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A Multicarrier CDMA System Using Divided Spreading Sequence
for Time and Frequency Diversity
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ABSTRACT

This paper proposes a new multicarrier code division multiple access (CDMA) system. The proposed
multicarrier CDMA system provides the advantages that the transmission bandwidth is more efficiently utilized by
using divided spreading sequence, time and frequency diversity is achieved in frequency selective multipath fading
channel, and inter-carrier interference (ICI) can be minimized by using specific data and code pattemn. In this
system, transmitted data bits are serial-to-parallel converted to some parallel branches. On each branch each bit is
direct-sequence spread-spectrum modulated by divided spreading sequences and transmitted using orthogonal
carriers. The receiver provides a Rake for each carrier, and the outputs of Rakes are combined to get time and
frequency diversity. This multicarrier CDMA system allows additional flexibility in the choice of system
parameters. Upon varying system parameters, bit error rate (BER) performance is examined for the proposed
multicarrier CDMA system. Simulation results show that the proposed multicarrier CDMA scheme can achieve
better performance than the other types of conventional multicarrier CDMA systems.
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I.ME modulation with CDMA, known as multicarrier

CDMA for cellular systems. This combination as

A multicarrier Modulation (MCM) has been
proposed for high data rate application to reduce
the effect of inter-symbol interference (ISI) and
adapt to channel conditions. Multicarrier CDMA
[1] uses direct sequence (DS)-CDMA merely for
multiplexing, and choose the signal waveforms
using  the division
multiplexing (OFDM) principle [2]. Signals to

orthogonal  frequency
different users are added linearly onto a multiplex
of multicarrier CDMA signals. The advantages of
multicarrier modulation and CDMA technique
motivated many researchers to investigate the
suitability of the combination of multicarrier

a multiple access scheme will allow one to take
advantages of both schemes: higher flexibility,
higher spectral efficiency, simpler detection
techniques, narrow band interference rejection
capability, etc.

In fact, multicarrier CDMA systems have
already been proposed, and these proposed
techniques can be categorized mainly into two
groups [1]. Omne, namely, multicarrier (MC)-
CDMA spreads the original data stream using a
given spreading code, and then modulates a
different subcarrier with each chip (in a sense,
the spreading operation in the frequency domain)
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[3]-[5], and the other, called multicarrier DS-
CDMA  spreads the serial-to-parallel  (S/P)
converted data stream (the spreading cperation in
the time domain) [6], [7], similar to a normal
DS-CDMA scheme. In the MC-CDMA system
[3]-[5], each carrier is subject to nonselective
fading, and frequency diversity can be achieved.
Unless the chip duration is longer than the
channel delay spread, this system suffers from
severe inter symbol interference. On the other
hand, the multicarrier DS-CDMA [6], [7] system
is robust to multipath fading and requires a lower
chip rate since the entire bandwidth of the system
is divided into equi-width frequency bands, but
this system cannot achieve frequency diversity
since subcarriers have different data. One of the
principal disadvantages of multicarrier modulation
technique is the sensitivity to the frequency offset
in the mobile channel. This channel offset
introduces inter-carrier interference among the
multiplicity of carriers in the multicarrier
modulated signal [8].

In this paper, we propose the following
modifications to the conventional multicarrier
CDMA schemes. At the transmitted side, the
initial data stream is serial-to-paralle] converted
into lower rate data streams. Each stream is
copied into several parallel streams. These streams
are assigned to different subcarriers to get the
frequency diversity in the frequency selective
fading channel. Divided PN sequence is used for
efficient transmission bandwidth. The receiver
provides a Rake for each carrier, and the outputs
of Rakes are combined to get time diversity. The
proposed multicarrier CDMA system is shown to
provide the following advantages: the proposed
multicarrier  CDMA lowers the chip rate of
spreading sequence by using divided pseudo-noise
(PN) spreading sequence, minimizes inter-carrier
interference by using specific data and code
pattern, and achieves frequency and time diversity.
The performance of the proposed system is shown
to outperform the conventional multicarrier CDMA
systems under the multipath and frequency offset
channel environment.
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This paper is organized as follows: Section 2
introduces the proposed multicarrer CDMA
system, and describes data and code pattern.
Section 3 presents channel models. Section 4
shows the receiver scheme for the modified
multicarrier CDMA system. Simulstion results are
presented and discussed in Section 5, and the

conclusions are given in Section 6.

1. Proposed Multicarriasr CDMA
System

2.1 Transmitter Scheme
The transmitter for user k of the proposed
system is shown in Fig. 1. At the transmitting

side, the bit stream with bit duration Tp is

serial-to-parallel converted into M parallel streams.

The symbol duration on each stream is T=MT,
Each stream feeds S parallel streams such that the
same data stream exists on the S branches. These
S parallel streams are spread by different divided
PN sequences. The k-th users PN sequence with
length N is divided into S sub-PN sequences with
length N/S. In this paper, we make the total
number of subcarriers fixed at N for any selection
of M and S (M XS=N), and the total transmit
bandwidth is constant regardless of M and S,
which means chip duration Tc is constant. If M
is equal to 1, the length of divided PN sequence
is §, and this system can be considered as
MC-CDMA [3]-[5]. If S is equal to 1, the length
of dividled PN sequence is M, and this system
can be considered as multicarrier DS-CDMA [6],
{71. The M xS subcarriers are used for BPSK
modulation of each stream.

In order to obtain a compact signal in
frequency, it would be desirable to space the
subcarriers as closely together as possible. The
closest possible spacing between subcarriers is

UT. . with this particular spacing, the structure of
the signal is exactly that of OFDM system.
Assuming K wusers, all employing the proposed
multicarrier CDMA system with equal selection of
M and §, and the same power for all carriers, the
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Fig. 1 Transmitter scheme for modified multicarrier
CDMA

transmitted signal of user k is given by

MS
5,(0)=22P b, ,(1C, 5, () cos(®,1) W
m=1

where p=1, 2, - , M is the output branch index

of the serial-to-parallel converter, and

p=1+[(m-DmodM] such that i, is the
data bit stream on the identical data bit branches
fed from the p-th branch as shown in Fig. 1.

Cisi s the k-th users i-th divided PN sequence.

The transmitted data bit Y, (") takes the values
of X1 with equal probability. Also in (1), P is
the transmitted power per subcarrier. The bit and
chip waveforms are rectangular, and the

orthogonal frequencies @ are related by

w,, =wl+(m—1)~2ﬂ-;—

¢

where m=1,2,3,...,MS and wl=27‘§fc (2)

where m is the absolute subcarrier number in the
system. The subcarriers are spaced apart from its

neighboring subcarriers by FIT, where F is an
integer nurnber.

Observing the model of the transmitter in Fig.
1, the implementation of a proposed multicarrier
CDMA transmitter appears prohibitive with the
bank of oscillators, one for each of the

subcarriers. However, it should be noted for the
case of F=1, as mentioned above, the multicarrier
CDMA shares the same signal structure as
OFDM. The analysis of OFDM has shown that
the discrete-time version of the OFDM transmitter
is simply a discrete Fourier transform (DFT).
Thus, the transmitter model for multicarrier
CDMA may simply be replaced by an FFT
operation for F=1 which is the minimum
frequency spacing between adjacent subcarriers [3].

2.2 Data and Code Pattern

Fig. 2 shows the divided PN sequence structure
to spread S copied data streams. In this paper, we
use m-sequence as a spreading PN sequence. The
k-th users PN sequence of length N is divided
into § sub-PN sequences of length M (=N/S). As
shown in Fig. 2, the k-th users PN sequence of
length N is

Co={c 0. ., N-1} 3

where C(f) is the k-th user’s and the i-th chip

element of spreading PN sequence Cyx . The

elements of Cyx take value of =1, and C s

divided into S sub-PN sequences

C, :{Ck.s.l»ck.s.z»"" Ck.s,s} 4)
i-th divided sub-PN sequence of length M is

Cos, ={e (=DM, e (=DM +13,--, ¢, iM 1) }
®

The spreading gain of each subcarrier is NJS,
where N is the length of the spreading PN
sequence, but the total processing gain can be
considered as N because S copied data are spread
by § different divided PN sequences of which
length is NJS.

Each divided PN sequence is transmitted by
using different sub-carriers. The MS frequencies
are assigned to the MS streams such as, given a
value of M, the frequency separation between any
two successive identical-bit carriers is maximized,

51N
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Fig. 2 Divided PN spreading sequence

and divided PN sequences are assigned to the
subcarriers to maximize the orthogonality between
adjacent subcarriers which have the different data
bits. Also the Rake receiver can be adopted by
using the property of divided PN sequences. The
divided PN sequences are assigned by (6) which
is the case of MS = 64.

1+{((m—l)modM)modS+l’;lJ-a}mods (M25)
i=
1+{((M—l)modM)modS + l"}'l/;IJ-(zf l%—;—lJ-lP—gus—“lJ}modS

#<9 (6)
@=0 ($=0), @=1(2<55<16), a=2 (32<S5<64)

where i indicates the i-th sub-PN sequence among
S dividled PN sequences. This i-th sub-PN
sequence is assigned to the m-th subcarrier. The

data bits are assigned sequentially byysbiasr b
to the MS subcarriers. Fig. 3 shows the example
of data and pilot pattern for M=16, S=4 and
M=4, S=16. The data and code pattern is
determined to maximize the distance of identical
data bits in frequency domain and achieve the
orthogonality between adjacent subcarriers. To
maximize the frequency diversity gain, the
separation between identical data branches should
be maximized. From the data and code pattern in
(6), we can achieve the orthogonality between
adjacent subchannels. For example, in Fig. 3 (a),

the correlation between data by, and b, is

T
R, ,(§=4= bmbk,z_[ 4 (Ck,l‘lck,d‘z +CrCras + CrasCras +CraaCra: )dt

=bbea] CUOC(-16T ) %0
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As shown in (7), we can got orthogonality
between adjacent channels by usirg specific code
and data pattern. This orthogonality can minimize
the inter channel interference. But in the case of
M=64 (§=1), we cannot get orthogonelity between
adjacent subcarriers because the same spreading
PN sequences are carried on differsnt subcarriers.

b, k- user's o-th data bits
(;v b by A b b b AA;A. L R LY
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C .:v‘., u‘k—m:uv'us -t divided sub—PN code set
(a) example of code and data pattern: M >§
(M=16, S=4, N=MS=64)
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Fig. 3 Spectrum of the transmitted signal

H. Channel Model

In this paper, the multipath fading channel
model is defined as a discrete typs of multipaths.
The Rake in this system can resolve a fixed
number of Rayleigh faded paths with delay > T..
Even though the
synchronous, we conveniently assume that we
utilize the tapped delay line model [9], [IC]. The
complex low-pass impulse response of the channel

multipaths  cannot  be

for carrier m of user k is given by

L
by (D)= ng,m,lé(t -4,,)9,0)
= (8

@, (1) =exp(y 24 ,t) ®

where L is the number of resolvable paths,
_ Jemi . .
8t = Prmi® is a complex Gaussian random
. . . B
variable with zero mean and variunce 9:. Fimi

is the Rayleigh random variables, and 7kmi is
the uniformly distributed random phase. Since we
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consider only uniform multipath power profiles,

o s equal to 1/L and the channel

auto-covariance function is found to be

L
Y ols-t,,)
1=1

and the unit energy constraint on

the fading process covariance function implies,

L
2 _
;0‘, =1 % o

component of the channel. For the discrete

is the frequency offset

channel, we assume Jn =V/T. (v=012..

V ) with equal probability [11]. Thus we can

rewrite the impulse channel response Py ) as

vV L
h,(,m(t)=Zng‘m',é'(t—t,(,,)exp[jZn:—Tv—t] (10

v I=l c

Since the channel model is assumed to be
synchroncus, the delay of the I-th path of the

k-th user is ‘s =U=DT. The path gains (8ems}

are assumed to be independent for different users

and different paths, but {8cmitare comrelated for
different subcarriers of the same user and path.
The amount of correlation depends on the
frequency separation with respect to the coherence

bandwidth of the channel. Trms, the correlation
between the different subchannel signals is given
by [12]

& 1
R, (i~ ))=Elh b,  |=—~———"
h( j) [ ki k']] 1+27[]A,-UTrm5 (11)
where &7, is frequency interval between i-th and
Jj-th subchannels, defined by

; H Trms
Afmeh =|l—j|T— (12)

Formally the coherence bandwidth is the
bandwidth for which the autocovariance of the
signal amplitudes at two extreme frequencies
reduces from 1 to 0.5 [12].

IV. Receiver Model
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Fig. 4 Receiver scheme for modified multicarrier CDMA
system

The receiver structure for k-th user of the
proposed multicarrier CDMA system is shown in

Fig. 4. In Fig. 4, the output Zi!P is the p-th
output among the M serial-to-parallel converted
data. In the receiver, there are MS matched filters
for each multipath signal with one matched filter
for each subcarrier. To extract the desired signal

component, partial correlations, Zyi| P are

calculated by using divided PN sequences. In Fig.

4, Zi'P s the partial correlation output of the
k-th users i-th copied data for the I-th multipath
component where i = 1, 2, .., S and [/ =1, 2, ..,
L. The outputs of S partial correlator detectors
are combined in subchannel combining block to
get frequency diversity, and we get the I-th

multipath component ZlP . Bven if outputs of
matched filters are partial correlation values, we
can get the full correlation value of the spreading
sequence by summing those partial correlation
values. We also consider the case that the
detector of each carrier employs a Rake receiver.
Outputs of Rake receiver branches are also

combined into Zi!P in a Rake combining block
to get time diversity gain. The outputs of Rake
combining blocks, Zi!LZ 2L, Z M = g
parallel to serial converted to get the desired
signal sequence.
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In the proposed system, the values M and §
are two of the most important design parameters
to determine the bit error performance as well as
diversity gains. Therefore, it is critical to pursue
the system optimization in terms of these system
parameters in accordance with the given data rate.
The receiver of user k employs MS matched filter
detectors; each tuned and synchronized to one of
the carriers. The received signal takes the form

K VvV MS L

r)= \/Z_Pzzzzpk.m,lbk.p =1, —T)Cs, (11, —T,)

k=1 v=1 m=1 {=]

xcos((@, + AW+, ., )+ n(D)

m

13

wheren(t) Ny /2 s
Oemi = Vims = Oulyy — @,T,) mod 27

Ao, =2r(v-D/VT, ¢ T, {Tk } are iid.

uniformly distributed random variables with the
values in [0, T]. For simplicity of performance
analysis, we assume V=2. The output of k-th
users matched filter of carrier ¢ and /-th path is
given by and the set which is the frequency
offset by mobile channel. The propagation delay
for user k is and is AWGN with zero mean and
two-sided power spectral density

hy+MT,
Z,p=] L TOC,s (=t )cos@,t 44, )dt
(14

whered MT, T=S5-M-T, SXL matched filters
are added (post detection equal gain combining is
accomplished) For the bit transmitted on group
p, p=1, 2, -, M, the decision statistics of the
because is the absolute carrier number within
group p. The relation between i and carrier
number m=q is described in Section 2. 2. The
integration interval T/S is equal to

L S
Z Ilp= A
' P g‘; kit | P (15)

where L is the number of Rake branches. We use
Equal Gain Combining (EGC) to reduce the effect
of the fading and interference while not enhancing

574

the effect of the noise on the decisicn of what
data symbol was transmitted.

V. Simulation Results
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Fig. 5 BER performance of multicamier CDMA with

different M: delay spread T, =2T, and without
Rake receiver (A =1)

We now present some simulation results regarding
the performance of the proposed multicarrier
CDMA, and we investigate the influence of
different design parameters on the performance of
the proposed system. In this simulation, we
assume a frequency selective Rayleigh fading
channel, and we consider three kinds of channel
delay profiles: Tm/Tc=2, 3 and 4. We assume a
perfect subcarrier synchronization and subcarrier
state estimation. Maximal length sequences of
length 64 are used to spread the transmitted data.
We set the product of S and M as constant
number (§ XM = 64) and chip duration T. is set
constant, which means that the number of
subcarriers is constant and the bandwidth of
subcarriers is identical regardless of § and M.
The number of serial-to-parallel converted bits can
be M =1, 2, 4, 8, 16, 32 and 64 in which § =
64, 32, 16, 8, 4, 2 and 1 respectively. We
investigate the influence of different design
parameters on the performance of the proposed
multicarier  CDMA  system. Simulation results
compare the performance of three kinds of
different parameters: the number of serial-to-
parallel converted branches (M=64/5), the number
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of Rake receiver branches (A ), and the ratio of

delay spread to chip duration (L=Tm/ T.) which
is the number of resolvable paths.

T /.22, With RAKE

Fig. 6 BER performance of multicarier CDMA with

different M: delay spread T,=2T. and using
Rake receiver (A =2)
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Fig. 7 BER versus the number of serial-to-parallel

converted branches M: delay spread T,=2T,,
Eb/NG = 20dB

Figs. 5 ~ 7 show the BER performance of
proposed multicarrier CDMA scheme in the case

of T./T.=2. Fig. 5 shows the BER performance
according to the varying size of the number of S/P
converted branches, M, while the Rake receiver is
not used. Fig. 6 is the same case as Fig. 5, but
the Rake receiver is used. Fig. 7 shows the effect
of the Rake receiver at Ey/No,=20dB. As shown in
Fig. 5 and 6, for M = 2 (§ = 32), the system
achieves better BER performance than the others.
Also the BER performance improvement can be
obtained by using the Rake receiver. Especially for

M=2, 4, 8, about 3~5dB diversity gain is obtained
by the Rake receiver. For M=1 and 64, BER
performance is almost unchanged whether the Rake
receiver is used or not. Figs. 8~10 show the BER

performance for T,/T.=3. 1t can be seen from
Fig. 8 that for M=8, the system achieves better
BER performance than the others, but for M=2,
the system achieves the worst BER performance.
This result is quite different from the case of

T,IT.<. Figs. 9 and 10 show the effect of time
diversity using the Rake receiver. For M=2, the
performance improvement due to the Rake receiver
is very small compared to Fig. 7. The reason for

this result is that for M=2 and T,/ Tc=2, delay

spread is not longer than the data duration, but for

M=2 and 7Tn/T.=3, delay spread becomes longer
than data duration. If the delay spread is longer
than data duration, severe inter-symbol-interference

occurs by multipath fading channel. Fig. 11 shows

the BER performance in the case of T IT. =4, For
M=4, 8 and 16, the system achieves better BER
performance than the others and the performance
improvement by the Rake receiver is higher than
the others. This results are similar to the case of

T IT, =3, Fig. 11 demonstrates that the proposed
multicarrier CDMA system can achieve better BER
performance as the number of the Rake branches
increase, but for M = 1,2 and 64, this system

achieves either compatible or slightly better

performance.
T /T3 Whout RAKE
L T T T T T
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Fig. 8 BER performance of multicarier CDMA with

different M: delay spread T,,=3T. and without
Rake receiver (A =1)
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Fig. 9 BER performance of multicarrier CDMA with
different M: delay spread T,=3T, aq using
Rake receiver (A =3)
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Fig. 10 BER versus the number of scrial-to-parallel

converted branches M: delay spread T, =3Tc,
Eb/NO = 20dB

Bit Error Rate

Fig. 11 BER performance of multicarrier CDMA with
different M: delay spread T, = 4T,

For M=1 (5=64), the system is considered as a
MC-CDMA scheme. MC-CDMA system has not
orthogonality in time domain because signals are
spread in frequency domain. It induces severe
inter symbol interference by multipath fading
channel. For M=64 (S=1), the system is
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considered MC-DS-CDMA scheme. I1 that case,
Each subcarriers have the same PN sequence and
the system suffers from sever: inter carrier
interference. From the simulaticn results, we
observe that the system perfomance mainly
depends on the S/P number, M, and the delay
spread of channel. The proposed scheme is robust
to inter-symbol interference and inter-channel
interference by choosing proper M and S
parameters, and outperforms ths conventional
schemes such as M=1 and M=64.

VI. Conclusions

In this paper, we propose a modified
multicarrier CDMA  transmission scheme, and
simulation results are presented to investigate the
performance of the modified multicarrier CDMA
system. This multicarrier CDMA scheme fully
exploits the inherent channel diversity. The
spreading sequence is divided into § branches and
these sequences are transmitted by each different
subcarrier. These § subchannels undergo a
different fading and noise condition and
consequently we can achieve frequency diversity.
Using the sum of partial corrzlation in the
receiver, a Rake receiver can be utilized to
achieve time diversity. And we can get the
orthogonality between adjacent channels by using
specific data and code allocation, which reduces
the inter carrier interference effect. The proposed
scheme is robust to inter-symbol interference and
inter-channel interference by choosing proper M
and § parameters, and ourperforms the
conventional schemes such as M=1 (MC-CDMA
scheme) and M=64 (MC-DS-CDMA scheme). The
modified multicarrier CDMA  system  allows
additional flexibility in the choice of system
parameters, and the performance of the proposed
multicarrier  CDMA  system  improves as the

number of Rake branches increase.
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