] are used in both systems. It is well-known
that a RAKE-receiver can combine the scattered signal power effectively and thus to produce

the best performance [5].

This report is constructed as follows. In chapter 2 the general aspects of an indoor radio fading
channel are discussed. One of the techniques to combat fading is diversity and here we consider
the maximum ratio combining (MRC) technique. In chapter 3 we present system models for
MC-CDMA and DS-CDMA. The transmitter, the channel and the receiver model are
discussed. In chapter 4 we analyse the system performance in terms of BEP. In chapter 5

computer simulation is addressed. Conclusions and recommendations are given in chapter 6.
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Multipath Fading Channel

In an indoor radio channel multipath fading is one of the most hostile propagation mechanisms
and it severely degrades the system performance. The first section describes the multipath
fading in detailed and the parameters which characterise the multipath channel. In the second
section we discuss a diversity technique based on linear combining strategy, that is, maximum

ratio combining, which can be used to combat multipath fading.

2.1 Multipath fading

In an indoor environment the signal components from different paths arrive at the receiver in
different ways, often by reflections, thus multipath occurs. These components will be combined
constructively or destructively depending on the phases of the components. The total received
signal will be located in a peak or a dip, respectively. A useful expression that characterises the

channel is the following lowpass channel equation [4]

o(rit) =2 (e " Os(r — 7 (1) @.1)
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where a,(t) is denoted as the attenuation of the signal component at delay 7,(#) for the nth path
and f;. is the carrier frequency. Assuming the channel is Wide Sense Stationary (WSS), the

autocorrelation function of ¢(7; #) is given by

1 .
9.(7,,7,,A1)= ’Z‘E[c (714 )c(Tz;tz)]
2.2)

1 .
=S Hemine(ms + A0)

Further, if we assume the channel is uncorrelated scattering (US), i.e. the attenuation and the

phase shift of the channel associated with path delay 7; is uncorrelated with those associated

with the path delay 75, then equation (2.2) can be written as

¢ (7, 75 A= @.(7), 755 A1) 6( 7,— 7,)

2.3
. (1;At) 6( - 1,) where T = T, (23)

Thus a Wide Sense Stationary Uncorrelated Scattering (WSSUS) channel can be described by

using equation (2.3).

A completely analogue analysis can be done in the frequency domain by taking the Fourier
transform of the time-variant multipath channel ¢(7; #), thus the time-variant multipath transfer

function C(f; t) can be obtained,
C(f;n= J'c(r; e *"dr (2.4)
For a WSS channel the autocorrelatioin function of C(f; #) can be written as

be(fin £ M) =2 E[C(51)CUsit,+A0)] @3)

Substituting equations (2.3) and (2.4) into equation (2.5) [4], we can see that uncorrelated

scattering implies that the autocorrelation function ¢@,(f;, />, At) will only be a function of the

difference of the frequencies f; and f5 instead of the distinct frequencies f; and f5. Thus for a
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WSSUS channel we can write @.(7;, fo; A1) as ¢ (4f; At), where Af= fo- fi. And @ (4f; Al is
defined as

B8, A1) = [4.(r; Aye = 6)

The function ¢.(4f; A1) is also called the spaced-frequency and spaced-time correlation

function of the channel. We discuss this function in more detailed in the following two

subsections.

2.1.1 Delay spread and coherence bandwidth

The multipath intensity profile, the delay power spectrum or the power delay profile (PDP)
#.(7) of the channel is defined by setting A equal to zero in the autocorrelation function
¢.(7; At). Various forms of power delay profiles have been discussed in the literature [10]:

rectangular, exponential, Gaussian and triangular. In indoor environments the delay power
spectra can usually be approximated by exponential functions. The range of values of 7 over

which ¢,(7) is essentially nonzero is called the multipath spread or rms delay spread and is

denoted by 7}, [4]. In [2] the rms delay spread 7, is defined as

T, =E[r*]- E*[7] .7)

where

D ub? D> B’
E[r]=-L and E[*]=-L (2.8)

> B > B2
1 I

where £ is the gain of the /th path. The values of the rms delay spread depends on the size and
the topography of the building under consideration. In [11] a median of the rms delay spread of

25 ns have been reported.
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By taking the Fourier transform of ¢,(7), we obtain the spaced-frequency correlation function
¢.(40). Figure 2.1 shows the relationship between the functions ¢.(7) and ¢.(4f), where an

exponential power delay profile is assumed.

6. (ADI 060

Fourier
(AN ——— 0
transform
pair

0 5 At 0 —> T
| 1 | ‘
Af) =— T, —%
c Tm

Spaced-frequency Multipath intensity profile
correlation function

(a) (b)

Figure 2.1 Relationship between the spaced-frequency correlation function

and multipath delay profile.

The reciprocal of the multipath spread is called the coherence bandwidth of the channel. The
coherence bandwidth is a measure of the correlation of the fading between signals of different

frequencies and is given in [4] as

1
A ~— 2.9
(AS), T 2.9)

m

If the bandwidth of the transmitted signal is larger than coherence bandwidth (4f). of the
channel, then the transmitted signal will undergo different gains and phase shifts across the
band and be severely distorted by the channel. We say that the channel is frequency selective.
However, if the bandwidth of the transmitted signal lies within the coherence bandwidth (4f).
of the channel, the whole signal will experience the same attenuation and phase shift. In this

case the channel is said to be frequency non-selective.
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2.2.2 Doppler spread and coherence time

The Doppler power spectrum of the channel Sc(2) gives the signal intensity as a function of
the Doppler frequency A We can obtain the function Sc(4) by taking the Fourier transform of
the spaced-time function ¢@.(Af), which is defined by ¢.(At)= ¢.(0; Ar). The range of values of

A over which S¢(4) is nonzero is called the Doppler spread B, of the channel. The relationship

between Sc(4) and ¢.(At ) is shown in figure 2.2, where a Gaussian Doppler power spectrum

is assumed.
[ (A)] Se (M)
Fourier
[ (A1) G—————> S:(})
transform
pair
0 — At 0 — )
¢ COR W —_— < By e
Spaced-time correlation Doppler power
function ’
(a) (b)
Figure 2.2 Relationship between the spaced-time correlation function and the

Doppler power spectrum.

The reciprocal of the Doppler spread is a measure of the coherence time of the channel, i.e.

1
(A1), 5 (2.10)

where (A1), is the coherence time. A slowly changing channel has a large coherence time,

which correspond to a small Doppler spread.

2.2 Diversity techniques

Diversity techniques can be used to combat mutipath fading. There are different kinds of
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diversity techniques [9]: frequency diversity, time diversity, space diversity, polarisation
diversity etc. In this report a diversity technique base on linear combining is considered:
Maximum Ratio Combining (MRC). One type of receiver which uses this technique is called
the RAKE-receiver. The RAKE-receiver combines the scattered power of the signals such that
it produces an optimum signal in the sense of BEP performance. The time-domain RAKE-
receiver uses time diversity while the frequency domain RAKE-receiver uses frequency

diversity.

10



MC-CDMA

and DS-CDMA Systems

DS-CDMA is a familiar protocol [12-15]. On the contrary MC-CDMA, which is based on
spread spectrum technique, is a fairly new protocol and was proposed by Linnartz et al. in
1993 [3]. Unlike the conventional DS-CDMA technique, where spreading of a signal is
achieved by multiplying the information signal with a pseudorandom sequence with a chip time
of Ty/Kps, spreading of a signal in MC-CDMA system is achieved by adding up the coded
narrowband signals. The main advantage of MC-CDMA scheme over the conventional DS-
CDMA scheme, where negative effects of time spreads are increased because of interchip
interference, is that negative effects of time spreads do not increase. However one of the
disadvantages is that the complexity and the costs of the transmitter and receiver will increase

linearly with the number of narrowband signals in the spread signal.

Throughout the report only the performance of the downlink (from base station to mobile) is
considered. In this chapter we present system models for MC-CDMA and DS-CDMA in order
to evaluate and compare their performances. We consider frequency selective slow Rayleigh

fading channels. To make a fair comparison we assume the same kinds of PDPs. An

11
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for the case of heavy frequency selective fading. In the first section we consider the MC-
CDMA system and in the second section the DS-CDMA system. In the last section the design

of the systems and their parameters are discussed.

3.1 MC-CDMA system

In this section we present the MC-CDMA system model. The MC-CDMA system uses the
Walsh- Hadamard (WH) code, which is a member of the family of orthogonal codes, to
achieve multiple access. Each user is assigned to a particular WH code sequence. The

transmitter, channel and receiver models are considered.
3.1.1 Base station model
The transmitter model is shown in figure 3.1, where a each data symbol is replicated

into K. parallel copies. Each copy is multiplied by a chip of a PN code of length K

and then BPSK modulated with a number of subcarries with a space of 4f among each

subcarrier.
s(2nft
d, cos(2nft)
cos(2nf t+2nAft)
ldu

2 s.(t)

cos(2nf t+2rAf(K - 1)t)

&4

1P

Figure 3.1 Ttransmitter model the MC-CDMA.

12



3 MC-CDMA and DS-CDMA Systems

At the end of the transmitter all these signals with different subcarriers will be added up and

transmitted. Thus the transmitted signal of user » can be written as

w0 Kype-l

Sa(1) = D" an[pldyy cos(2nf t +2mAf kt)pr, (t = pTy) G.1)

p=0 k=0
where a,/p] is the pth bit of the data sequence and {d,;} is the Walsh-Hadamard code
sequence of the nth user, and Pr(?) is an unit pulse that is non-zero in the interval of 0 and T3

The frequency separation Af=1/T,, where T is the symbol duration.

In the base station all the signals of different users are added up and transmitted. Thus the

transmitted signal of the base station will be
L

s() =Y si(1) (3.2)
I=1

where L is the number of active users in the system. The power spectrum of the signal s(?) is

shown in figure 3.2.

Power spectrum of the MC-CDMA signal

frequency

»

Total number of subcarriers: P x K1

Figure 3.2 Power spectrum of the MC-CDMA signal.

13
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3.1.2 Channel model

We consider frequency selective slow Rayleigh fading channels. Since the MC-CDMA signal
is best described in the frequency domain, we use the transfer function of the continuous-time

fading channel equation to describe the channel. This transfer function is given as
H(f, +Afk)=R, ¢’ (3.3)

where R, and ¢ are the random variables of the amplitudes and phases respectively. R; is
assumed to be a Rayleigh random variable and its probability density function (pdf) is given as

[15]

2
&, (”zc%“"”"if’ (3.4)

where o” is the variance of the random amplitude and is determined by the power delay profile.
The Rayleigh fading mechanism is illustrated in figure 3.3. As can be seen the specular or /ine-

of-sight (LOS) component is assumed to be absent.

Rayleigh fading

Transmitter Receiver

Figure 3.3  Illustration of Rayleigh fading channels.

The received signal of the pth bit can be written as

14



3 MC-CDMA and DS-CDMA Systems

L Ky
r(t) = Z Z Red) xay[ pleos2aft +270f kt + @) +n(t) (3.5)

where n(t) is the AWGN with one-sided power spectral density of N,.

3.1.3 Receiver model

The receiver model of the user # is shown in figure 3.4, where we assume a perfect carrier
synchronisation. First the received signal 7(?) is coherently demodulated and then multiplied by
d,. Gi,, where G, is the gain.

2/T,.cos(2nft+¢,)

-

d..G,

&

2/T,.cos(2rf t+2nAft+d,)

d..G,

l l
® ® ,

r(t) B
— Detector
®
®

2/T,.cosRaft+2nAf(K - D+ e,

! édmwu(}xu;l

Figure 3.4  Receiver model of the user n in the MC-CDMA system.

The decision variable D on the pth bit can be written as

K~ Kpe=1Tp
D=3 {ZR d,a,[p]x }+ Y [m.()G, cos(2rf, +2nAf ki +,)
k=1 1=1 k=0 ¢
N Kol 1 (3.6)
=3 G.Ra,[pl+ Y. D RG,a[pl+n
k=1 k=0 I=1

l#n

15
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The first term in the summation is due to the desired signal, the second term and the third terms
are the multiuser interference and noise respectively. A frequency domain RAKE-receiver is
realised by choosing the gain Gy as R,. When choosing the gain G, as 1/R;. the orthogonality

of the signal can be perfectly be restored.

3.2 DS-CDMA system

In this section we present a DS-CDMA system model. Figure 3.5 shows the block diagram of
the DS-CDMA system with RAKE-receiver. The binary information sequence b(?) is
modulated twice, once by a PN sequence and once by a conventional modulator, such as BPSK
or QPSK modulator. The modulator and demodulator are the basic elements in the system.
When a signal passes through a frequency selective channel, different copies of the signals with
different delays will reach the receiver. The RAKE-receiver attempts to resolve the multiple-

path components and appropriately combine them for time diversity advantages [10].

Fading
FE OB EEIE G F RS Y WS s G &S A g5 SEERE s G s BN E S G e s : Charin]

Modulator

White
Gaussian
Noise

+

Multiuser
Interference

Receiver j

RAKE-Receiver
Structure

PN Code
Generator

Bandpass
Filter

Figure 3.5 Block diagram of DS-CDMA system.
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3.2.1 Base station model

The basic idea of the DS-CDMA scheme is to modulate the information signal with a
wideband noise-like (PN) code sequence. This process is shown in figure 3.6. Demodulation is
done by multiplying the received signal by the same PN code. BPSK is employed throughout

the report. The complex-lowpass expression of the transmitted signal is of the form

K ps
s;(t)=" b;(k)e;(k)u(t-KkT,) (3.7
k=1

The transmitted signal of the base station will be the sum of signals of different users s(#) and

can be written as follows

J
s(t)=2sj(t) (3.8)

J=1

where J is the total number of active users in the system.

Data waveform b,(t)
L

: time
-1: o

PN waveform c(t)

alsl e niniaaiininis
i |_l|_ UL UU‘L

Spread baseband signal b(t)*c,(t)

Esialsiminisinininis
oo oot o=

Figure 3.6 Multiplication of the information signal with a PN sequence.
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3.2.2 Channel model

As in the case of the MC-CDMA system, the same WSSUS channel with frequency selective
slow Rayleigh fading is considered. The complex equivalent lowpass time-variant impulse

response can be written as [4]

L
h(rn=2 g (O8(r-1)) 3.9
=1

where ¢ and 7 are the time and the time delay, respectively, L is the number of resolvable paths,
g(t) is the complex envelope of the signal received on the /-th path which is a complex
Gaussian random process with zero mean and variance o7, which is determined by the power

delay profile, and 7 is the propagation delay for the /-th path. The factor gi() is given as
/(1) = Gp.e/% " (3.10)

where G, is a Rayleigh random variable with variance o and 6(?) is a random variable
uniformly distributed in [0, 27). Further the number of the resolvable paths is given according

to the following expression

T
L=|21+1 311

c

where [ x] is the largest integer less than or equal to x. This equation is based on the time
resolution of direct sequence spread spectrum signal, which is equal to the chip duration 7.

The received signal will be of the form

o
r(t)=2rj(t)+n(t) (3.12)

J=1

where n(t) is the AWGN with one-sided power spectral density N, and (%) is given as

L
rit)="Y s;(*h(z;1) (3.13)
/=1
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3 MC-CDMA and DS-CDMA Systems

where * denotes the convolution.

3.2.3 Receiver model

Figure 3.7 shows a model of the time domain RAKE-receiver for the DS-CDMA system. In

each arm the received signal is delayed by 7 and despread by code j. After the signal is

despread it will be multiplied by the complex conjugate of the path gains. Finally, different

copies of the signal will be added up and go to the detector.

Figure 3.7 Ttime-domain RAKE-receiver.

B
®
[ ]
®
1

Despreader
With PN
Code j

Despreader
With PN
Code j

Despreader
With PN
Code j

g2*®

D
§ Detector

The decision variable D, which is the output of the detector, can be written as

where N, is given as

=1

Ty

Ny =e/% In(t)dt

0

L L
D=>'R}+) RNy

(3.14)

(3.15)
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3.3 Design of the systems

In practice spreading and despreading of the MC-CDMA signal is done by the Discrete Fourier
Transform (DFT). The number of subcarriers is thus determined by N-point FFT. In [17] it is
shown that there exists an optimum number of N to minimise the BEP. This can be seen as
follows: as the number of subcarriers increases the transmission performance becomes more
sensitive to the time selectivity because the wider symbol duration is less robust to the random
FM noise, but as the number of subcariers decreases the transmission performance becomes
poor because the wider power spectrum of each subcarrier is less robust to the frequency
selectivity. Also there exits an optimum guard duration A to minimise the BEP: as A increases
the more power will be lost, but as A decreases the transmission performance will degrade
because of increasing sensitivity to frequency-selectivity.

The MC-CDMA system with 1024 subcarriers, when the processing gain is 32, will
use 32 subcarriers for each data symbol. By choosing A as 100 ns we can minimise the BEP
(see Appendix A). Here the data rate is choosen as 3 Mps, so the total bandwidth will be 96
MHz. As known the bandwidth of DS-CDMA system, when using the same processing gain,
will be twice of the MC-CDMA system.

The following system parameters are used:

MC-CDMA DS-CDMA
Code Type Walsh-Hadamard codes Gold codes
Processing Gain 32 31
Bit Rate 3 Mps 3 Mps
Bandwidth 96 MHz 186 MHz
RMS delay spread 20 ns 20 ns
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BEP Performance Analysis

In this chapter the BEP performances of MC-CDMA and DS-CDMA systems are analysed.
The concept of analysis is based on the characteristic function method for the quadratic form
of Gaussian random variables [5]. We consider the best performance, identical to BEP
lowerbound, and compare the BEP between these systems. In the first section we consider the
BEP analysis for the MC-CDMA system and in the second section the BEP analysis for the
DS-CDMA system.

4.1 BEP analysis for the MC-CDMA system

First we analyse the BEP lowerbound, which is identical to the BEP for the case of a single
active user with a frequency domain RAKE-receiver. Also the BEP upperbound is considered.
Unfortunately it has no closed form, so we have to resort to computer simulation, which is

reported in the following chapter.

4.1.1 BEP lowerbound

We can obtain the BEP lowerbound when we assume that there is only a single active user in

the system and the combination of the received signal at each subcarrier is based on MRC. In
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Performance analysis of the MC-CDMA system in frequency selective slow Rayleigh fading channels

this case the gain Gy is chosen as Ry*. Assuming +/ is transmitted, equation (3.6) becomes

K-l
ESY RE +m 4.1)
k=0
where n is given as
Kye—17,
n= Z Iny(t)R; cos(2af, +27Af kt + @ )dt 4.2)
k=0 ¢

Thus the BEP lowerbound of the MC-CDMA system can be written as [4]

>2 2 -2 2 -2 2
(X§ +XY )+ (X] +19)+. +(X Kype-1 +YKMC-1)

+o0 1
BEPyc = | I...J‘Eerf \/ —
s n

(4.3)
X p(l\/o § Yo, ‘Yl » Yl gvew ,/\/Km_] ’ YKW—I )d\’odYOd‘YldYI "'dYKAL‘—ldYKM:_]

where X, and Y, are the inphase and quadrature phase components of Ry, respectively, and
which are independent Gaussian random variables with zero mean and variance o,” and

P(Xo. Yo, X 1.1, Xk 1. ¥k, -1) is the joint pdf of Gaussian random variables and is given

as

1

(2m)"* [det(M)

1
(X, 10 X\, 15 Xy Yy ) = exp{—gHM“lHT} (4.4)

where M is the inverse of the covariance matrix M and M and H are defined as follows

M=<HT .H>

; ; 4.5)
H=(‘X0’X1""’)‘KW—1’YO’YI ..... YK

where <x> denotes the average of x. Using the approximation erfc(V&)=exp(-x)/2, which is
based on the fact that there is a difference of 3 dB in BEP between DBPSK and CBPSK [4],

the above equation can be simplified as
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2 2 2 2 2 2
(Xg +Y5)+(X{ +1 )+'"+(XKMC‘1 +YKAL‘_1)

T
BEPysc = j I...Izexp =

2

20y,
(4.6)

X p(IYO :YO’XI ’Yl !""XK”:-I N YKm—l )dXOdYOd‘deYl""LYKm—ldYKm-l
This equation is equivalent to the following characteristic function with ju=-1/2 o,
T
wrwd ol 2, p2 2 2
BEPy = J' J' ...Izexp[ju(Xo FIH+ X+ Ve HXE YR )

4.7)

X p(Xo,Yo,/Yl ’Yl""’XKm—l ’ YKm—l )d,YOdYOdYIdYI "'d‘YKm—ldYKm—l

Ju=-—

1
= =00 1
n (ju)| L

For Rayleigh fading channels <H> is equal to a zero vector. Equation (4.7) can be written as

[10]

BEPyc =~ x ! it .
HE = 4 \[del(I—ZjuA/{Q)|ju=_ 14 e 1Ay

207}

(4.8)

| | Kae1

where A;’s are the eigenvalues of the covariance matrix M, 7y is defined as the ratio between £,

and N, and Q is defined as follows

HOH™ =(X§ +Y)+(XT + ¥+ +(XE  +Y2 )

(4.9)
1 -« 0
o=(0 . 0
0 -1
4.1.1.1 Correlation between two and more signals

Let us consider a case for two complex Gaussian random variables z,=x;+jy; and z>=x>+]Jy,

23



Performance analysis of the MC-CDMA system in frequency selective slow Rayleigh fading channels

and let p» be the complex correlation coefficient of these variables, then the correlation

coefficient between these two variables is given by

1 .
P12 =Pr12 tPi12 = 7 <z *Zp >

(4.10)

where p; and p; are the real and imaginary parts of p respectively. When using the relations

<X1‘X2 >=<y1 'y2 >
<X WV >=—<V1"X >

we can get the following relations

2
<X1:X2>=0 Pri12
_ 2
<N V2>=0"Pr12
_ 2
<X1-YV2>=0P;12

2
<y1 * Xy >=-0 pl',lz

In this case the covariance matrix M of H=[x;, x5y, y-] 1s

<
I

1 Praz O Pin2 |

Praz 1 Pz 0

0 -pigz2 1 Pr12
[Pig2 O Praz 1

4.11)

(4.12)

(4.13)

Consequently when using K subcarriers we have the following 2xK,c covariance matrix
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[<x,ox > <x-x,> ... <X Xy > <X Y > <X Yy> .. <XrYy >
<Xy X > <Xy Xy > <Xy Xy > <X N> <Xy Yy > . <Xy Yy >
Ao SER> <X > CXpy W > XA > 2P o CEy P>
<VX> <YxX> .. <V Xy> <MW N> <N N> .. <V Iv>
<Y Xy > <Yy Xy > <Yy Xy> <Py N> <Y V> e <Py Yy
<Yy X > <yyrxp> <Yy Xy > <Yy > <Yy ¥> . <YyXy>]
1 Priz e Prin 0 Pirz e P |
Priz s Pron Pz O o Pian
— Prin Prov e 1 “Pin  “Piaw v 0 (4.14)
0 Pz e ~Pin 1 Pri2 o PN
Pirz o .. ~Pian Pri2 1 o Pron
| Pianv Pian e 0 Priv Pran o 1]
4.1.1.2 Power delay profile

We can calculate the complex correlation coefficients p by using the spaced-frequency
correlation function (see chapter 2). We can easily take into account different kinds of power
delay profiles by considering their corresponding frequency correlation functions. For an

exponential power delay profile the spaced-frequency correlation function can be written as

7 - - o2
e fm «—>  Jc(A)=

7rms 1 + ./.2”Trms (Af)

(o2

pc(1)=

(4.15)
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where Af is the frequency separation between the two signals. For a uniform power delay

profile the following frequency correlation function is used

p.(D=0> I $o(a)=c25(a) (4.16)

this means that the covariance matrix is a diagonal matrix. Clearly, this kind of PDP does not
exist in reality since an infinite signal energy is needed. However, it is interesting to look at it

because two arbitrary signals will always be completely uncorrelated.

4.1.1.3 Results

Figure 4.1 shows the BEP lowerbound of the MC-CDMA system as a function of Ey/N, for the
exponential power delay profiles with different rms delays and a uniform power delay profile.
We can see that the BEP improves with increase of delays. This is because the multiple
signals, which arrive at the receiver, have less correlation among subcarriers and MRC can
take full advantage of frequency diversities. When the subcarriers are completely uncorrelated,
which is the case in respect to the uniform PDP, the BEP will be the best, as can be seen from

the figure.

Figure 4.2 shows the BEP lowerbound of the MC-CDMA system as a function of E/N, for
different bitrates. The bandwidth remains constant and is taken as 96 MHz. As expected, the
BEP decreases with a decrease in the data rate. Also, it can be seen that a further decrease in
the data rate of less than 6 Mps to improve the BEP does not make sense, since the BEP of 3

Mps and 6 Mps does not differ much.
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Figure 4.1  BEP versus Ey/N, for uniform and exponential PDPs with different
RMS delays.
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Figure 4.2 BEP versus Ey/N, for MC-CDMA system with different data rates.

Exponential PDP is assmumed.
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4.1.2 BEP upperbound

When we choose the gain G,=1/R, we can perfectly reject the interference of other active users
since the orthogonality of the WH codes is recovered. But by doing so the noise will be
amplified for the weaker received subcarriers. This give us the BEP upperbound. In this case,

the decision variable D can be written as

Kyl
D= Yl+7 (4.17)
k=0
where 1 is given as
Kae s 1 1) cos(2nf, + 270 kt + ;)
n= > _[ c 2 (4.18)
k=0 Ry
The corresponding BEP is
T I K
- 2 Mmc
BEPMC—:[OI...Izerf 20'3 I I I

+ e
(XG+¥)) (X (XR 412 )
(4.19)
X p(A’O,YO,/\’] le ""’XKW—I 7YKm-l )d‘YOdYOdYIle"’d‘YKM.—ldYKW—l

Unfortunately, the above equation can not be simplified in any close form neither can it be
simplified in a quadratic form. Thus we have to resort to computer simulation, which is

discussed in the next chapter.

4.2 BEP analysis for the DS-CDMA system

In this section the BEP lowerbound for the DS-CDMA system with the time-domain RAKE-
receiver is analysed. Also the multiuser interference is taken into account in the BEP analysis

based on a Gaussian approximation.
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4 BEP Performance Analysis

4.2.1 BEP lowerbound

Using equation (3.14) the BEP of the DS-CDMA system is given by [4]

2
20,

(X, Y X, Y,;... X, Y, )dX,dY,dX,dY,...dX ,dY,

i X 4T X2+ Y+ . HXP+Y?
BEPDS:IJ.---I%ef:fC|:\/( L)+ (X, + )+ X +Y)

(4.20)

where p(X1,Y1;X5,Y2:... X1, Y1) is 2L dimensional independent joint Gaussian pdf as given in
equation (4.4).

p(X])K;Xz,)/z;...XL,YL):

——I—HM“HT} 4.21)

1
(2m)" Jdet(M) exP[ 2

For the DS-CDMA system independent fading characteristic can be assumed in the received

signals at different paths. Thus M is a diagonal matrix and H and M are respectively given by

H=(X,,X,,...X,,Y.Y,,...Y,)

(62 0 .. 0]
0 o
e 0 .. 0 o ﬂ (4.22)
o1
0
10 0 O'i_

The diversity order depends on the number of the arms of RAKE receiver. Because of the
hardware complexity in practice, the RAKE-receiver is mostly of the order one, two or three.

The number of resolvable paths L is determined according to equation (3.11).
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4.2.2 Multiuser effect on the BEP

Using the expressions in [10] we can casily take the multiuser effect on the BEP into account.
When assuming that the sum of the interfering signals are Gaussian distributed, the variance of

the cross-correlation by using Gold codes is

ot - 21 )
3K s

(4.23)
where J is the number of active users. The Gaussian assumption is correct when the numbers

of these signals are large i.e. JK>>1. Then the total noise o,” will be

o)=N,+o; =N +ME,, (4.24)

’ 3K,

Thus the total noise is the sum of the thermal noise and the multiuser interference.

4.2.3 Results

The BEP lowerbounds of the DS-CDMA system, when using the time-domain RAKE-receiver,
for different 7zass 1s shown in figure 4.3. When the rms delay increases, the BEP will decrease,
as in the case of the MC-CDMA system. A bigger 7rys means that we can use a higher time

resolution and thus increase the number of arms in the RAKE-receiver.

Figure 4.4. shows the BEP versus Ey/N, for DS-CDMA system with different numbers of

users. As expected, the BEP increases with the increasing number of simultaneous users.
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Figure 4.3 BEP versus Ey/N, for a DS-CDMA with different RMS delays.
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Figure 4.4 BEP versus Ey/N, for a DS-CDMA system with different users.

31



Performance analysis of the MC-CDMA system in frequency selective slow Rayleigh fading channels

4.3 BEP comparison between MC-CDMA and DS-CDMA

Now we can compare the BEP of the MC-CDMA and DS-CDMA systems under the same
conditions. Figure 4.5 shows the BEP lowerbound of these two systems. From the figure we
can conclude that the MC-CDMA system can outperform the DS-CDMA system. This is
mainly because that the diversity order in the frequency domain RAKE-receiver is higher than
the diversity order of the time domain RAKE-receiver. In the time domain RAKE-receiver the
diversity order is mainly restricted by the time resolution in the receiver and determined by the
numbers of arms. In this case the number of arms is two. In the frequency domain RAKE-
receivers there is no restriction on the diversity order and it is determined by the number of

subcarriers.

As a consequence the DS-CDMA system with RAKE-receivers is not suitable for use in a
small room, since a small room has a small rms delay. The system requires a high time

resolution in the receivers.

BEP Lowerbound MC-CDMA and DS-CDMA
rb = 3.0 Mps, TauRMS = 20 ns, KMc = 32, Kps = 31

1.00E+00

MC-CDMA with processing gain 32
- - - - DS-CDMA with 2 arms

1.00E-01

1.00E-02 -

1.00E-03 4

BEP

1.00E-04 }

1.00E-05 +

1.00E-06
1

Eb/No

Figure 4.5 BEP comparison between MC-CDMA and DS-CDMA systems.
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Computer Simulation

In this chapter computer simulation based on Monte Carlo method is carried out to verify the
theoretical results for MC-CDMA system. Here we discuss the concept of Monte Carlo
simulation. Besides the BEP lowerbound, the BEP upperbound and the multiuser effect on the
BEP are analysed using computer simulation which have not been considered theoretically
because of their complexities. The simulation program is written in C. The whole simulation
program can be roughly divided into three parts: the transmitter, the channel and the receiver.
In the transmitter the data are first serial-to-parallel converted before spreading over the
frequency domain with the multicarrier modulator using WH codes. The channel program
simulates frequency selective slow Rayleigh fading channels. We consider exponential and
uniform power delay profiles. The receiver counts the number of errors in the received data
sequence. In addition we propose a multiuser detection scheme to estimate the undesired

information signals of the other users.

5.1 Simulation model of the transmitter

Figure 5.1 illustrates the block diagram of the base station, where the signals of the different
users are multiplexed and transmitted. The data of all users are generated according to a 7-
stage Maximum Sequence Length generator. We pay attention to the data transmitted by the

userQ. First the data are serial-to-parallel converted before spreading over the frequency
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Figure 5.1 Illustration of the base station of the MC-CDMA system.

domain with the multicarrier modulator using WH codes. Then all these copies will be summed
up and transmitted by user(. After the signal of user0 is received by the base station it will be

multiplexed with the information signals of the other users into one signal and transmitted.

5.2 Simulation model of the channel

Through the channel the subcarriers experience frequency correlated Rayleigh fading. This is
shown in figure 5.2. Also Gaussian noise is added to the signal. The channel characteristic c(?)
is given as cx+jcy, where cx and ¢y are two independent Gaussian random variables with zero

means and variance 1/2. Then the received signal can be expressed as

r(t)=c(t)*s(t)+ complex noise = x2 + jy2 3.1

where x2=(x0*cx-y0*cy)+noise and y2 =(x0*cx+y0*cy)+noise. The frequency response of the

channel is obtained by taking the Fourier Transform of the instantancous channel
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Figure 5.2 Simulation model of a frequency selective Rayleigh fading Channel.

impulse response. The orthogonality of the transmitted signal is distorted by passing through

the channel.

5.3 Simulation model of the receiver

The BEP of MC-CDMA system depends on the detection scheme. Here two methods are
considered: a multi-user and a single-user detection methods. Further, perfect synchronisation
is assumed. The multiuser detection scheme uses the single user-detection scheme to remove
the multiuser interference, therefore we first discuss the single-user detection scheme. The
single-user detection scheme is based on the orthogonality restoring algorithm. Figure 5.3

shows the model of receiver0.

5.3.1 Single-User detection scheme

Using the single-user detection scheme we can achieve the worst BEP performance, which is
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data data
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Figure 5.3  Simulation model of the MC-CDMA receiver

identical to the BEP upperbound. We choose the gain G, as follows

G, =—" (5.2)

m 2

m

Using this gain we can recover the orthogonality of the signal distorted by the channel
frequency response. This process is shown in figure 5.4. Also from equation(4.19) we can see

that the BEP upperbound does not depend on the number of active users.

Single-User detection algorithm

r(t)
Multiply with
gain G, = ¢ */|c,’
x0[0] « . « xO0[K,-1] x0[0] « « o xO[K_-1]
yo[o] « .« « yO[K,-I]
Multiply with
Walsh-Hadamard
Codes
wh([0][0]...wh[0][K,-1]
sigx0

Estimated Decision
data0

Figure 5.4 Single-user detection scheme
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5.3.2 Multiuser detection method

The frequency domain RAKE-receiver combined with the simple multiuser detection scheme is
shown in figure 5.4. In this scheme every user is assumed to know the code sequences of the
other users. First we use the single-user detection scheme, which is based on the orthogonal
restoring algorithm as discussed above, to estimate the received signals for the other users
(users 1 to k). Then those signals will be subtracted from the received signal. The remaining
signal will contain only the information of the desired user, in this case user0. This signal will
be combined according to the frequency domain RAKE-receiver based on MRC technique. It is
well known that the MRC can effectively combine the scattered signal power in the frequency
domain and thus obtain the best BEP performance or the BEP lowerbound. However, since the
algorithm requires that each user knows the code sequences of other active users, this detection

scheme is questionable from the viewpoint of security.

Multi-User detection algorithm

Single-user detection Single-user detection
wh([1)[0]...wh[ 1][K-1] wh[2][0]...wh[2][K,.-1]

r(t)

1
Ay
™

Signal containing only
information of User()

v

4 Maximum
Estimated — Decision Ratio
data0 Combining
Figure 5.5 A simple multiuser detection scheme using MRC

5.4 Simulation results

Figure 5.6 shows the BEP lowerbounds and upperbounds versus Ey/N, for different power
delay profiles: 2-path and 7-path uniform and 7-path exponential. As expected the
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BEP for 7-path uniform PDP is better than that for 7-path exponential PDP because there is
less correlation between the subcarriers and thus the RAKE-receiver can take the full
advantages of diversity. The BEP, by assuming the 2-path uniform PDP, is clearly much worse
than those using the other two PDPs.

MC-CDMA system
rb=3.0 Mps, Kmc=32, Number of users=1

1.00E+00
—&— 2-path uniform

—a— 7-path uniform

—e— 7-path exponential

upperbound
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o
@
lowerbound

§.O00B:08 rrivisicisine

1.00E-04 -

1.00E-05 + + + + + t t + +

0 2 4 6 8 10 12 14 16 18 20

Eb/No [dB]

Figure 5.6 BEP lowerbounds and upperbounds for the MC-CDMA system with
diffrerent PDP.

Figure 5.7 shows the effect of multi-user interference on the BEP assuming the 2-path uniform
PDP. Also the BEP upperbound is shown. The BEP becomes worse as the number of

simultaneous users increases.

Figure 5.8 and figure 5.9 show the BEP of the MC-CDMA system for the 7-path exponential
and 7-path uniform power delay profiles respectively. The BEP perfromance for simultaneous
two users was sometimes smaller than the BEP lowerbound. This is because of the limited
simulation time used and, therefore, the accuracy is limited. Better accuracy can be obtained

by taking a longer simulation time.
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MC-CDMA system using 2-path uniform PDP
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Figure 5.7 BEP for different number of users using multi-user detection scheme and

MRC. 2-path uniform PDP is used.

MC-CDMA system using 7-path expenential PDP
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Figure 5.8 BEP for different number of users using multi-user detection scheme and

MRC. 7-path exponential PDP is used.
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MC-CDMA system using 7-path uniform PDP
rb=3.0 Mps, KMCc=32, TauRMS= 20 ns

1.00E+00

1.00E-02 +-

BEP

1.00E-03

1.00E-04 -

1.00E-05 + t t t t t + t

0 2 4 6 8 10 12 14 16 18 20
Eb/No

Figure 5.9 BEP for different number of users using multi-user detection scheme and

MRC. 7-path uniform PDP is used.

Using the simple multi-user detection scheme fairly good performance of MC-CDMA can be
obtained. Improvement in BEP peformance can be expected when using more sophisticated
multiuser detection schemes, such as Wiener filtering [18] and maximum-likelihood detection

[19].

Figure 5.10 shows the BEP comparison between the MC-CDMA and the DS-CDMA system
with different numbers of users. The BEP of the MC-CDMA system is always better than that
of the DS-CDMA system. Given a bandwidth the MC-CDMA system can accomodate more
users than the DS-CDMA system.
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5 Computer Simulations

MC-CDMA and DS-CDMA Systems

rb=3.0Mps, KMC=32, TauRMS=20 ns
1.00E+00

DS-CDMA system: 1 user
—O0— MC-CDMA system: 1 user
------ DS-CDMA system: 4 users
-+ & - -MC-CDMA system: 4 users
_________ — - =+ DS-CDMA system: 16 users
i e i — O- - MC-CDMA system: 16 users

1.00E-01 BHelT

1.00E-02 4

BEP

TLOOEQ3 oo e

1.00E-04 4--ooeee

1.00E-05

10 20
Eb/No [dB]

Figure 5.10 BEP comparison between MC-CDMA and DS-CDMA 7-path exponential
PDP is used..

5.5 Comparison between theoretical and simulation results

Finally, we compare the results obtained by theoretical analysis and computer simulation for
the exponential and uniform PDPs respectively. Figures 5.10 and 5.11 show the comparisons
of BEP lowerbounds. Here we use the 7-path exponential, 2-path and 7-path uniform PDPs in
the computer simulation to approximate the continuous exponential and uniform PDPs. For the
case of exponential PDP, the results agree fairly well. However, for the case of uniform PDP,
there are some differences between theoretical analysis and the computer simulation. The
reason is that we approximate an infinite power spectrum with a discrete finite power
spectrum. Clearly we need more paths in the computer simulation to obtain a better

approximation for continuous uniform PDP.
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BEP lowerbound for exponential PDP

b = 3.0 Mps, KMC = 32 and TauRMS=20 ns
1.00E+00 T

—— Theoretical Analysis
—&— Computer Simulation

1.00E-01

U070 o7, SO . U U e e
&
2 :

1.00E-03 ;

N
1.00E-04
1.00E-05 +
1 10 20
Eb/No [dB)
Figure 5.11 BEP lowerbound comparision between theoretical analysis and
computer simulation for exponential PDP.
Computer Simulation and Theoretical Analysis
of the BEP lowerbound for uniform PDP
rb=3.0 Mps, KMc=32, TauRMS=20 ns .
1-00E+00 —— Theoretical analysis
—e— Computer Simulation: 2-path
—s— Comupter Simulation:7-path

1.00E-01 J

1.00E-02
&
- 1.00E-03 +--

1.00E-04 +

1.00E-05 +-

1.00E-06

Eb/No [dB]

Figure 5.12 BEP lowerbound comparison between theoretical analysis and computer

simulation for uniform PDP.
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Conclusions and Recommendations

From the BEP lowerbounds of MC-CDMA and DS-CDMA systems, we can conclude that the
MC-CDMA system can outperform the DS-CDMA system under certain circumstances,
especially in a small room where the rms delay is small. This is because the diversity order in a
DS-CDMA system is restricted by the time resolution in the time domain RAKE-receiver,
which is determined by the chip duration 7¢., while in the MC-CDMA system the diversity

order is determined by the number of subcarriers.

Further, the multiuser effect on the BEP performance of the MC-CDMA has been analysed
using computer simulation. A a simple multiuser detection scheme is proposed. When
comparing the simulation results with the theoretical results for the DS-CDMA system with
simultaneous other users we can see that the MC-CDMA system can accommodate more users

than the DS-CDMA system given a certain bandwidth.

For a purpose such as the implementation of the MC-CDMA system frequency selective fading
channel model should be used instead of frequency non-selective fading channel model.
Because frequency non-selective fading channels model will give too optimistic results

compared to frequency selective fading channel model.

The BEP lowerbounds for the MC-CDMA system obtained by theoretical and computer

simulation agree well.
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Also the BEP upperbound of the MC-CDMA system has been analysed using computer

simulation. This upperbound is independent of the number of users.

The BEP becomes better when the rms delay spread increases for both CDMA system. This is
because the received signals are more uncorrelated so we can take a better advantage of

diversity when using RAKE-receivers.

Recommendations:

- In this report a simple multiuser detection scheme has been proposed. We can use
another multiuser detection scheme to improve the BEP performance, such as
theWiener filtering detection and the maximum-likelihood detection.

- Synchronisation of the FFT windows has not been taken into account and it is
important to consider it in practical systems.

- A longer simulation time can be taken in order to improve the accuracy.

- A Rician fading channel can be considered, for example by using computer simulation.

- Error correcting codes can be considered in the MC-CDMA system in order to

improve the system performance.
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Abstract: This paper presents the advantages and disadvantages of DS-CDMA
(Direct Sequence-Code Division Multiple Access) and MC-CDMA (Multi-Carrier—
Code Division Multiple Access) systems in synchronous down-link mobile radio
communication channels. Furthermore, the bit error rate (BER) performance is
analyzed in frequency selective slow Rayleigh fading channels. We theoretically
derive the BER lower bound for MC-CDMA system, and propose a simple multi-
user detection method. In the BER analysis, we use the same multipath delay
profiles for both DS-CDMA and MC-CDMA systems, and discuss the performance
theoretically and by computer simulation. Finally, we theoretically prove that the
time domain DS-CDMA Rake receiver is equivalent to the frequency domain MC-
CDMA Rake receiver for the case of one user.

1 Introduction

Direct Sequence-Code Division Multiple Access (DS-CDMA) technique has been con-
sidered to be a candidate to support multi-media services in mobile communications,
because it has its own capabilities to cope with asynchronous nature of multi-media data
traffic, to provide higher capacity over conventional access techniques such as TDMA
and FDMA, and to combat the hostile channel frequency selectivity.

Recently, another CDMA technique based on a combination of the CDMA and the or-
thogonal frequency division multiplexing (OFDM) signaling has been reported in [1],[2].
This technique is called “Multi-Carrier-CDMA (MC-CDMA) technique”, and much at-
tention has been paid to it, because it is potentially robust to the channel frequency
selectivity with a good frequency utilization efficiency.

In the bit error rate (BER) analysis of DS-CDMA system, “independent fading char-
acteristic at each received path” is assumed, on the other hand, “independent fading
characteristic at each sub-carriers” is considered in the BER analysis of MC-CDMA
system([1],[2]. When the multipath channel is a wide sense stationary uncorrelated scat-
tering (WSSUS) one, the assumption for the DS-CDMA system is correct, however, the



assumption for the MC-CDMA system is not correct. In the BER analysis of MC-
CDMA system, we should take account of frequency correlation function determined
by the multipath delay profile of the channel, and in the BER comparison, we should
make a fair assumption for both DS-CDMA and MC-CDMA systems using the same
channel frequency selectivity, that is, the same multipath delay profile. To the best of
the authors’ knowledge, no paper has been reported on the fair BER comparison.

In this paper, we discuss the advantages and disadvantages of DS-CDMA and MC-
CDMA systems in synchronous down-link mobile radio communication channels, and
analyze the bit error rate (BER) performance in frequency selective slow Rayleigh fading
channels theoretically and by computer simulation. Section 2 explains the DS-CDMA
and MC-CDMA systems and discusses the advantages and disadvantages of MC-CDMA
system over DS-CDMA system. Section 3 shows the theoretical derivation of BER lower
bound for the MC-CDMA system, and proposes a simple multi-user detection method.
Section 4 discusses the BER performance in frequency selective slow Rayleigh fading
channels. Section 5 theoretically proves the equivalence of time domain DS-CDMA
Rake receiver and frequency domain MC-CDMA Rake receiver for the case of one user.
Section 6 draws the conclusions.

2 DS-CDMA and MC-CDMA Systems

2.1 DS-CDMA System

DS-CDMA transmitter spreads the orig-
inal signal using a given spreading code

. . . 5 iy 2 Spreading Code j
in the time domain (see Fig.1). The ca- il | A1), cK2), . eKDs)
pability of suppressing multi-user interfer- EE'";% E - it

1 1 - H (a) Time-Frequency @ .
ence is determined by the cross—correlation Repetemaionst = - (&)DS-COMA Tranaiter
characteristic of the spreading codes. Also, gl Sigal - =
a frequency selective fading channel is E{'_‘Hj—“; D_,
characterized by the superimposition of (o Spreadirg Code (¢) Time-Frequency frequency

. . . R in Time Domain chresenmuop of .

several signals with different delays in the DS-CDMA Signal  (¢) Power Spectrum of

Transmutted Signal

time domain[3]. Therefore, the capability Fig. 1: Concept of DS-CDMA System

of distinguishing one component from

other components in the composite received signal (time resolution) is determined by the
auto—correlation characteristic of the spreading codes.

Fig.1(d) shows the DS-CDMA transmitter of the j-th user for Binary PSK mod-
ulation/coherent demodulation (CBPSK) scheme. The complex equivalent low—pass
transmitted signal is written by

4+ Kps

si(t)= 2 3 bili)es(k)p(t — KT. —iT), (1)
1=—00 k=1
where, b;(i) and c;j(k) are the i-th information and the k-th bit of the spreading code

with length Kps and chip duration T, respectively, T is the symbol duration, and p(t)
is the pulse waveform defined as:

a1 (05t<T)
pt) = { 0  (otherwise).

(2)



The BER is determined by the path di-
versity strategy in the receiver, and the
diversity order depends on how many fin-
gers the Rake receiver employs. Usually,
the diversity order of 1 (Non-Rake), 2 or 3

A

frequency

(a) Time-Frequency
Representation of

e

Y igsency

time _m

is used depending on hardware limitation. Original Signal

K frequency
Furthermore, when the Nyquist filters are oy - & Power § )
introduced in the transmitter and recei : © Represemation of  Tramsmited Signl
introduced in the transmitter and receiver ki sy gl

for base band pulse shaping, the Rake re-

ceiver may wrongly combine paths. This is (b) Spreading Code
because noise causing distortion in auto- #0 Fregecpy Comain
correlation characteristic often results in Fig. 2: Concept of MC-CDMA System
wrong correlation. Finally, it is difficult

for the DS-CDMA Rake receiver to use all

the received signal energy scattered in the

time domain.

2.2 MC-CDMA System

a},1(1)
I 2 eee Kmc
Dagme | seriavparalic [~ RN
The MC-CDMA transmitter spreads the Seauenee| Covener |8 !HHHIMINMNIIHI\
requency

.« . . . . . 1:P j2rKMCAN
original signal using a given spreading code akmc ¢ Total P x Kvc Sub-Carriers

@ . . i b) P Spectrum of
in the frequency domain (see Fig.2). It Wy, T O anamiierd Signal

is crucial for multi-carrier transmission to Fig. 3: MC-CDMA Transmitter of User j
have frequency non-selective fading over

each sub—carrier. Therefore, if the original symbol rate is high enough to become sub-
ject to frequency selective fading, the signal needs to be first serial-to-parallel converted
before spreading over the frequency domain. Also, in a synchronous down-link mobile
radio communication channel, we can use the Hadamard Walsh codes as an optimum
orthogonal code set, because we do not have to pay attention to the auto-correlation
characteristic of the spreading codes.

Fig.3(a) shows the MC-CDMA transmitter of the j-th user for CBPSK scheme, where
the input information sequence is converted into P parallel data sequences (a;(z),
a;2(1), -+, a;p(1)). The complex equivalent low-pass transmitted signal is written by

+00 P Kyc ) . .
sit)= 5 S0S ap(0)dip(t — iT,)e 2 A I A f = 1T, (3)

i=—o00 p=1 m=1

where {d, d}, -, di\-Mc } is the Hadamard Walsh code for the j-th user (the length
is Kyc) and Af is the sub—carrier separation for a;,(i). Also, the total number of
sub—carriers is P x K.

2.3 Advantages and Disadvantages
2.3.1 Advantages of MC-CDMA System over DS-CDMA System
We define the following parameters:

o Transmission Rate : R (= 1/Ts) [bits/sec],

o Processing Gain : Kps (DS-CDMA), Kyc (MC-CDMA),

e The Maximum Number of Users : Mps (DS-CDMA), Myc (MC-CDMA),



e The Number of Sub-Carriers : N (= P x Kyc).
The required frequency bandwidth (main-lobe) for the DS-CDMA system becomes

Bps =2- R Kps, (4)
on the other hands, for the MC-CDMA system,
Buc=R-Kyc-(N+1)/N~R- Kyc. (5)
From Egs.(4) and (5),
Kmc =2-Kps if Bwmc = Bps. (6)

Eq.(6) shows that the processing gain of MC-CDMA system is twice as large as that
of DS-CDMA system for a given frequency bandwidth. Furthermore, the DS-CDMA
system cannot accommodate Kpgs users (Mps < Kps) because we need to choose the
spreading codes with good auto- and cross—correlation characteristics carefully, while
the MC-CDMA system can accommodate K¢ users (Mye = Kpc) using the Walsh
Hadamard codes:

Mmc > 2-Mps if Bwmc = Bps. (7)

2.3.2 Disadvantages of MC-CDMA System over DS-CDMA System

At the MC-CDMA receiver, we have to make every effort in the FFT window position
synchronization, the frequency offset compensation and the coherent detection at each
sub-carrier. Also, the MC-CDMA transmitter requires a large input backoff in the
amplifier, because it is very sensitive to nonlinear amplification.

[t is also pointed out that the BER of multi-carrier modulation itself is inferior to that

of single—carrier modulation mainly due to the power loss associated with guard interval
insertion[4].

3 BER Analysis

3.1 Frequency Selective Slow Rayleigh Fading Channel Model

We assume a wide sense stationary uncorrelated

scattering (WSSUS) channel model(3] with L re-

ceived paths in the complex equivalent low—pass e(T)
time—variant impulse response:

h(T;t) = Zg;(tﬁ(r - 7). (8)
=1

where ¢ and 7 are the time and the delay, respec- |
tively, §(¢) is the Dirac delta function, ¢(t) is the 1 12 1 T
complex envelope of the signal received on the [-th ) )

path which is a complex Gaussian random process Fig. 4: Multipath Delay Profile
with zero mean and variance o2, and 7 is the prop-

agation delay for the [-th path.
Fig.4 shows the corresponding multipath delay profile given by

L
¢o(T) = %E [A*(7;t) - h(T;t)] = 20,2(5(7 - 1), (9)
I=1

where E[-] is the expectation.



3.2 Communication System Model

We consider a synchronous down-link communication channel, where the signal is trans-
mitted in a burst format with a preamble and a postamble. In this paper, we assume
that the receiver can correctly estimate all the channel state information.

3.3 BER of DS-CDMA System

The transmitted signal for total J users is written by

s(t) =3 5;(t). (10)

=1

.

The received signal through the frequency selective slow Rayleigh fading channel given
by Eq.(8) is written by

M=

r(t) = /+°° s(t = 7) % h(r; t)dr + n(t) =

—00 !

ri(t) +n(t), nt)=st-m)a(t), (11)

1]
—

where n(t) is the complex additive Gaussian noise. Defining r; as the received signal
vector, the time domain covariance matrix M is given by

1 0 o} :
re = [7'1,7‘2, e arL]T’ Mt - §E [rt . rtT] - : v . 0 ’ (12)

where T' is the transpose. In the above equation, we assume a perfect auto—correlation

characteristic for the spreading codes.

The BER of time domain /-finger DS-CDMA Rake receiver is uniquely determined
by the eigenvalues of M (in this case, the eigenvalues are clearly o}, 3, - - -, 0%)[5]. For
example, when o} (l = 1,---, L) are different each other, the BER is expressed as

. 1 o2/N' 1
EFR = sl el wy = 13
B ;wl 9 1_{‘_0_12/1\/, ) wi / (1_2121)’ ( )

2J — 1)
BI(DS

L
£y = ZO’IZ, NIIZVO‘{'- Ey, (14)
=1

where Fj, and Nj are the signal energy per bit and the noise spectral density, respectively.
Also, when of (I =1,---, L) are all the same (= ¢?) [3],

1—p\ "2 T-1+1 1+u>1 a?/N'
= (= S P - 15
BER ( 2 ); 1 ( 2 ) PN+ (15)

Eqs.(13) and (15) are based on the Gaussian approximation for multi-user interference[6].




3.4 BER of MC-CDMA System

The transmitted signal for total J users is written by

I
™~

si(t). (16)

J=l

The received signal through the frequency selective slow Rayleigh fading channel is writ-
ten by

400 P Kpmc J
= 5 355 snsuiiple — T T ), ()

where 2., , is the complex received signal
at the (mP + p — 1)-th sub—carrier.

Fig.5 shows the MC-CDMA receiver of
the 7-th user, where after the serial-to—
parallel conversion using the FFT, the m-

d1J G1

th sub-carrier component for the received
data a;,(1) is multiplied by the gain G, £ty N-Points
and despreading code d’. to combine the FFT
energy of received signal scattered in the
freq.uency domain. Th.e decision v.arlz'ible dicvd) G
is given by (we can omit the subscriptions ) i .
p and i without loss of generality) Fig. 5: MC-CDMA Receiver of the j'-th
user
Kmc J
=5 > Gnd? {zmajd + nm(t)}, (18)

m=1 j=1

where n,(t) is the complex additive Gaussian noise at the m—th sub-carrier.

3.4.1 Orthogonality Restoring Single-User Detection Method

Choosing the gain G,, as
Gm = 25/ |2m|?, (19)
the receiver can eliminate the multi—user interference perfectly. However, low—level sub-

carriers tend to be multiplied by the high-gains, so the BER degrades due to noise

amplification (a weak signal suppression method using a detection threshold is presented

in [8]).

3.4.2 Frequency Domain Rake Receiver with No Simultaneous Other User

When there is no simultaneous other user, the frequency domain MC-CDMA Rake
receiver based on the maximum ratio combining method in the frequency domain (G,
z%) can achieve the best BER performance (the BER lower bound)[3].

Defining ry as the received signal vector, the frequency domain covariance matrix Mg
is given by

1 a
re = [21,22,' v 7ZKMC]Ta Mf ZE [rf re ] = {mf’b}ﬂ (20)

Oc ((a —b)Af), (21)

a,b

X,
Il



where m(}’b is the @ — b element of Mg, and ®-(Af) is the spaced frequency correla-

tion function defined as the Fourier transform of the multipath delay profile given by
Eq.(9):

bo(Af) = /‘: be(T)e 2 A Tdr, (22) 1

DS-CDMA with Processing Gain = 31
Theoretical Analysis

Defining Ay, Ag,- -+, Ak, as the eigenval- 10
ues of Mg, the BER is given by a form
similar to Eq.(13) or Eq.(15)[5], where we 16°
can substitute I, N’, L and o? for K¢, =
. 0
No, Kpc and A, respectively. /@ i
3.4.3 Simple Multi-User Detection | T . ﬁg{i’_’ﬁisake
Method 10°+ .
2-Path Uniform Delay Profile
In this paper, we propose a simple multi- with Trms = 20nsec
user detection method. If the pream- 10° : IO 1|5 20
ble contains information on the spreading 0 > E}a/No [dB]
codes used by t.he smtlulta.neous users, any Fig. 6: BER of DS-CDMA System
user can know it easily (although provid- ,
ing multi-user information in the down- \2~Fath Uniform Delay Frofile)
link channel is questionable from the view-
point of security). In this method, the
user first estimates information for simul-
taneous other J — 1 users using the or- lh‘ T ——
thogonality restoring single-user detection g, ..‘,&- = eoire oy ys_ls
method. After removing the interference . e i '%? .:i
component from the received signal, the 10 R
user detects its own information using the NoboflUsers '
frequency domain maximum ratio combin- 10 x4
ing method. If the decisions for the other = 3186
users are correct, this detection method @ .| 7-Path Uniform Delay Profild
can minimize the BER. 1071 b Trus = 20nsec
Full Rake
——— e

4 Numerical Results L) Non-Rake

DS-CDMA with Processing Gain = 31
We assume the following system param- 10° | 1 !
eters to demonstrate the BER perfor- 0 5 10 15 20
mance: o R = 3.0[Mbits/sec], e Kps = NG 5]
31(Gold Codes), @ Kpc = 32. Fig. 7: BER of DS-CDMA System

(7-Path Uniform Delay Profile)

4.1 BER Performance of DS-CDMA System

Figs.6, 7 and 8 show the BER performance of DS-CDMA system in frequency selective
slow Rayleigh fading channels with 2-path uniform, 7-path uniform and 7-path expo-

nential multipath delay profiles, respectively. All the delay profiles have the same RMS
delay spread TRy s=20[nsec].




As compared with the full-finger Rake
receiver, the performance of Non-Rake re-

ceiver is poor. For the delay profiles where 1
several delayed paths have the same av- 101
erage power as the first path, there is a 162
large difference in the attainable BER be-
tween the Non—-Rake and full-finger Rake 10’1 Noboflusers g
receivers. Also, as the number of users » Ton g
increases, the performance gradually de- T 3186
grades. For the 7-path uniform and expo- R10 7-Path Exponential Delay
nential multipath delay profiles, the full- 10  Profile with TrMS = 20nsec
finger Rake receiver means 7-finger Rake 7 Full Rake
receiver. From the practical point of view, 07— 2-Finger Rake
its realization could be difficult. 108 Non-Rake ;
0 DS-CDI\I/IA with Plrocessmg lGam =31
10
4.2 Design of MC-CDMA 0 . o 20

Ew/No [dB]

Fig. 8: BER of DS-CDMA System
(7-Path Exponential Delay Profile)

System

As the number of sub-carriers (/N) increases, the transmission performance becomes
more sensitive to the time selectivity because the wider symbol duration is less robust
to the random FM noise. On the other hand, as N decreases, it becomes poor because
the wider power spectrum of each sub—carrier is less robust to the frequency selectivity.
Therefore, there exists an optimum value in N to minimize the BER[9].

Also, as the guard duration (A) increases, the transmission performance becomes
poor because the signal transmission in the guard duration introduces the power loss.
On the other hand, as A decreases, it becomes more sensitive to the frequency-selectivity
because the shorter guard duration is less robust to the delay spread. Therefore, there
exists an optimum value in A to minimize the BER[9].

In [9], it is shown that when the product of the maximum Doppler frequency fp and
the root mean square delay spread Trars introduced in the channel satisfies the following
condition:

Trms - fp < 1.0 x 107°, (23)

the multi-carrier modulation scheme can achieve almost the same BER performance as
a single—carrier modulation scheme with equalization.
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Fig. 9: Design of The Number of Sub-Carriers and Guard Period



Fig.9 shows the optimum values of the number of sub-carriers and guard period for
fp = 10[Hz] and TrRms = 20[nsec]. The MC-CDMA system with N = 1024 and A =
100[nsec| can minimize the BER, where the original information sequence is first con-
verted into 32 parallel sequences (P=32), and then each sequence is mapped onto 32

sub-carriers. Also, the power loss associ-
ated with guard period insertion is negligi-
ble small (the normalized guard duration

is about 1%).

4.3 BER Performance of
MC-CDMA System

Iig.10 shows the BER performance of
MC-CDMA system, where the delay pro-
files are all the same as those used in the
analysis of DS-CDMA system. The fre-
quency domain Rake receiver with no si-
multaneous other user can achieve the best
performance easily, because it can effec-
tively combine the energy of received signal
scattered in the frequency domain using a
lot of sub-carriers. On the other hand,
the performance of orthogonality restoring
single-user detection method is poor, al-
though it is insensitive to the number of
users. Among three delay profiles, the per-
formance in the 2-path uniform delay pro-
file is slightly better, because there is a less
distortion in the frequency domain.
Fig.11 shows the BER performance of
the proposed multi-user detection method
for the 2-path uniform delay profile. The
proposed multi—user detection method is
simple and can improve the BER as
compared with the single-user detection
method. However, the performance grad-
ually degrades as the number of users
increases.  If more sophisticated (but
more complicated) multi-user detection
methods such as the Wiener filtering
detection[10] , the maximum-likelihood
detection[7] and the decorrelating interfer-
ence canceler[11], are employed, the per-
formance can be more improved.
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Fig. 10: BER of MC-CDMA System For
Single-User Detection and Frequency
Domain Rake Methods
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4.4 BER Comparison of DS-CDMA and MC-CDMA Systems

Fig.12 shows the BER comparison of DS-
CDMA and MC-CDMA systems. The

best performance of MC-CDMA system 1 2-Path Uniform Delay Profile
agrees well with that of DS-CDMA sys- :
tem. This implies that the frequency do- 10'F . Deiegoeimend]
main Rake receiver is equivalent to the Py
time domain Rake receiver for the case of 2| No.of Users
no other user. The next section theoret- MIO [ g 116
ically proves the equivalence of time do- = Single-User Detection
main and frequency doman Rake receivers. 10+ Multi-User Detection
For the performance with 16 users, the MC-CDMiASIhCE;xismg Gain = 38
MC-CDMA system with the single-user '
detection method does not work well (but 10%- T I;l:ll;a:;e?)ssccgni
it is insensitive to the number of users). DS-CDMA with Processing Gain = 31
Also, the performance of DS-CDMA sys- 16° !
tem with full-finger Rake receiver is not so 0 5 10 4 20
good (it becomes worse as the number of EulNe (s8]
users increases). Fig. 12: BER Comparison of DS-CDMA
The performance of DS-CDMA system and MC-CDMA Systems (2-Path
with non-Rake receiver is much worse than Uniform Delay Profile)

that of MC-CDMA system. Therefore, a
Rake receiver could be necessary for the
DS-CDMA system.

5 Equivalence of Time Domain DS-CDMA and Fre-
quency Domain MC-CDMA Rake Receivers

As shown in Section 3, the BER of Rake receiver is determined by the eigenvalues of
the channel covariance matrix. Therefore, for a multipath delay profile, if the frequency
domain covariance matrix has all the same eigenvalues as the time domain covariance
matrix, the BER of frequency domain Rake receiver is all the same as that of time
domain Rake receiver.

In the FFT, the frequency resolution is determined by the observation period. There-
fore, for the multi-carrier modulation with N sub-carriers, N-point DFT is required in
the symbol duration 7. Assume the following N x N time domain covariance matrix with
the time resolution of Ty /N, for example, for the multipath delay profile shown in Fig.13:

(o2 0 -0 -er e 0]
. 2
0 0 b .,
O'% 03 Looo
I_
Mt'— 0‘% ) (24) """ —
1234 N T
0 i} o
To
LO ¢sa wiz dmam ) Ty Fig. 13: Multipath Delay Profile

where the non-zero eigenvalues of M} are o?,02, 02, -, 0%,



Using M}, the frequency domain covariance matrix is written by

M; = WM{W™, (25)
where W is the N x N Discrete Fourier Transform matrix given by
W o= {uw"},
w = &R, (26)

We define r as the eigenvector corresponding to the eigenvalue o?:
Mir=o/rn (I=1,2,---,L). (27)
Also, we define 2z, as
z1=Wrn (l=12,---,L). (28)

Now, we can theoretically prove that the frequency domain covariance matrix has all
the same eigenvalues as the time domain covariance matrix as follows:

;-Zl = WMLW"Wl‘l

= WMir
Woair
afer
= olz. (29)
The above equation clearly shows that the eigenvalues of Mg are o 02 02,

2
N2

Also, we can see that the assumption of independent fading characteristic at each sub-
carrier implies a frequency selective fading at each sub-carrier as long as we employ

the OFDM signaling, because it requires N paths uniformly scattered in the symbol
duration.

6 Conclusions

This paper has discussed the advantages and disadvantages of DS-CDMA and MC-
CDMA systems, and analyzed the BER performance in given frequency selective Ray
leigh fading channels.

The MC-CDMA system can accommodate more users than the DS-CDMA system
for a given frequency bandwidth, on the other hand, it has to make an extra effort
in the FFT window synchronization at the receiver and the linear amplification at the
transmitter.

For the DS-CDMA system, the Rake receiver is necessary to improve the BER in
frequency selective fading channels. However, from the hardware limitation, it is difficult
to use all the received signal energy scattered in the time domain.

The MC-CDMA system can easily combine the signal energy scattered in the frequency
domain. However. a multi-user detection method is also necessary.

In the best BER comparison, there is no difference between the DS-CDMA and MC-
CDMA systems. If the DS-CDMA system cannot work well for a given channel condition
and a given system condition, in other words, a given frequency selectivity and a given
processing gain, the MC-CDMA system can be attractive even at the sacrifice of cost
for the sub—carrier synchronization, because it can effectively combine the signal energy

scattered in the frequency domain for any frequency selectivity and any processing gain
using a number of sub—carriers.
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