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Abstract—In this letter, we extend our investigation of general-
ized multicarrier direct-sequence code-division multiple access by
considering two additional types of chip waveforms, namely, the
time-domain half-sine and raised-cosine chip waveforms, in ad-
dition to the rectangular chip waveform. A range of closed-form
equations are provided for quantifying the effect of both the multi-
path interference and the multiuser interference, when using par-
tially overlapping subcarriers. These closed-form formulas allow
us to evaluate the bit-error rate performance of arbitrary code-di-
vision multiple access schemes using overlapping subbands with
the aid of the standard Gaussian approximation.

Index Terms—Code-division multiple access (CDMA), multicar-
rier, frequency-selective fading.

I. INTRODUCTION

I N [1], A GENERALIZED multicarrier direct-sequence
code-division multiple access (MC DS-CDMA) scheme

using rectangular chip waveforms has been investigated,
when communicating over frequency-selective Nakagami-
fading channels [2], [3]. As argued in [1], in generalized MC
DS-CDMA, the spacing between two adjacent subcarriers is a
variable, allowing us to gain insight into the effects of the sub-
carrier spacing on the bit-error rate (BER) performance. This
generalized MC DS-CDMA scheme includes the subclasses of
multitone DS-CDMA [4] and orthogonal MC DS-CDMA [5]
as special cases.

In this letter, we extend our investigations presented in [1] by
considering two additional chip waveforms, namely, the time-
domain half-sine and raised-cosine chip waveforms, in addition
to the rectangular chip waveform. We provide the second-order
statistics for the multipath interference (MPI) or multiuser inter-
ference (MUI), when the subcarrier signals are partially over-
lapped. A range of closed-form equations are obtained in the
context of the chip waveforms considered. These closed-form
equations allow us to evaluate the BER performance of CDMA
systems using overlapping subbands [1], [4]–[7], with the aid of
the standard Gaussian approximation.
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II. RECEIVED SIGNALS AND DECISION VARIABLES

In [1], we considered an asynchronous generalized MC
DS-CDMA scheme, which supports users transmitting over
a dispersive frequency-selective Nakagami-fading channel.
The received signal is expressed as

(1)

where the following notations are used:
number of users;
number of subcarriers;

th subcarrier frequency;
symbol duration of the MC
DS-CDMA signal;
chip duration of the DS spreading
sequences associated with each
subcarrier;
spreading gain of each subcarrier
signal;
additive white Gaussian noise
(AWGN) with two-sided power
spectrum density of ;
average received power of each
subcarrier signal;
number of resolvable paths of
each subcarrier conveying a
DS-CDMA signal;
Nakagami- distributed channel
fading amplitude [[1], (8)];
multipath signal delay associated
with asynchronous transmission
and propagation, which is an in-
dependently and identically dis-
tributed (i.i.d.) uniform variable
in ;
phase angle introduced in the car-
rier modulation and propagation
processes, which is an i.i.d. uni-
form variable in ;
binary data stream’s waveform;
binary spreading sequence’s
waveform, where is the
chip waveform.

Let the first user associated with be the user of interest,
and consider the correlator-based RAKE receiver in conjunction
with maximum ratio combining (MRC) [1]. We assume that the
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first , number of resolvable paths are combined
by the receiver. Consequently, as shown in [1], the decision vari-
able of the zeroth data bit corresponding to theth subcarrier
of the reference user can be expressed as

(2)

where can be written as [1]

(3)

where is a Gaussian random variable having zero mean and
a variance of , with denoting the energy
per bit, while is the desired output. Further-
more, in (3), contains four types of interference.

• is the MPI contributed by the path ,
and of the reference user associ-

ated with , and with the same subcarrier of index
as the reference user.

• is the MPI contributed by the path ,
, , associated with the subcarriers,

, of the reference user.
• is the MUI due to the path ,

associated with the subcarrier engendered by the
interfering users, .

• is the MUI due to the path ,
induced by the subcarrier, and of
the interfering user , .

Since random spreading sequences and an arbitrary spacing
of between two adjacent subcarriers were assumed,
it has been demonstrated in [1] that , , and constitute
special cases of , where can be expressed as

(4)

where is a random variable uniformly dis-
tributed in . The associated partial cross-correlation func-
tions in (4) are defined by [1, eqs. (26), (27)].

III. I NTERFERENCEANALYSIS

Based on the standard Gaussian approximation, it has been
shown in [1] that, for a given value, the MUI term of
(4) can be approximated as a Gaussian random variable having
zero mean and a variance given by

(5)

where , and

(6)
where the superscript and subscript associated with the delay

and the phase angle have been ignored for sim-

plicity. In (6), and
constitute the second central moments of and

with respect to and . Furthermore, it can be
readily demonstrated that for random spreading sequences, we
have and

(7)

where and repre-
sent the second central moments of theextendedpartial auto-
correlation functions and of the
chip waveforms, with respect to and , respectively. Theex-
tendedpartial autocorrelation functions of the chip waveforms
are defined as

(8)

(9)

Below, we provide the expressions of ,
and for the three classes of chip wave-
forms considered without detailed derivations.

A. Rectangular Chip Waveform

For a rectangular chip waveform of , we have
for and , otherwise. If
, then we have

(10)

If , then we arrive at

(11)
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B. Half-Sine Chip Waveform

For a half-sine chip waveform, we have
. Then, if , , then

we get

(12)

If , then we have

(13)
Finally, if , then we arrive at

(14)

C. Raised-Cosine Chip Waveform

Finally, with respect to the raised-cosine chip waveform, we
have [8]. Consequently,
if , , , we have
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(15)

If , then we have

(16)
If , then we get

(17)
Finally, if , then we arrive at

(18)

Based on the above second central moment values of the
partial autocorrelation functions with respect to the rectangular,
half-sine, and raised-cosine chip waveforms, the corresponding
expectation values in of (7) as well as

can be obtained.

Fig. 1. Interference powerI of (6) versus the normalized spacing,�(u�v)
between two subcarrier frequenciesf andf , with respect to the rectangular,
half-sine, and raised-cosine chip waveforms.

Upon substituting these expectation values into (6) and (5),
the variance of and corresponding to the rectangular,
half-sine, or raised-cosine chip waveforms can be evaluated.
Specifically, for the case of , we have

Rectangular

Half-sine

Raised-cosine

(19)
which are some of the typical variance values for the MUI in the
context of single-carrier DS-CDMA schemes.

Having obtained the statistics of both the MPI as well as
the MAI, the average BER of the generalized MC DS-CDMA
system communicating over multipath Nakagami-fading
channels can be estimated using [1, eq. (47)], with respect to
the three classes of chip waveforms considered.

IV. NUMERICAL RESULTS

Fig. 1 gives us an insight into the interference behavior for dif-
ferent chip waveforms associated with different subcarrier spac-
ings. Let us assume that is one of the subcarrier frequencies
of the reference signal, while is one of the subcarrier frequen-
cies used by the interfering signals. According to the results of
Fig. 1, we observe that, for all the chip waveforms considered,
the interference power decreases, when increasing the absolute
spacing value of . If we have , which im-
plies that , the spreading sequences using a rectangular
chip waveform impose the highest interference power, while
using a raised-cosine chip waveform results in the lowest inter-
ference power. When increasing the spacing , we can
observe that there exists a spacing range, where the rectangular
chip waveform outperforms both the half-sine and the raised-co-
sine chip waveforms. The results of Fig. 1 demonstrate that the
interference power at the point of is more than 20
times higher than that at the point of .
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Fig. 2. BER versus the normalized subcarrier spacing,� for the generalized
MC DS-CDMA system communicating over the multipath Nakagami-m fading
channel using the fading parameters ofm = 1 andm = 3. The results were
computed by assuming that the maximum multipath combining capability was
L = 8, i.e., that the receiver was capable of combining, at most, eight resolvable
paths due to implementation complexity limitations.

Therefore, we can infer that in a MC DS-CDMA system, the
MPI and the MUI are mainly contributed by the specific sub-
carrier signals having overlapping main lobes.

The influence of the normalized subcarrier spacing,, on
the average BER of the generalized MC DS-CDMA system is
shown in Fig. 2, where we assumed that the fading parameters
of 1 and 3, and that the receiver was capable of combining,
at most, resolvable paths in Fig. 2. At the top of Fig. 2,
and represent the spreading gain and the number of resolv-
able paths of a corresponding single-carrier DS-CDMA scheme
using the same total bandwidth as the MC DS-CDMA arrange-
ment. From the results of Fig. 2, we observe that for each of
the chip waveforms considered, there exists an optimum value
of , which will result in the minimum average BER. The op-
timum value of is similar for all three types of chip wave-
forms. Specifically, the optimum value was around .
Furthermore, from the results of Fig. 2, we observe that when
the normalized spacing of assumes a sufficiently high value,
the MC DS-CDMA systems using any of the three chip wave-
forms studied achieved a similar BER performance.

V. CONCLUSION

In summary, the generalized MC DS-CDMA system of [1]
has been investigated by assuming that the spreading sequences
use various chip waveforms, namely, rectangular, half-sine, and
raised-cosine time-domain chip waveforms. The effects of the
chip waveforms and the spacing between two adjacent subcar-
riers on the performance of the generalized MC DS-CDMA sys-
tems have been evaluated. The results show that for a given sub-
carrier spacing between two adjacent subcarriers, there exists a
corresponding best choice of the chip waveform.
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