ABSTRACT

The authors present an overview of new multiple access schemes based on a combination of code division and multicarrier
techniques, such as multicarrier code-division multiple access (MC-CDMA), multicarrier direct sequence CDMA
~ (multicarrier DS-CDMA), and multitone CDMA (MT-CDMA).
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ode-division multiple access (CDMA) is a multiplex-

ing technique where a number of users simultaneously

and asynchronously access a channel by modulating and

spread their information-bearing signals with preassigned sig-
nature sequences.

Recently, CDMA technique has been considered to be a

candidate to support multimedia services in mobile radio

transmitter and receiver complexities, and have the attractive
feature of high spectral efficiency due to minimally densely
subcarrier spacing.

This article reviews the three types of Multicarrier CDMA
schemes, and discusses their advantages and disadvantages in
terms of the transmitter and receiver structures, the speciral
efficiency and the downlink bit error rate (BER) performance

communications [1], because it has its own capabili-
ties to cope with asynchronous nature of multime- . .
dia data traffic, to provide higher capacity over Cf CJ |
conventional access techniques such as time-division 1 \
multiple access (TDMA) and frequency-division
multiple access (FDMA), and to combat the hostile
channel frequency selectivity. Direct sequence (DS-)
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(MC-) CDMA,” “multicarrier DS-CDMA,” and
“multitone (MT-) CDMA.” These schemes were
developed by different researchers, namely, MC-
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B Figure 1. DS-CDMA scheme: a) transmitter; b) power spectrum of its
transmitted signal; ¢) receiver,
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in a frequency selective slow Rayleigh fading
channel.
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MULTICARRIER CDMA SCHEMES
AND TRANSMITTER STRUCTURES

FDM scheme is robust to frequency selective

fading, however, it has severe disadvantages a
such as difficulty in subcarrier synchronization
and sensitivity to frequency offset and nonlinear
amplification, which result from the fact that it is
composed of a lot of subcarriers with their over-
lapping power spectra and exhibits a non-con-
stant nature in its envelope. Therefore, the
Multicarrier CDMA schemes inevitably have the
same drawbacks. However, the combination of
OFDM signaling and CDMA scheme has one
major advantage that it can lower the symbol
rate in each subcarrier so that a longer symbol
duration makes it easier to quasi-synchronize the
transmissions.

The Multicarrier CDMA schemes are catego-
rized mainly into two groups. One spreads the
original data stream using a given spreading
code, and then modulates a different subcarrier
with each chip (in a sense, the spreading opera-
tion in the frequency domain) [2-4], and other
spreads the serial-to-parallel (S/P) converted data
streams using a given spreading code, and then
modulates a different subcarrier with each of the
data stream (the spreading operation in the time
domain) [5, 6], similar to a normal DS-CDMA
scheme. In order to focus much attention on the
difference among these schemes, we first explain
a basic DS-CDMA scheme.

DS-CDMA SCHEME

The DS-CDMA transmitter spreads the original
data stream using a given spreading code in the
time domain. The capability of suppressing multi-
user interference is determined by the cross-cor-
relation characteristic of the spreading codes.
Also, a frequency selective fading channel is
characterized by the superimposition of several
signals with different delays in the time domain [1]. There-
fore, the capability of distinguishing one component from
other components in the composite received signal is deter-
mined by the auto-correlation characteristic of the spreading
codes.

Figures 1a and b show the DS-CDMA transmitter of the
j-th user for binary phase shift keying/coherent detection
(CBPSK) scheme and the power spectrum of the transmitted
signal, respectively, where Gpg denotes the processing gain
and C(t) = [C{CH---Cd,] the spreading code of the j-th user.

signal

COMBINATION OF FREQUENCY DOMAIN SPREADING AND
MULTICARRIER MODULATION
MC-CDMA SCHEME

The MC-CDMA transmitter spreads the original data stream
over different subcarriers using a given spreading code in the
frequency domain [2-4]. In other words, a fraction of the sym-
bol corresponding to a chip of the spreading code is transmit-
ted through a different subcarrier. In a downlink mobile radio
communication channel, we can use the Hadamard Walsh
codes as an optimum orthogonal set, because we do not have
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to pay attention to the auto-correlation characteristic of the
spreading codes.

Figures 2a and b show the MC-CDMA transmitter of the
j-th user for CBPSK scheme and the power spectrum of the
transmitted signal, respectively, where Gy denotes the pro-
cessing galn N¢ the number of subcarriers, and Ci(t) =
[CYCY---Cgiye] the spreading code of the j-th user. In 2], a
MC-CDMA scheme is discussed assuming that the number of
subcarriers and the processing gain are all the same. There-
fore, in this figure, we make the same assumption (N¢ =
Guc))-

However, we do not have to choose N¢ = Gy, and actu-
ally, if the original symbol rate is high enough to become sub-
ject to frequency selective fading, the signal needs to be first
S/P-converted before spreading over the frequency domain.
This is because it is crucial for Multicarrier transmission to
have frequency non-selective fading over each subcarrier [7].
Figure 3 shows the modification to ensure frequency non-
selective fading, where T denotes the original symbol dura-
tion, and the original data sequence is first converted into P
parallel sequences, and then each sequence is mapped onto
G subcarriers (Ne = P x Gyye).
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tion, a Multicarrier based DS-CDMA scheme,
which transmits the same data using several
subcarriers, is proposed in [10].

The MT-CDMA transmitter spreads the S/P-
converted data streams using a given spreading
code in the time domain so that the spectrum
of each subcarrier prior to spreading operation
can satisfy the orthogonality condition with the
minimum frequency separation [6]. Therefore,
the resulting spectrum of each subcarrier no
longer satisfies the orthogonality condition.
The MT-CDMA scheme uses longer spreading
codes in proportion to the number of subcarri-
ers, as compared with a normal (single carrier)
DS-CDMA scheme, therefore, the system can
accommodate more users than the DS-CDMA
scheme.

Figures 5a and b show the MT-CDMA
transmitter of the jth user for CBPSK scheme
and the power spectrum of the transmitted sig-

l’“ | MT-CDMA SCHEME
3,

- Figt;re 3. Modification of MC —CDMA scheme: a) transmitter; b) power spec-

trum of its transmitted signal.

Also, the proper choice of the number of subcarriers and
the guard interval is important in order to increase the robust-
ness against frequency selective fading. Given the property of
a frequency selective fast multipath fading channel, there
exists the optimal value to minimize the BER in the number
of subcarriers and the length of guard interval [8].

COMBINATION OF TIME DOMAIN SPREADING AND
MULTICARRIER MODULATION

There are two schemes corresponding to this category. In
both schemes, when setting the number of subcarriers to be
one, they become equivalent to a normal DS-CDMA scheme.

MurticARRIER DS-CDMA SCHEME

The Multicarrier DS-CDMA transmitter spreads the S/P-con-
verted data streams using a given spreading code in the time
domain so that the resulting spectrum of each subcarrier can
satisfy the orthogonality condition with the minimum frequen-
cy separation [5]. This scheme is
originally proposed for a uplink
communication channel, because
the introduction of OFDM signal-
ing into DS-CDMA scheme is

DS-CDMA

nal, respectively, where Gy denotes the pro-
cessing gain, N the number of subcarriers, and
Ci(r) = [C{C{---Cgi,r] the spreading code of
the jth user.

SYSTEM FEATURES COMPARISON

Table 1 shows the system features comparison. When a rect-
angular pulse is used in the DS-CDMA scheme, similar to
other schemes, the required bandwidths of MC-CDMA and
Multicarrier DS-CDMA schemes are almost half as wide as
that of DS-CDMA scheme, and the MT-CDMA scheme has
almost the same bandwidth as the DS-CDMA scheme. How-
ever, when the Nyquist filter with a small rolloff factor is used
in the DS-CDMA scheme, the required bandwidths of MC-
CDMA and Multicarrier DS-CDMA schemes become compa-
rable with that of DS-CDMA scheme.

RECEIVER STRUCTURES

DS-CDMA ScHEME
A single-user DS-CDMA Rake receiver contains multiple
correlators, each synchronized to a different resolvable path
in the received composite signal (Fig. 1c). The bit error rate

| Multicarrier
DS COMA
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quasi-synchronous channel. ' at subcarrier ) ; ) : i
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the j-th user and the power spec- | subcarriers 5 '

trum of the transmitted signal, r —_ e ——
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sity improvement and narrow band .0 . "o Y b o 4 . i . .

interference suppression. In addi-

M Table 1. System features comparison.
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(BER) performance depends on how many
fingers the Rake receiver employs. Usually,
al, 2, 3, or 4-finger Rake receiver is used

depending on hardware limitation. Also, j/
when the Nyquist filters are introduced in G
the transmitter and receiver for base band

pulse shaping, the Rake receiver may

wrongly combine paths. This is because

noise causing distortion in an auto-correla-

tion characteristic often results in wrong Data
correlation. In a DS-CDMA system based / stream

on the Rake structure, the system capacity
is limited by self-interference (SI) and
multiple access interference (MAI), which
result from the imperfect auto-correlation
characteristic and imperfect cross-correla-
tion characteristic of spreading codes,
respectively.

A single-user receiver treats the received
signals due to other active users as station-
ary interference, while in a multi-user detec-
tion (MUD), the receiver jointly detects
those signals in order to mitigate the
nonorthogonal properties of the received
signals. As a result, the performance is much
improved. However, it can be concluded that
it is difficult for the DS-CDMA receivers to
make full use of the received signal energy
scattered in the time domain.

MC-CDMA SCHEME
In an MC-CDMA receiver the received
signal is combined, in a sense, in the fre-
quency domain, therefore, the receiver can
always employ all the received signal energy
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results in the distortion of the orthogonali-
ty among users.

Figure 2c¢ shows the MC-CDMA receiver
of the j’-th user, where after the serial-to-
parallel conversion, the m-th subcarrier is
multiplied by the gain gmj¢ to combine the received s1gnal
energy scattered in the frequency domain. The decision vari-
able is given by

i G
D’ = zmMclqmym

Here, y,,, and n,, are the complex baseband component of the
received signal after down-conversion with subcarrier fre-
quency synchronization and the complex additive Gaussian
noise at the m-th subcarrier, respectively, zJ and a/ are the
complex envelop of the m-th subcarrier and the transmitted
symbol for the j-th user, respectively, and J is the number of
active users. We can assume z,, = zm (j = 1,2,---sJ) in a
downlink channel.

) PR
with y, =35 zpa’c), + 1,

ORTHOGONALITY RESTORING COMBINING (ORC)
In a downlink channel, choosing the gain as qJ, = c/z,/ |z |2
the receiver can eliminate the multiuser-interference perfectly
[4, 7]:

M Figure 4. Multicarrier DS-CDMA scheme: a) transmitter; b) power spectrum of its
transmitted signal; c) receiver.

i = Guc,.j’,
D) =al +3 M)z,
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However, low-level subcarriers tend to be multiplied by high
gains, and the noise components are amplified at weaker
subcarriers. This noise amplification effect degrades the
BER performance, although there is no error floor in this

method.

CONTROLLED EQUALIZATION (CE)

This method suppresses the excessive noise amplification
effect in the orthogonality restoring detection. The decision is
made based on the sum of base band components of subcarri-
ers whose amplitudes are larger than a detection threshold:

G
Dl =d" Y, MCcJ S 2 /[kml u(|Zpn] = V)Vm-
Here, y and u(-) are the detection threshold and the unit step
function, respectively. For a given signal-to-noise energy ratio
per bit (E3/Np), there exists an optimal threshold to minimize
the BER.
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This method requires knowledge of the spreading
codes assigned to all the active users.

ORC-MRC MuLtI-User
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« DS CDMA receiver

In a downlink channel, this method first estimates
o asetofd’(=1,2,..,J,j# j) by the orthogo-

{ MT-CDMA Rake combiner
i DFE

LE

JF IC IV

LEL

nality restoring detection, and then estimates @/’
by the maximum ratio combining method after
removing the multiple user interference compo-
nent from the received signal [7]. If the decisions

W Table 2. Detection Strategies comparison.

EquAaL GAIN COMBINING (EGC) AND
Maximum Ramio COMBINING (MRC)

The gains for the equal gain comblmng and the maximum
ratio combmmg are given by g}, = cl,zl,/|2}] (EGC) and by

by = c{ﬂz/ (MRC), respectively [2]. In the case of one user,
the maximum ratio combining method can minimize the BER.

MINIMUM MEAN SQUARE ERROR COMBINING (MIMSEC)

Ina downhnk channel, this method estimates the transmitted
symbol & by the linear sum [4]:

al’ :Z,GHM%]m Y

Based on the minimum mean square estimation (MMSE) cri-
terion, the error must be orthogonal to all the baseband com-
ponents of the received subcarriers: (af - af) Y, = O(m =1,
. Gyc). The gain is given by ¢,y = cjuzh'/(J |z |% +
O) Here, N, is the noise power. Note that for small |z, ]|, the
gain becomes small to avoid the excessive noise amplification
while for large |z, ], it becomes in proportion to the inverse
of the subcarrier envelop z, |z, [2 in order to recover the
orthogonality among users. In [4], a method based on the
MMSE criterion is proposed, which adaptively estimates the
optimum gains taking account of correlation among subcarri-

ers.

MAXIMUM LIKELIHOOD
MuLTI-User DEeTECTION (ML MUD)

When all the users know zj,and ¢, forj = 1,2, -, Jand m =
1.2, ...Gyye, this method finds a set of &/ = 1, 2, .-+, J) to
minimize the following likelihood function [3]:

G 2
A= 2 MC Z] 1Zmajcm

This method is applicable to both uplink and downlink chan-
nels, but the complexity of this detection method grows expo-
nentially as the number of users increases.

EGC-EGC MuLtl-User DETECTION (EGC-EGC MUD)
In a downlink channel, this method first estimates a set of @/(j
= 1,2, J,j# J by the equal gain combining:

X G )
D/ :EmMicijnz Nz 1y (=12,

=0,

for other users are correct, this method can
minimize the BER. This method also requires
knowledge of the spreading codes assigned to all
the active users.

CE-ML MuLTi-UseR DeTecTioN (CE-ML MUD)

In a downlink channel, this method first estimates &/(j = 1, 2,

..,J) by the controlled equalization, and then estimates a dif-
ferent set of o/ based on the maximum likelihood criterion.
This method needs to know the spreading codes assigned to
all the active users, and requires the estimation of z,,,.

DECORRELATING AND MMSE
INTERFERENCE CANCELERS (DIC AND MIMSEIC)

These methods cancels MAI by adaptively estimating it based
on the decorrelation and MMSE criteria, respectively. The
DIC tries to decorrelate each canceler output from all the
other users bit estimate, while the MMSEIC to minimize the
mean square error. They are applicable to both uplink and
downlink channels.

MULTICARRIER DS-CDMA SCHEME

Figure 4c shows a Multicarrier DS-CDMA receiver. Usually,
it is composed of N normal coherent (Non-Rake) receivers,
because it is crucial to have frequency non-selective fading
over each subcarrier [5]. Therefore, with no forward error cor-
rection (FEC) among subcarriers, this scheme can obtain no
frequency diversity gain.

MT-CDMA SCHEME

Flgure 5c shows a MT-CDMA receiver composed of N Rake
combiners, each of which has the same structure as the DS-
CDMA Rake receiver (Fig. ic). This is an optimum receiver
for an additive white Gaussian (AWGN) channel [6].

The MT-CDMA scheme suffers from intersubcarrier inter-
ference, while the capability to use longer spreading codes
results in the reduction of SI and MAI, as compared with the
spreading codes assigned to a normal DS-CDMA scheme. In
a channel where this improvement is dominant, The MT-
CDMA scheme can outperform the DS-CDMA scheme.

A decision feedback equalizer (DFE), a linear equalizer
(LE), and a linear joint multiple access interference
canceler/equalizer (JEIC) suited for frequency selective fast
fading channels are also proposed, all of which have multiple
input-multiple output (MIMO) type structures based on the
MMSE criterion.
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DETECTION STRATEGIES COMPARISON

Table 2 shows the detection strategies comparison. For the
MC-CDMA scheme, a lot of strategies have been proposed
and analyzed for the downlink channel, because of easy sub-
carrier synchronization and estimation. Multi-user detection
techniques are necessary for the MC-CDMA uplink channel
even without near/far effect, because the orthogonality among
users is totally distorted.

BIT ERROR RATE COMPARISON

So far, some reports have been dedicated to the BER com-
parison between DS-CDMA and MC-CDMA schemes [1,
7]- In this article, we show computer simulation results on the
BER performance of DS-CDMA, MC-CDMA, Multicarrier
DS-CDMA, and MT-CDMA schemes in a (synchronous)
downlink communication channel [11, 12].

We assume a frequency selec-
tive slow Rayleigh fading channel,
where there are two paths in the ioqi
multipath delay profile and each ¢ G G
path has the same average power NN

~

N

I

ing and that, considering the FFT operation, the assumption
results in a frequency selective fading ar each subcarrier. The
BER lower bound [13] is given by (the one by 2-branch
maximum ratio combiner)

2 1
1- i (1+H1Y 14+
BERY swerBound :( 2”) 21=0[ / )( 5

with L= ——M.
2+E, /Ny

Figure 6 shows the BER of DS-CDMA scheme for 1-finger
Non-Rake (selection combiner) and 2-finger Rake receivers.
Even for the case of one user, there is a little difference
between 2-finger Rake receiver and the lower bound because
of the SI, and as the number of users increases, the BER
gradually degrades because of the MAI The 1-finger Non-
Rake receiver, which selects a larger path, always misses a

N
and the delayed path uniformly | H
ranges from 0 to Tg. To make a fair |
comparison, we assume the pro-
cessing gains Gps = 31 (Gold
Codes), Gy = 32 (Hadamard
Walsh Codes), Gyp = 31 (Gold |
Codes), Gyr = 63(N¢ = 2) and
127(N¢ = 4) (Gold Codes). Also,
we assume a perfect subcarrier syn-
chronization and subcarrier state
estimation.

Given a frequency selective
fading channel, we can calculate
the frequency correlation function
defined as the Fourier Transform
of the multipath delay profile,
which determines the frequency
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other words, it is uniquely deter-
mined by the eigenvalues. There-
fore, the BER of DS-CDMA
scheme is determined by the eigen-
values of the time domain covari-
ance wmatrix, while that of
MC-CDMA scheme is determined
by the eigenvalues of the frequency
domain covariance matrix. We
showed that the frequency domain
covariance matrix has the all the
same eigenvalues as the time
domain covariance matrix [7].
Therefore, given a frequency selec-
tive channel, the best performance
of DS-CDMA scheme (for a single
user with a perfect auto-correlation
characteristic of the spreading code)
is all the same as that of MC-
CDMA scheme (for a single user).
It also implies that we cannot |
assume an independent characteris- '
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B Figure 9. BER performance of MT-CDMA scheme.

part of the received signal energy, therefore, the performance
is worse than that of the 2-finger receiver.

Figure 7 shows the BER of MC-CDMA scheme for ORC,
EGC, MRC and MMSEC, respectively, where 1024 subcarri-
ers and 1 percent guard interval are used to have frequency
nonselective fading over each subcarrier [7]. Also, in this fig-
ure, the performance of MC-FDMA scheme, where 1024 sub-
carriers are employed as well and a different set of 32
subcarriers is assigned to a different user, is shown. The BER
performance of the MC-FDMA scheme [13] is given by

1 E;. /N,
BERMC—FDMA:§[1_4 —“—*—HbE /](1, ]
» /Ny

which is identical to the BER expression for a frequency
nonselective slow Rayleigh fading channel. As compared
with the MC-FDMA scheme, the MC-CDMA scheme with
ORC performs worse. Therefore, we should not use the ORC
even if we can perfectly estimate the subcarrier state infor-
mation. However, the MRC can minimize the BER for the
case of one user, because as the number of users increases,
the BER rapidly degrades. The EGC, which requires only
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subcarrier synchronization, can keep a good BER perfor-
mance; furthermore, the MMSEC performs better than the
EGC.

Figure 8 shows the BER of Multicarrier DS-CDMA
scheme, where 1024 subcarriers and 1 percent guard interval
are introduced as well. When we do not take account of FEC
and interleaving techniques, the BER performance is lower
bounded by the same expression for MC-FDMA scheme,
because it cannot gain frequency and time diversity effect.

Figure 9 shows the BER of MT-CDMA scheme with 2-fin-
ger Rake receiver for No = 2 and N¢ = 4, respectively. The
MT-CDMA scheme with No = 4 performs better than that
with No = 2, because, in the channel used in this computer
simulation, the intersubcarrier interference, which increases in
proportion to the number of subcarriers, less affects the
detection process, as compared with the BER improvement
effect due to using longer spreading codes.

Figure 10 shows the BER comparison of DS-CDMA
scheme with 2-finger Rake receiver, MC-CDMA scheme with
MMSEC, Multicarrier DS-CDMA scheme and 2-subcarrier
MT-CDMA scheme with 2-finger Rake receiver. It is evident
from this figure that the MC-CDMA scheme with MMSEC
outperforms all other schemes, although it requires the esti-
mation of subcarrier state information and noise power, and
the knowledge of the number of active users.

CONCLUSIONS

his article reviews the Multi-Carrier-based CDMA schemes

such as MC-CDMA, Multicarrier DS-CDMA and Multi-
tone CDMA, and discusses their advantages and disadvan-
tages, with a normal DS-CDMA scheme. Computer simulation
results have shown that the MC-CDMA scheme with MMSEC
is a promising protocol in a 2-path frequency selective slow
Rayleigh fading channel. However, more detailed discussions
and analyses using different multipath delay profiles are
required.
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