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ABSTRACT

A class of unified multicarrier DS-CDMA (MC DS-CDMA) schemes
is defined and its performance is considered over multipath Nakagami-
m fading channels. The spacing between two adjacent subcarri-
ers of the unified MC DS-CDMA scheme is a variable, allowing
us to gain insight into the effects of the spacing on the bit error
rate (BER) performance of MC DS-CDMA systems. This unified
MC DS-CDMA scheme includes the subclasses of multitone DS-
CDMA and orthogonal MC DS-CDMA as special cases. The op-
timum spacing of the MC DS-CDMA system required for achiev-
ing the minimum BER is investigated and the BER performance
of the system having optimum spacing is evaluated. The resultant
BER is compared with that of both multitone DS-CDMA and or-
thogonal MC DS-CDMA.

1. INTRODUCTION

Recently, a novel family of code-division multiple-access (CDMA)
systems based on the combination of CDMA and orthogonal fre-
quency division multiplexing (OFDM) schemes - which is referred
to as multicarrier CDMA (MC-CDMA) - has drawn a lot of atten-
tion [1, 2, 3, 4, 5]. MC-CDMA is capable of supporting high data
rate services over hostile radio channels. The modulated signal can
be generated with the aid of the Fast Fourier Transform (FFT) at the
cost of low receiver complexity.

In these MC-CDMA schemes, the transmitter of both multitone
based direct-sequence CDMA [2] (multitone DS-CDMA) and that of
orthogonal multicarrier DS-CDMA (MC DS-CDMA) [3] spreads the
serial-to-parallel (S-P) converted data streams using a given spread-
ing code in the time domain. In a multitone DS-CDMA system the
subcarrier frequencies are chosen to be orthogonal harmonics of each
other with minimum frequency separation among them before DS
spreading [2], which is expressed as∫ Ts

0

cos(2πfit+ φi) · cos(2πfjt+ φj)dt = 0, for i 6= j, (1)

whereTs represents the symbol duration of the multitone DS-CDMA
signal, while{fi} and{φi} are the subcarrier frequencies and initial
phases, respectively. Therefore, in multitone DS-CDMA systems the
spacing∆ between two adjacent subcarrier frequencies is∆ = 1/Ts.
The subcarrier frequencies, hence, take the form off0 + i/Ts for
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i = 0, 1, . . . , U − 1, whereU is the number of subcarriers andf0

is the fundamental frequency. By contrast, in an orthogonal MC DS-
CDMA system the subcarrier frequencies are chosen to satisfy the
orthogonality condition with the minimum possible frequency sepa-
ration after DS spreading [3], which can be expressed as

∫ Tc

0

cos(2πfit+ φi) · cos(2πfjt+ φj)dt = 0, for i 6= j, (2)

Eq.(2) implies that the spacing∆ between two adjacent subcarrier
frequencies is∆ = 1/Tc, whereTc is the chip duration of the DS
spreading codes and the subcarrier frequencies take the form off0 +
i/Tc for i = 0, 1, . . . , U − 1.

LetNe = Ts/Tc be the spreading gain of the DS-spread subcar-
rier signals. Furthermore, we assume that each subcarrier’s modulated
signal has the same ‘null-to-null’ bandwidth of2/Tc. Then, it can be
readily shown that the condition of (1) actually includes the orthogo-
nality condition of both the multitone and that of the orthogonal MC
DS-CDMA schemes. It can be also readily shown that the orthogonal-
ity condition of (1) is obeyed, whenever the spacing∆ takes the form
of ∆ = λ/Ts, λ = 1, 2, . . . , whereλ is referred to as the normal-
ized spacing between two adjacent subcarriers. The MC DS-CDMA
scheme belongs to the family of multitone DS-CDMA arrangements,
if λ = 1, while to the class of orthogonal MC DS-CDMA systems,
if λ = Ne. Furthermore, there exists no overlap between the main-
lobes of the modulated subcarrier signals after DS spreading, when
λ = 2Ne, which is the bandwidth requirement of the MC DS-CDMA
system proposed in [4].

Based on the above observations, both the multitone DS-CDMA
system and the orthogonal MC DS-CDMA system can be viewed as a
member of the class of unified multicarrier DS-CDMA systems hav-
ing arbitrary subcarrier spacing ofλ ∈ {1, 2, . . . , }. Hence, the
above unified MC DS-CDMA system model includes a number of
specific MC DS-CDMA schemes. Furthermore, based on the anal-
ysis of this general model, the results generated can be extended to
different MC DS-CDMA systems by simply varying a single param-
eter, namelyλ. Finally, the subcarrier spacingλ can be optimized
according to specific design requirements tailored to the communi-
cation environments encountered, in order to achieve the optimum
performance in terms ofλ. Therefore, in this contribution the perfor-
mance of the above unified MC DS-CDMA system is evaluated over
the range of Nakagami-m multipath fading channels [6].
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Figure 1: Thekth user’s transmitter schematic for the unified MC
DS-CDMA system.

2. UNIFIED MULTICARRIER DS-CDMA SYSTEMS

The transmitter schematic of thekth user is shown in Fig.1 for the
unified MC DS-CDMA system. At the transmitter side, the binary
data stream having a bit duration ofTb is S-P converted toU parallel
sub-streams. The new bit duration of each sub-stream or the sym-
bol duration isTs = UTb. After S-P conversion, theuth sub-stream
modulates a subcarrier frequencyfu using Binary Phase Shift Keying
(BPSK) foru = 1, 2, . . . , U . As shown in Fig.1, after complexing
the BPSK modulated sub-streams and spectral spreading, the trans-
mitted signal of userk can be expressed as

sk(t) =

U∑
u=1

√
2Pbku(t)ck(t) cos(2πfut+ φku), (3)

whereP represents the transmitted power per subcarrier, while{bku(t)},
ck(t), {fu} and{φku} represent the data stream, the DS spreading
waveform, the subcarrier frequency set and the phase angles intro-
duced in the carrier modulation process. The data stream’s wave-
form bku(t) =

∑∞
i=−∞ bkuPTs(t − iTs) consists of a sequence

of mutually independent rectangular pulses of durationTs and of
amplitude +1 or -1 with equal probability. The spreading sequence
ck(t) =

∑∞
j=−∞ ckjPTc(t − jTc) denotes the signature sequence

waveform of thekth user, whereckj assumes values of +1 or -1
with equal probability, whilePTc(t) is the rectangular chip waveform,
which is defined over the interval[0, Tc).

The spectrum of the unified MC DS-CDMA signal is shown in
Fig.2, whereWs = 2/Tc1 is the total bandwidth of the system,
Tc1 represents the chip-duration of a corresponding single-carrier DS-
CDMA signal, whileWds represents the ‘null-to-null’ bandwidth of
the subcarrier signals. The spacing between two adjacent subcarrier
frequencies is assumed to be∆ = λ/Ts, where again,λ indicates the
normalized spacing. Finally, the subcarrier frequencies in Fig.2 are ar-
ranged according tofu = f0+ λ(1−U+u)

2Ts
, u = 0, 2, 4, . . . , 2(U−1).

Let Ne = Ts/Tc be the spreading gain of the subcarrier sig-
nals in the unified MC DS-CDMA system andN1 = Tb/Tc1 be the
spreading gain of a corresponding single-carrier DS-CDMA system.
Then, according to Fig.2, the system’s total transmission bandwidth,
the subcarrier spacing∆ and the DS spread bandwidth of the sub-
carrier signal obey the relationship ofWs = (U − 1)∆ + Wds, or

fUf3f2f1

.........

.........

.........

= /Ts

Ws=2/Tc1

Wds=2/Tc

Figure 2: Stylized spectrum of the overlapping MC DS-CDMA sig-
nals.
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Figure 3: Baseband equivalent power spectral density of the transmit-
ted signal seen in (3) in the unified MC DS-CDMA systems.

2

Tc1
= (U − 1)

λ

Ts
+

2

Tc
. (4)

Multiplying both sides of the above equation by the symbol duration,
Ts, and taking into account thatTs = NeTc as well as thatTs =
UTb = UN1Tc1, the processing gain,Ne, of the subcarrier signals
can be expressed as

Ne = UN1 −
(U − 1)λ

2
, (5)

which implies that for a given total system bandwidth ofWs = 2/Tc1
and for a given number of subcarriers,U , Ne decreases, asλ in-
creases.

Fig.3 shows the baseband equivalent power spectral density of the
transmitted signal of (3) versus the normalized subcarrier spacing,λ,
and the frequency-chip duration product,fTc1 for the parameters of
U = 8, N1 = 64. The power spectral density surface shows that the
transmitted signal’s energy is concentrated at the center frequency,
when the normalized spacingλ is low, while spreads over the whole
frequency band, when the normalized spacing is high. Furthermore, it
can be seen that there exist normalized spacing values, for which the
transmitted signal’s energy is uniformly distributed over the available
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frequency band. Since the power spectral density of the unified MC
DS-CDMA signals is a function of the spacing between the subcarri-
ers, the power spectral density can be shaped online according to the
system requirements, in order to maximize the spectrum efficiency in
terms of the spacingλ of the subcarriers.

We assume that the channel between thekth transmitter and the
corresponding receiver is a multipath Nakagami-m fading channel [6]
havingLp number of resolvable paths. LetTm be the maximum
delay-spread of the communication channel. Then, the number of re-
solvable paths,Lp, associated with the unified MC DS-CDMA signal
is given byLp = bTm/Tcc+ 1 [4], wherebxc represents the largest
integer not exceedingx. The number of resolvable paths,L1, in the
context of the corresponding single-carrier DS-CDMA signal is given
byL1 = bTm/Tc1c+1. Multiplying both sides of (4) byTm, we can
see thatLp andL1 are related by

Lp ≈
⌊

2Ne(L1 − 1)

2Ne + (U − 1)λ

⌋
+ 1. (6)

AssumingK asynchronous CDMA users in the system, where all
of them use the sameU andNe values, the average power received
from each user at the base station is also assumed to be the same,
implying perfect power control. Consequently, the received signal
can be expressed as

r(t) =

K∑
k=1

U∑
u=1

Lp−1∑
lp=0

√
2Pα

(k)
ulp
bku(t− τklp)ck(t− τklp)

· cos
(

2πfut+ ϕ
(k)
ulp

)
+ n(t), (7)

whereα(k)
ulp

, τklp andϕ(k)
ulp

represent the attenuation factor, delay
and phase-shift with respect to thelpth multipath component of the
channel, respectively. We assume that bothτklp andϕ(k)

ulp
are uni-

formly distributed random variables over[0, Ts) and[0, 2π), respec-
tively, while α(k)

ulp
obeys the Nakagami-m distribution [6]. Further-

more, We assume a negative exponentially decaying multipath in-
tensity profile (MIP) distribution given byΩ(k)

ulp
= E[(α

(k)
ulp

)2] =

Ω0 exp(−ηlp), η ≥ 0, whereΩ0 is the mean signal strength cor-
responding to the first resolvable path andη is the rate of average
power decay. In (7)n(t) represents the Additive White Gaussian
Noise (AWGN) with zero mean and double-sided power spectral den-
sity ofN0/2.

Let the first user be the user-of-interest and consider the correlator-
based RAKE receiver in conjunction with maximum ratio combining
(MRC), as shown in Fig.4, where the superscript and subscript of the
reference user’s signal has been omitted for notational convenience.
In Fig.4L, 1 ≤ L ≤ Lp represents the number of diversity branches
used by the receiver. Assuming perfect estimation of each path’s time-
delay, attenuation and phase in the context of the reference signal, re-
ferring to Fig.4, after MRC the decision variableZv of the 0th data
bit corresponding to thevth sub-stream of the reference user can be
expressed as

Zv =

L−1∑
l=0

Zvl, v = 1, 2, . . . , U, (8)

Zvl =

∫ Ts+τl

τl

r(t) · αvlc(t− τl) cos (2πfvt+ ϕvl) dt. (9)

Based on the decision variableZv, v = 1, 2, . . . , U , the current data
bit of thevth sub-stream is decided to be 0 or 1, depending on whether
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Figure 4: Receiver block diagram of the unified multicarrier DS-
CDMA system.

Zv is higher than zero. Finally, theU number of parallel data sub-
streams are parallel-to-serial converted, in order to output the serial
data bits.

3. BIT ERROR PROBABILITY

In this section, the BER performance of the unified MC DS-CDMA
system is analyzed with the aid of the Gaussian approximation for the
decision variables ofZv, v = 1, 2, . . . , U . Based on the Gaussian
approximation [2, 3], the BER using BPSK modulation conditioned
on a set of fading attenuations{αvl, l = 0, 1, . . . , L− 1} can be ex-
pressed as:

Pb(γ) = Q

(√
(E[Zv])2

Var[Zv]

)
= Q


√√√√2 ·

L−1∑
l=0

γl

 (10)

where

γl = γc ·
α2
vl

Ω0
, (11)

γc =

[(
Ω0Eb
N0

)−1

+
2(KLp − 1)q(Lp, η)

Lp

·
(

1

3Ne
+ (U − 1)IM

)]−1

, (12)

and in (12)q(Lp, η) = (1−e−ηLp)/(1−e−η), while IM represents
the average normalized variance of the multiuser interference inflicted
by one path, which can be expressed as

IM =
1

U(U − 1)

U∑
v=1

U∑
u=1
u 6=v

Ne
2π2(u− v)2λ2

·
[
1− sinc

(
2π(u− v)λ

Ne

)]
. (13)

Furthermore, in (10) the GaussianQ-function has classically been de-

fined asQ(x) = 1√
2π

∫∞
x

exp
(
− t

2

2

)
dt. Alternatively, the Gaussian

Q-function can be represented as [6]

Q(x) =
1

π

∫ π/2

0

exp

(
− x2

2 sin2 θ

)
dθ, x ≥ 0. (14)
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With the aid of (14) and using the PDFs of the instantaneous sig-
nal to noise (SNR),γl for l = 0, 1, . . . , L− 1, the average BER can
be written as

Pb =
1

π

∫ π/2

0

L−1∏
l=0

Il (γl, θ) dθ, (15)

where

Il (γl, θ) =

∫ ∞
0

exp
(
− γl

sin2 θ

)
pγl(γl)dγl. (16)

Sinceγl = γc · α
2
ml

Ω0
andαml obeys the Nakagami-m distribu-

tion [6], it can be shown that the PDF ofγl can be expressed as

pγl(γl) =

(
m

γl

)m
γm−1

Γ(m)
exp

(
−mγl

γl

)
, γl ≥ 0, (17)

whereγl = γce
−ηl for l = 0, 1, . . . , L− 1.

Upon substituting (17) into (16) it can be shown that

Il (γl, θ) =

(
m sin2 θ

γl +m sin2 θ

)m
. (18)

Finally, upon substituting (18) into (15), the average BER of the
unified MC DS-CDMA system considered can be expressed as

Pb =
1

π

∫ π/2

0

L−1∏
l=0

(
m sin2 θ

γl +m sin2 θ

)m
dθ. (19)

In (19), since m sin2 θ
γl+m sin2 θ

> 1, it can be readily shown that the
average BER decreases exponentially, when increasing the value of
m, i.e., when the Nakagami channel’s fading is mitigated, while de-
creases approximately with thelth power of m sin2 θ

γl+m sin2 θ
, if γl is suf-

ficiently similar for different MIP index values ofl.

4. NUMERICAL RESULTS

In this section we evaluate the performance of the unified multicarrier
DS-CDMA scheme, investigate the effect of the normalized subcar-
rier spacing,λ, on the system’s performance and compare the perfor-
mance of MC DS-CDMA having the optimum spacing to that of both
multitone DS-CDMA [2] and orthogonal multicarrier DS-CDMA [3].
Note that all the BER results in this section were derived from (19).
For convenience, the parameters common in all figures are summa-
rized as follows. The spreading gain and the number of resolvable
paths of the corresponding single-carrier DS-CDMA system areN1 =
128 andL1 = 32, respectively. The MIP decay-factor isη = 0.2.
Throughout this section, the number of subcarriers used isU = 2, 4, 8, 16
and 32. The normalized subcarrier spacing of the multitone DS-
CDMA system isλ = 1. According to (5) the normalized subcarrier
spacing of the orthogonal MC DS-CDMA system using the above
number of subcarriers becomesλ = Ne ≈ 170, 204, 227, 240 and
248, respectively.

The influence of the normalized subcarrier spacing,λ, on the av-
erage BER of the unified MC DS-CDMA system is shown explicitly
in Fig.5, where both the multipath Rayleigh fading channel associ-
ated withm = 1 (Fig.5(a)) and the multipath Nakagami-m fading
channel ofm = 20 (Fig.5(b)) were considered. From the results
of Fig.5(a) we infer that the BER of the multicarrier system using
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Figure 5: BER versus the normalized subcarrier spacing,λ for the
unified MC DS-CDMA system over the multipath Nakagami-m fad-
ing channel.

a given number of subcarriers changes slowly, whenλ < 200, and
there is no pronounced optimum spacing. In contrast to Fig.5(a), in
Fig.5(b) the BER changes more explicitly, when changing the spac-
ing λ. By carefully observing the curves in Fig.5(b), we find that the
optimum spacing for a given value ofU was aroundλ = Ne, where
the orthogonal MC DS-CDMA scheme achieves the best BER perfor-
mance. In Fig.5(a) and Fig.5(b) we assumed that all the resolvable
paths were combined in the receiver irrespective of the complexity
imposed. Hence, the complexity of the RAKE receiver decreases,
when increasing the spacingλ, since the number of resolvable paths,
Lp, decreases for all values ofU , when increasing the spacing,λ.
Therefore, from this point of view, the multitone DS-CDMA scheme
associated withλ = 1 does not constitute a good design trade-off,
when compared to the orthogonal MC DS-CDMA scheme having a
spacing ofλ >> 1, since it results in a higher receiver complexity
without any commensurate BER benefits. This is true even over the
Rayleigh fading scenario of Fig.5(a), where the BER deficiency of the
λ = 1 scenario is less obvious.

In Fig.6 the BER versusEb/N0 performance was evaluated in the
context of the multitone, the orthogonal multicarrier and the ‘spacing-
optimized’ MC DS-CDMA schemes form = 1, 2 and∞. The sys-
tem parameters employed were shown at the top of the figures. From
these results we find that forEb/N0 > 10.5dB, the multitone DS-
CDMA scheme outperforms the orthogonal MC DS-CDMA arrange-
ment, but for any other cases, orthogonal MC DS-CDMA marginally
outperforms multitone DS-CDMA. However, both the multitone and
the orthogonal multicarrier DS-CDMA schemes are outperformed by
the ‘spacing-optimized’ MC DS-CDMA scheme, whenm = 1 and 2.
For the AWGN channel scheme ofm → ∞ the orthogonal and the
‘spacing-optimized’ MC DS-CDMA schemes achieve a similar BER
performance across the entire SNR per bit range.

Finally, in Fig.7 we evaluated the BER versus the number of ac-
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Figure 6: BER versus the SNR per bit,Eb/N0, performance of the
MC DS-CDMA system having the optimum normalized subcarrier
spacing, for the multitone DS-CDMA and for the orthogonal MC DS-
CDMA systems over various multipath Nakagami-m fading channels.

tive users,K, in the context of the multitone, as well as the orthogonal
and ‘spacing-optimized’ MC DS-CDMA schemes in terms ofm =
1, 2 and∞. According to the results we observe that whenm = 1, 2
andK < 20, 6, respectively, then multitone DS-CDMA outperforms
orthogonal MC DS-CDMA. By contrast, for any other scenarios or-
thogonal MC DS-CDMA outperforms multitone DS-CDMA. How-
ever, both the multitone and the orthogonal MC DS-CDMA schemes
are outperformed by the ‘spacing-optimized’ MC DS-CDMA scheme,
whenm = 1 and 2. For the AWGN channel scenario ofm→∞ the
orthogonal multicarrier and the ‘spacing-optimized’ MC DS-CDMA
schemes achieve a similar BER performance, regardless of the num-
ber of active users.
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