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A New Multicarrier Multicode DS-CDMA Scheme for
Time and Frequency Selective Fading Channels

Yewen Cao, Tjeng Thiang Tjhung, and Chi Chung Ko

Abstract: In this paper, a new multicarrier, direct sequence code
division multiple access (MC-DS-CDMA) system is proposed. Our
new signal construction is based on convolutional encoding of the
transmitted data, serial-to-parallel (S/P) conversion of the encoded
data, Walsh-Hadamard-transformation (WHT), a second S/P con-
version of the WHT outputs, spread spectrum (SS) modulation
with a common pseudo-noise (PN) sequence, and then multicar-
rier transmission. The system bit error rate (BER) performance in
frequency selective fading channel in the presence of additive white
Gaussian noise (AWGN) and a jamming tone is analyzed and sim-
ulated. The numerical results are compared with those from an
orthogonal MC-DS-CDMA system of Sourour and Nakagawa [7].
It is shown that the two systems have almost the same BER perfor-
mance, but the proposed scheme has better anti-jammming ability.

Index Terms: DS-CDMA, multicarrier CDMA system, multicode
transmission.

I. INTRODUCTION

Recently, much attention has been directed to the use of mul-
ticarrier modulation techniques to obtain frequency diversity in
digital communication systems. This technique was proposed
for code division multipie access (CDMA) systems in 1993 [1],
[2], leading to the basic multicarrier CDMA system, for which
in depth investigations have subsequently been made in [3]-
[10].

Another novel technique in CDMA systems that has attracted
recent interests is the use of multicodes. In the next generation
of DS-CDMA communication systems, variable and high data
rate services with user-specified quality of services requirements
need to be provided. Multicode transmission can provide these
services without decreasing the processing gain or increasing
the spreading bandwidth [11].

In this paper, we propose a new multicarrier DS-CDMA
scheme in which the idea of multicode transmission and channel
coding are considered together. In our scheme, a convolutional
encoder with a low code rate (1/R) is used. After encoding, the
R coded bits are serial-to-parallel (S/P) converted, interleaved
and then multiplexed with R Walsh-Hadamard (WH) codes to
form M super-bits. The super-bits are again S/P converted to
form M parallel super-bits sub-streams. Then, all the M super-
bits sub-streams are direct sequence spread spectrum (DS-SS)
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modulated and transmitted using M orthogonal carriers. In the
receiver, a correlator is provided for each carrier, and after in-
verse WH transforming, de-interleaving, and self interference
canceling (SIC), the Viterbi algorithm is adopted for convolu-
tional decoding.

Rowitch and Milstein [12] first conceived the idea of us-
ing convolutional code in multicarrier DS-CDMA. In {12], the
convolutionally coded symbols are duplicated and transmitted
through multicarriers. In our proposed scheme, however, we
multiplex the convolutionally coded bits with multicodes, in a
so-called code-division-multiplexing (CDM) scheme. We then
S/P convert the CDM coded symbols for transmission using all
the subcarriers. Several years ago, Matsutani and Nakagawa
[16] have proposed the use of CDM in multi-carrier DS-CDMA
system. However, unlike in [16] where the CDM processing is
applied on the parallel data bits, we apply the CDM on the con-
volutionally encoded bit stream in our new scheme.

The motivation in proposing our above muiti-code, multicar-
rier DS-CDMA (MM-DS-CDMA) scheme is to achieve both
time and frequency diversity for flexible high data rate trans-
mission over multipath fading channels. We use WH transfor-
mation, a well-known approach recently reported in [22] and
[23], to obtain frequency diversity. We also employ convolu-
tional encoding and interleaving, another well-known technique
formalized in [20], to attain time diversity. Finally, we address
the need for flexible high data rate services by including the use
of multi-code and multi-carrier transmission.

This paper is organized as follows. In Section II, we introduce
the system model for the proposed muticarrier multicode DS-
CDMA scheme. In Section III, we present the channel model.
In Section IV, we analyze the performance of the proposed sys-
tem. In Section V, numerical results are presented. Finally, in
Section VI, we present our conclusions.

II. SYSTEM MODEL

A. Transmitter Signal Construction

The transmitter block diagram of the proposed system is
shown in Fig. 1. The input data d(¢t) with bit duration T is
convolutionally encoded at rate 1/R and then serial-to-parallel
converted to R parallel coded bit sub-streams with bit duration
T'. These R sub-streams, after undergoing interleaving, are then
multiplexed by R Walsh-Hadamard (WH) codes of length M.
This results in M multi-level symbols in a time period of T'.

For simplicity, we refer to these muitilevel symbols as code
division multiplexing (CDM) super-bits. The A CDM super-
bits are serial-to-parallel converted, then modulated by a com-
mon PN sequence and transmitted using M subcarriers so that
both time and frequency diversity are achieved.
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Fig. 2. Receiver of proposed multicarrier multicode DS-CDMA system.

To describe this modulation process, we note that the super-
bit signal by ., (t) of the k-th user is given by

o0
bk,m: Z pT(t’]T), mzlv 7T7 (1)
j=-—o0
where by, ., = Zf e .¢Wq,m 18 the m-th CDM super-bits, c7

is the g-th convolutlonally encoded bit for the k-th user dunng
the j-th bit duration, w, ,, is the m-th code bit in the ¢-th Walsh-
Hadamard sequence of length M, and pp(¢) is a unit rectangular
pulse of duration 7". The transmitted signal for the k-th user is
therefore

M
= Z V 2P;bie,m (t)ak(t) cos(wimt + @k,m), 2
m=1

where RPj is the transmitted signal power. ai(t) =
Efj;ol aknpr, (t — nTe) is a pseudo-noise (PN) spreading sig-
nal with chip duration of T, = T/N, ax, € {+1,—1}isa
PN code sequence with length of N, and pr. (£) is a unit rect-
angular pulse of duration T.. wy, = wo + 2rmE /T, and i m
are, respectively, the frequency and phase of the m-th subcar-
rier for the k-th user, where wy is the lowest carrier frequency,

and the parameter F is an integer. Note that the parameter F'
should be such that the carrier separation is larger than the co-
herence bandwidth (A f),. of the multipath fading channel so as
to ensure independent fading among different subcarriers [1].

B. Receiver Structure

In Fig. 2, we show the block diagram of the receiver for our
proposed system. A conventional correlator is used to demod-
ulate the received signal for each carrier. After correlation de-
modulation, the outputs are weighted by combining gains and
then parallel-to-serial converted for inverse Walsh-Hadamard
(IWH) transformation, de-interleaving, self-interference cancel-
ing (SIC), and soft decision Viterbi decoding. The SIC is used
to cancel the interference due to the use of multicodes and will
be explained in Section V.

C. Receiver Structure

In this paper, we shall compare the bit error rate performance
of our proposed muticarrier multicode DS-CDMA system with
that of the orthogonal multicarrier DS-CDMA scheme of [7].
We assume that the same convolutional encoders are used for
both of these systems. The overall bandwidth is BW = N (M +
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1)F/T for our proposed system, and that for the system of [7]
is given by BW; = N;(M + 1)F/T, where T' = RT), and N
and N, are the lengths of the PN sequences in the two systems.
Therefore, to have the same overall bandwidth, we require N =
RN

1I1. CHANNEL MODEL

We model the channel as a flat fading process for each of
the subcarriers [3]. The low-pass equivalent channel impulse
response for the m-th carrier of the k-th user is

hk,m(t)

where 75 is the delay of the k-th user. Assuming that
different subcarriers undergo the same fading process, each
subcarrier will experience the same 7. The channel gain,
Bi.m €xp(J¥k,m) is a zero mean complex Gaussian random vari-
able (1. v.). For different user k, (. ,,, is an independent identi-
cally distributed (i.i.d.) Rayleigh random variable with unity
second moment, and 7y, is an i.i.d. uniform random variable
over [0, 27).

We also assume that the fading is slow so that the bit period
in each subcarrier is much less than the coherence time of the
channel. To meet all these conditions, we have included an in-
terleaver and a de-interleaver in the system. However, since the
addition of an interleaver and a de-interleaver will not change
the basic characteristic of the proposed scheme, we will ignore
them in the following discussion for convenience as in [7].

In this paper, we shall also consider the presence of a strong
jamming signal in the channel [17]-[19]. The jamming will be
taken to be an unmodulated single tone residing somewhere in
the given frequency band. In the presence of fading, the received
jamming signal is

J(t)

= IBk,m eXP{]7k,m}5(t - Tk:)> m = ]-7 U >M7 (3)

= B/ 2P;cos(wyt + ¢yg), )

where Pj is the jamming power, w is the jamming frequency,
B is a Rayleigh distributed random variable with unity second
moment, and ¢ is a uniformly distributed random variable in
[0, 27r). Taking the first user as the desired one, the jamming to
the desired user signal power ratio is given by o, where P; =
al; 1-

IV. PERFORMANCE ANALYSIS

A. Decision Statistics

Assume that there are K asynchronous users with AWGN in
our system. The signal received in the above-mentioned fading
channel and in the presence of a single tone jamming can be
expressed as

K M
r(t) =Y V2P Y Brmbim(t — Te)ax(t — )
k=1 m=1

X cos{wmt + Pp.m) + J() +n(t), (5)

where ¢p.m = Qrm + Vem — WmTh, and n(t) is a Gaus-
sian white noise with zero mean and double-side power density
Ng/2.

We assume that the channel can be estimated perfectly. This
assumption is reasonable for ensuring mathematical tractability
[15]. We consider the first user to be the desired user. For a bit
transmitted in, say, [0, 27"), the output of the first user’s correla-
tor for the g-th carrier is

T+71
Zg = / r(t)a,(t — 1) cos(wqt + ¢1,q)dt

71

=Zo+77q+Jq+Iq’v (6)

where 17, is a Gaussian variable with zero mean and variance
NoT'/4,

V2P
20 = 5 TB1qM g @
T4+7
Jg = / J(t)ai(t — 11) cos(wqt + ¢1,4)dt, 3)

and I is the sum of all interferences and can be divided into two
components, I, = Lgl) + ng). Lgl) is the multiple access inter-
ference (MAI) from the same carrier and /. 52) is the MAI due to
all other carriers and all other users. Note that self-interference

from the same subcarrier and other subcarriers of the desired
user are equal to zero due to the use of orthogonal subcarriers.

I ,§1) and I 52) can be further expressed as

K
I(l) Z

k=2

2P

ﬂk,q cos(¢k,q - ¢1,q)

X [bi’—ql)Rl,k(T) + bg;ﬁl’k(T):l ) )

K M
@) _ 2P,
P2V Y
k=2 m=1,mz#
x [b, Quim, q< )+ 6001k, (10)
where 7 = 7, — 71, and R, , and }A?,L x(t) are the continuous time
partial cross-correlation functions as defined in [13]. Q1 x,m,q

and Q1 k,m,q are given by

Qurma() = [ " gkl — ) (1)

X €08 [(Wm — wg)t + Ok.1.m,q] dt, (11)
R T
Grma(r) = [ axlt = )ar(t)

X €08 [(Wm — wg)t + Ok 1,m,ql dt,  (12)

where O 1 m g = Grm — $1,4- Setting 7, = 0 for the first
user, 7 will be a random variable uniformly distributed in [0, 7).
Now, referring to [13], we have

Rl,k('r) = Ck,1(Fk —N)(1 - AT

+Ck,1(rk — N+ 1)Ach, (13)



Rl,k(T) = C’kill“k(l — Ak>Tc + Ck,l(Fk + 1)AkTC, (14
where I'y, = |7 /T¢]|, Ag = 7 /T — Tk, [k is an integer uni-
formly distributed in [0, N — 1], and Ay is uniformly distributed
in [0, 1]. As defined in [13], Ck 1, for k = 1, is the discrete ape-
riodic partial auto-correlation function for the pseudo random
signature a;(t). For k # 1, it is equal to the cross-correlation
between a4 (t) and ay(t).

Similar to that in [7], after carrying out the integration given
by (11) and (12), and performing some further mathematical
manipulation, we obtain

Q1,k,mg(7) =T [Cun(Tk — N+ 1) — Cr 1 (T — N
XD 1.m,q, (15)
Q1kmg(7) = Te[Cha (T +1) — Ce i Tk D 1mgs  (16)

where Dy 1 m g = cos[m(m — q) Ay + O 1 m q| Agsinc[m(m —
7)Ag].

To implement frequency diversity, combining methods such
as equal gain combining (EGC) and maximum ratio combining
(MRC) may be considered. After combining, we get

Yq = 91,02, 4=1,--, M, an
where g, , is the combining gain for the g¢-th subcarrier of
the first user. As shown in the receiver of Fig. 2, {yq,q =

, M} are parallel-to-serial converted and multiplied by R
Walsh-Hadamard code sequences to form the decision signals
{z,} before decoding. Therefore, the decision statistic for the
r-th transmitted coded bit in bit duration [0, T) is

R, (18)

Ty = E Wr,gYq, r=1,--

where w, , is the g-th code bit in the r-th inverse Walsh-
Hadamard sequence of length M.
Using (1), (6), (17), and (18), we get

\/2P T
Tr = - Zgl,qﬂl q Cl r
M _
+ Z (Zgl,qﬁl,qwi,qwnq> C?J‘} + N’I‘7 (19)

i=1,i#7r =

where

=
I
~
_|_
N
N

(20)

is the sum of all of interferences, I, = Z.];Vi1 91,gWr.q (Lgl) +

2 = M ~ M
Icg ))’ Jr = Zq:l 91,qWr,qJq, and 7, = Zq:l 91,qWr,q"g-
Furthermore, N’r can be expressed as follows:

M
N, = g 9g1,qWrqNg, rT=1,---
q:l

R, 2D
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where Ny = Iy + Jo +ng.q = 1,
dependent. This is because {4, ¢ MY, {0 =
1,-+-,M},and {ny,q = 1,--- , M} are mutually independent.

Now by defining u;; = 1/5(22”:1 91,qﬂ1,qwi,qwj,q), S =

S0 91481 and (/6T = \/E,T/28S, where Ey, = P T is the
energy per bit, we can re-write (19) in matrix form as follows:

M are mutually in-

X =UC+N, 2)
where X = [z1---zg, N = [N;---Ng|l, C =
[VErd ;- Eicd) g]", and U is a R-by-R matrix with ele-
ments Uij-

In the decoding procedure depicted in Fig. 2, the transmitted
binary data d(t) is recovered by using a soft decision Viterbi
decoder based on the decision statistics X. Note, however,
that there exists self-interference due to loss of orthogonal-
ity between multicodes in the desired user signal. This self-
interference corresponds to the second term in the brackets of
(19), and may be removed by using the following procedure.
From U and X, we can calculate

X'=U'X=U"WC+U'N=C+N, (@3
Expressing (23) in component form, we have
z,. —\/_clT+N’ (24)

where ]V; is the r-th element of U™ N. Equation (24) shows
that the self-interference due to multicodes has been cancelled
completely. This processing is referred to as self-interference
canceling (SIC) in our proposed scheme. The SIC is used before
the Viterbi decoding as depicted in Fig. 2.

However, the interference N has now been transformed to
become N’ (i.e., U 'IN). This means that the processing of
SIC results in noise coloring, which is inevitable due to the use
of WH transformation, and will degrade the performance of our
proposed system. To prevent this performance degradation, the
use of maximum likelihood (ML) detection is one solution. In
this paper, we do not intend to further investigate this problem
due to limited space.

B. Mean and Variance

In this section, we will derive the statistics of the signal vector
X = [z - - - zg|" before decoding. Firstly, from (19), the mean
of each component of X, conditioned on the fading channel
parameter 51 = {1, 4,9 = 1,--- , M} for the first user, is given

by

Elz,|41] = VEicl (25)
where ¢ . is the r-th coded bit for the first user in duration
[0, T).

Now, we will determine the conditional variance of X. As-
suming that the EGC detection strategy given by (17) is used,
it is easy to see from (20) that the contribution due to AWGN
leads to a Gaussian random variable 7, with E[7,] = 0 and
var[n] = NoTM/4.
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Let us collsider the component TT in (20). It can be readily
shown that I, has a mean of zero. Using the analysis similar to
that in {7] and [13], the variance of I, is given as follows

var[T,] = TZM{ ZPk Te1 + 2MZ s
M M
— e (D] Z } (26)

q=1m=1,#

where 71,1 and py,1(n) are defined in [13]. Note that the fad-
ing process is constrained to have unity energy, and that fading
over all subcartiers is independent and identically distributed.
From (26), it is easy to see that var[ | depends on the PN code
sequence used.

We now turn to the component J in (20). Substituting (4)
into (8), we obtain

TH11
Jg =84V QPJ/ a1(t —m1) cos(wst + )
T1

X cos(wgt + ¢1,4)dt

[,Uk 1

ﬁ‘]ﬁp— / t) cos|(wg — wy)t + 0]dt,

@7
where § = ¢; — ¢1,4 + (wqg — wy)71. Recalling that 3; is
Rayleigh distributed with unity second moment, and that ¢ is
uniformly distributed in the interval [0, 27), it is easy to obtain
E[J,] = 0. In order to obtain the variance of J,, we evaluate the
integral in (27) over each chip interval as follows [19]:

</ (Z )Te
ﬂJ 2P Z / " cos[(wg — wy)t + 6dt

= ﬁ‘] M 2PJTCSinC((wq _WJ)TC>
2

2
N-1
x 3" a1 cos|(wg — wy)iT. + '), (28)
=0

where 8 = (wg — wy)T:/2 — 6. We note that ¢’ is uniformly
distributed in [0, 27). Based on (28), since ai,; takes on the
values of +1 with equal probability, it is easy to obtain

aByT . of (wg—wy)T
Ay sine ( 5N .

Using (20) and (29), the variance of j; can be obtained as

Z sinc (——;-N‘”—J)I) . (30)

As 7y, fr, and jr are independent mutually, we finally have

var[J,| = (29)

aEb

var[J,] = ZvaI[Jq] R

g=1

o2 = var[N,] = var[fj,] + var[I,] + var[J,].

zr

€)Y

Note that the variances of TT and jr, as given by (26) and (30),
as well as that of 7, var[f,] = NoTM/4, do not depend on

the set of fading amplitudes. It is also interesting to see that
var[V,] = var[Np] = -+ = var[Ng]. This result is because the
interference due to all the factors has been averaged by the use
of multicodes in the proposed scheme.

As mentioned above, in order to detect the coded bits
{},,7 = 1,---, R} from the decision statistics {z,,r =
1,-- R} we need to find U ™ to remove the self-interference.
We W1ll now discuss the implication of this procedure. From
(23), the r-th element of U 'Nis

R
=V,N= ZVT’iﬁTa
i=1

vrg| is the r-th row of U ! and is depen-
, M}

(32)

where V. = [vp1---
dent only on the channel parameter 3; = {Prga=1,---
associated with the first user. Therefore, given [, we have
var[z)] = 03, = var [ﬁ;]ﬁl] = Apvar [J\N/'T] ; (33)
where the coefficient A, can be considered as a degradation fac-

tor due to the inverse matrix operation. If we use random instead
of Walsh-Hadamard code sequences, we will get A, simply as

R

>\r = Z(Vri)2.

=1

(34)

From the simulation results to be presented in Section V, A, is a
r. v., has a mean of approximately 1, and a small variance if R
is chosen to be less than 8 and the number of subcarriers M is
larger enough.

Finally, defining 7, to be the conditioned SNR for the r-th
coded bit before decoding and using the above results, we get

0 3?2 2
€1¢q T
y - (VEel,) _ ETS® 35)
var [z 2X02

C. Viterbi Decoder and BER Upper Bound

We employ Gaussian approximation in the following analysis
to derive the bit error rate (BER) of the proposed system. As
discussed above, conditioned on 1, the signal z, in Fig. 2 is
given by a sum of uncorrelated and independent Gaussian ran-
dom variables. Hence, it is also Gaussian, and so is z;.. Specifi-
cally, conditioned on (1, /. is N(&/g1, Ar02 ) as the number
of users K — oo. The r-th convolutionally coded bit determines
the =+ sign.

Assume that T(Dy, Ds, -+ , Dg, B) is the transfer function
of the convolutional encoder as defined in [12], in which the la-
bel D, is used to denote the accumulated Hamming distance of
the é-th code symbol and B is used to indicate whether the signal
branch corresponds to a decoder bit error. Following the same
method given in [12], after Viterbi decoding, the BER condi-
tioned on B3y, can be upper bounded as

8T (D4,Ds, -
0B

Plelfy) < : Dr, B)

, (36)
B=1,D,=¢,,r=1,,R



Code rate: 1/R = 1/4

14 15 16 17 18 19 2

Degradation factor

Fig. 3. Pdf of degradation factor (obtained by simulation).

where & = (1 + 7,)~!. Finally, the BER upper bound is given
by

Po= [ Pelpns)as, 67
0

where p(S) is the pdf of . v. S.

V. NUMERICAL RESULTS

A. System Parameters

We assume perfect power control so that the received signal
powers for all the users are equal. We make use of maximal-
length PN spreading sequences with periods exceeding N or
Ny, where N and N, are the processing gains per subcarrier
in the proposed and the orthogonal MC-DS-CDMA scheme,
respectively. In our simulation, the PN generator is chosen
with a length of 255 and a primitive polynomial of f(z) =
1+ 2%+ 2%+ 2* + 28,

As discussed in [7], the system performance for the orthogo-
nal MC-DS-CDMA system will depend on the spreading code
sequences chosen for the users. This will also be the case for
our proposed system. But since our aim is not to search for the
best code, we have simply used some random sequences to be
the spreading codes in this paper.

Only four simple convolutional encoders are considered. The
generator polynomials (in octal) for these convolutional coders
are G; = (5,7), G2 = (5,7,7,7), Gs = (7,7,7,7,5,5), and
Gy =(7,7,5,5,5,7,7,7) for code rate 1/R = 1/2,1/4,1/6,
and 1/8, respectively, where the same constraint length of 3 is
used [14].

B. Degradation Factor

It is obvious that )., the degradation factor due to the use
of (23), is a r. v. that depends on the matrix U. Since the pdf
of X, is difficult to derive mathematically, Monte Carlo simula-
tion is used to obtain this pdf. In the simulation, we generated

JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL.. 7, NO. 1, MARCH 2005

Bit error rate

1 0.5 —  Proposed Scheme ~.
S
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Fig. 4. BER upper bound (M = 64, N = 32, and K = 100).

1,000, 000 realizations of U using independent sets of Rayleigh
fading channel parameters 8 = {f1,4,9 = 1,--- , M}. Then,
the inverse matrix U ' and )\, are calculated. The measured
pdf of A, is shown in Fig. 3. It is easy to see that A, fallin a
narrow range near 1 with a high probability as M increases. As
an example, for M = 32 and R = 4, we have the probability of
P(1 < A < 1.2) > 98%. This means that ), is practically equal
to 1, and the performance degradation due to SIC processing in
(23) and the resulting noise coloring is negligible.

C. BER Performance

As mentioned above, we assume that the EGC detection strat-
egy given by (17) is used. The BER results are obtained from
(37) with the pdf p(S) obtained numerically from 1,000,000
realizations of S. In Fig. 4, we plot the BER upper bound from
(37) against E,/N, for R equal to 2, 4, and 6. The number
of users (K) is 100, with M = 54, N = 32, and an encoder
with rate 1/ R is used. We can see that increasing thEnumber of
multicodes E gives a better performance for both our proposed
scheme and the orthogonal MC-DS-CDMA system of [7]. Gen-
erally, the orthogonal MC-DS-CDMA system slightly outper-
forms our proposed scheme. This is because the use of inverse
matrix transform U ™" in our proposed scheme results in a slight
increase in the total interference. The difference of performance
between the two systems gradually vanishes as R decreases.

Next, we consider the effect of the number of subcarriers M.
In Fig. 5, for the case of R = 2 and K = 100, we plot the BER
upper bound versus E},/Ny, with M taking a value of 8, 16, or
32, respectively. We can see that the BER performance of our
proposed scheme is slightly improved as M increases. This is
because the degradation due to the inverse matrix transforma-
tion U ! decreases as more subcarriers are used. However, the
performance of the orthogonal MC-DS-CDMA system of [7] is
degraded slightly as M increases. A reasonable explanation is
that the larger the number of subcarriers, the larger the inter-
ference between subcariers for that system due to the loss of
orthogonality from fading. Note that the BER performance of
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both systems is almost the same if the number of subcarriers is
large, say, 32.

In Fig. 6, we plot the BER performance of the two systems
in the presence of fading and a strong single tone jamming.
The latter has the same frequency as the 32nd subcarrier, and
a strength o of 10 or 20 dB. The number of users is 100, with
M = 64 and R = 4. We can see that our proposed system has
a better BER performance than the orthogonal MC-DS-CDMA
system of [7] in the presence of strong jamming. This is because
the length of the PN code in the orthogonal MC-DS-CDMA sys-
tem will be decreased by a factor of R if a convolutional encoder
with a rate 1/ R is used. On the other hand, the length of the PN
code in our proposed system is independent of the code rate.

Finally, we compare the BER performance obtained from
both the upper bound analysis and simulation in Fig. 7. An inde-
pendent Rayleigh fading channel without jamming is assumed,
with K = 10, M = 8, and R = 2. The length of the pseudo
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Fig. 7. BER upper bound and simulation results (M = 8, N = 16,

R=2and K = 10)

random sequences for our proposed system is 16, while that for
the orthogonal MC-DS-CDMA system is 8. From this figure,
we can see that the simulation result is consistent with the upper
bound, especially at high E},/Nj.

D. Discussions

As discussed in Section II-C, we can use a PN sequence that
is R times longer than the PN sequence used in the system in [7]
because of the use of multicodes in our proposed scheme. In the
meantime, we keep the same overall system bandwidth whatever
the data rate is. This is why our proposed MM-DS-CDMA sys-
tem outperforms the conventional multicarrier CDMA system in
[7]. On the other hand, the length of PN sequence can also be
easily adjusted by combining two conventional techniques: The
conventional multicode and the conventional variable spreading
gain codes [21]. However, if this approach is taken, the longer
the PN sequence is, the smaller will the real data transmission
rate that can be supported be. Alternatively, the longer the PN
sequence is, the wider will the needed transmission bandwidth
be, if the data rate is kept unchanged. It is clear that it is worth-
while to make a comparison between our scheme and the con-
ventional variable spreading coded systems. Unfortunately, it is
difficult to make this comparison, because the data transmission
rate in the conventional variable spreading coded systems must
be changed as the spreading gain is adjusted, while in our pro-
posed scheme, the spreading gain (that is, the length of the PN
sequence) has nothing to do with the data rate.

In addition, in our proposed scheme, the length of the PN code
will increase as the code rate decreases. In contrast, the length
of the PN sequence will not change with the code rate in an or-
thogonal MC-DS-CDMA system. Or, at the same code rate, the
length of the PN code in our proposed scheme will be larger than
that in an orthogonal MC-DS-CDMA system. This will lead to
a better bit synchronization performance because a higher corre-
lation peak can be realized. Finally, requirements such as high-
and variable-rate transmission in the next generation of CDMA



20

system can be more easily satisfied with our proposed system.
This is because the symbol duration 7" in our proposed scheme
is R times longer than the symbol duration 7} in an orthogonal
MC-DS-CDMA system and can be changed easily by choosing
the code rate.

VL. CONCLUDING REMARKS

In this paper, we have proposed and analyzed a new mul-
ticarrier, direct sequence code division multiple access (MC-
DS-CDMA) system, which may be suitable for realizing future
wide-band CDMA system. It is shown that the proposed scheme
has almost the same BER performance as that of an orthogonal
MC-DS-CDMA system, but has better anti-jamming ability. In
addition, due to the use of longer PN code, the proposed scheme
may have better performance in bit synchronization and may be
able to support high- and variable-rate transmission more easily.
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