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SUMMARY

In this paper, we study a recently proposed multirate system, called wavelet based scale-code
division multiple access (W/S-CDMA). W/S-CDMA depends on the code, time and scale orthogonality
introduced by pseudo-noise (PN) sequences, and wavelets. In this system, the channel is partitioned
into different scales, and each scale into time slots. In addition, the PN sequences are used in each scale to
identify multiple users. In W/S-CDMA, each user is assigned a specific scale and PN sequence,
and transmits its successive information symbols with its PN sequence and the wavelets in that scale.
More symbols are transmitted in finer scales. We analyse the bit error rate performance of Haar wavelet
based S-CDMA (HW/S-CDMA) over an asynchronous additive white Gaussian noise (AWGN) channel
by using a conventional detector for deterministic PN sequences. The performance of the system is
compared to that of an equivalent multirate CDMA (MR-CDMA) system for Gold and Kasami
PN sequences. Results show that HW/S-CDMA outperforms MR-CDMA. In addition, because of its
suitable format HW/S-CDMA is also capable of employing the optimal PN sequence families with limited
number of sequences such as Kasami, Bent, etc. repeatedly in different scales. Copyright # 2006 John
Wiley & Sons, Ltd.
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1. INTRODUCTION

Code division multiple access (CDMA) has been accepted as standard multiple access technique
for the future generation wireless communication systems because of its attractive features such
as its capacity, high spectrum efficiency, multipath fading resistance and flexibility to be
modified for multirate traffic. Based on CDMA, there are mainly three schemes suggested for
multirate communication: multi-code CDMA, multi-chip rate CDMA and multi-processing
gain CDMA [1–4]. In multi-processing gain CDMA, different data rate users employ PN
sequences of different lengths (different processing gains). However, the chip rate is fixed, i.e. all
users spread their data over the same bandwidth. In this paper, we also study a kind of multi-
processing gain CDMA scheme using Haar wavelet.

Wavelets have been used in many communication applications [5]. Among these applica-
tions, orthogonal variable spreading factor (OVSF) codes [6], which are variable length
Hadamard (a special wavelet coefficient matrix) codes, enable a multi-processing gain
scheme; however, in order to use the codes efficiently, dynamic assignment algorithms which
increase complexity are employed. Wang and Cheng [7] have presented a multicarrier single
rate CDMA system based on random PN sequences, and chip waveforms selected from
wavelet packets. Öztürk et al. have designed a single rate quasi-synchronous CDMA system
using random PN sequences and wavelets as chip waveforms, and obtained an optimum
wavelet to improve the performance [8]. Kucur and Atkin have obtained a capacity
improvement in scale time code division multiple access (STCDMA) [9], where different users
communicate in each time slot of any scale. A multirate version of STCDMA, called wavelet
based scale-CDMA (W/S-CDMA) has been proposed in Reference [10]. In W/S-CDMA, each
transmitter uses a specific scale and is assigned a distinct PN sequence of different length that fits
the time slots in its scale. Therefore, each user encodes its successive information symbols with
time-shifted replicas of the same basic wavelet in its scale and spreads its scaled and translated
wavelets (information symbols) with its PN sequence. In Reference [10], the performance of
Haar W/S-CDMA (HW/S-CDMA) has been examined over a synchronous additive white
Gaussian noise (AWGN) channel by using a decorrelating multi-user detector for any number
of scales. In this paper, we analyse the bit error rate (BER) performance of 2-scale HW/S-
CDMA over an asynchronous AWGN channel by using a conventional detector (i.e. a matched
filter) for deterministic PN sequences. However, the analysis can be extended to higher scale
formats. In the analysis, Gaussian approximation is used since it has been shown to be accurate
for low signal-to-noise ratios (SNRs) and many users or for few users with a high processing
gain [3].

Compared to the OVSF based multirate scheme, HW/S-CDMA can employ many
users easily by assigning the same PN codes repeatedly in different scales. In addition,
practical PN sequences such as Gold and Kasami PN sequence sets used in this work have
better randomness properties than Hadamard based OVSF codes. Although random codes are
ideal in terms of autocorrelation and crosscorrelation properties, they are not practical since
they also need to be transmitted together with the information symbols [11]. Therefore, to be
practical we use deterministic PN sequences such as Gold and Kasami while many multirate
CDMA systems [1–4] and wavelet based single-rate systems [7, 8] generally work on random
codes.

The paper is organized as follows. The performance of the system is analysed in Section 2.
Numerical results are given in Section 3. Section 4 summarizes conclusions.
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2. PERFORMANCE ANALYSIS

In general, the signal for the ith user in the mth scale of HW/S-CDMA is expressed as

sm;iðtÞ ¼
X1

n¼�1

bnm;iwm;nðtÞcm;n;iðtÞ ¼
ffiffiffiffi
E

p X1
n¼�1

bnm;iwm;nðtÞpilðt� nT=2mÞcosfocðt� nT=2mÞ þ jm;ig

ð1Þ

where bnm;i is the information bit transmitted in the nth slot of the mth scale by the ith user,
wm,n(t) is the Haar wavelet in that scale and slot, and cm,n,i(t) is the carrier signal. E is the signal
amplitude, pil(t) is the ith signature waveform of l=21�m periods, oc is the carrier frequency and
jm,i is the carrier phase for the ith user in the mth scale. By using the Haar wavelet embedded
signature waveform #pilðtÞ [5], the total 2-scale HW/S-CDMA signal for asynchronous
communication is given as

sðtÞ ¼
X1
m¼0

XL
i¼1

sm;iðt� tm;iÞ

¼
X1
m¼0

X
n

XL
i¼1

ffiffiffiffiffiffiffiffiffi
2mE

p
bnm;i #pilðt� nT=2m � tm;iÞcosfocðt� nT=2mÞ þ ym;ig ð2Þ

where tm,i is the time delay of the ith user in the mth scale, L is the number of users (PN
sequences) in each scale and ym,i=jm,i�octm,i. We assume that the phase shifts ym,i are
uniformly distributed over [0, 2p], and the time delays tm,i are uniformly distributed over [0, T/2]
since the width of the time slots in the second scale is T/2. The total asynchronous HW/S-
CDMA signal in (2) is corrupted by AWGN. Then, the received signal can be expressed by
r(t)=s(t)+n(t), where n(t) is the AWGN with power spectral density N0/2.

We first decode the information bit of the first user in the first scale, i.e. m=0, n=0, i=1, l=2
by assuming that t0,1=0 and y0,1=0 without loss of generality. We also assume that each user
has the same received energy, ET/2 without loss of generality, i.e. equally received energy policy
is applied whereas user powers differ on the basis of rates as in other multi-processing gain
schemes [2]. The information bits {� 1} are equally probable. In addition, the time delays tm,i ,
the phase shifts ym,i , the information bits bnm;i and the noise components are independent from
each other for any m, i and n. Then, by assuming that the information bit of the desired user, b00;1
is +1 without loss of generality, the matched filter output will be
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where the first term is the desired user’s component, the second term is the multiple access
interference (MAI) from the users sharing the desired user’s scale (and slot), and the third term
is the MAI from the finer (second) scale users. The fourth term in (3), n00;1 is the noise

component, which is of zero mean and has a variance of N0T/4. R
ðkÞ
ij ðtÞ are partial

crosscorrelation functions.
The probability of bit error for the first scale users is obtained as [5]
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where gb=(ET/2)/N0 is the SNR per bit, and
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C
ð1Þ
i1 ðkÞ ¼ Ci1ðk; 2N; #hi; #h1Þ and C

ð2Þ
i1 ðkÞ ¼ Ci1ðk;N; #hi; h1Þ in (5), where Cijðk; lN; hi; hjÞ is the

discrete aperiodic crosscorrelation function of two PN sequences hi and hj over l periods (N is
the period) and #hi is the Haar wavelet embedded sequence [5].

Similarly, the probability of bit errors for the first and second slots of the second scale can be
obtained as [5].
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where n=0 and n=1 for the first and second slots, respectively, and
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In (7), C
ð3Þ
i1 ¼ Ci1ðk;N; hi; #h1Þ [5].
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3. NUMERICAL RESULTS

In this section, we will compare the BER performance of HW/S-CDMA to that of an equivalent
multirate CDMA (MR-CDMA) for Gold and Kasami PN sequences. MR-CDMA is the
equivalent system without wavelets. In other words, in dual rate MR-CDMA, high rate users
use one period of the sequences and low rate users use two periods of the same sequences. The
same assumptions and operating conditions as those of HW/S-CDMA are valid. Therefore, the
analysis of HW/S-CDMA can be exploited to determine the BER performance of MR-CDMA.
For the following figures, in the numerical calculations using (4) and (6), the first L sequences
from Gold and Kasami PN sequence sets are used and average performance is displayed.

Figure 1 shows the performance of the extended Gold PN sequences of period N=64 for
L=10 users in each rate of both systems. As depicted in Figure 1 for a total of 20 users
(30 symbols), the first scale users of HW/S-CDMA outperform the low rate users of MR-
CDMA approximately 1.5 dB at a BER of 10�3. At the same BER, the SNR value of the second
scale users of HW/S-CDMA is almost 0.5 dB lower than that of the high rate users of MR-
CDMA. The SNR difference between two rates is about 3 dB at a BER of 10�3 for both systems.

Figure 2 depicts the performance of the extended Gold PN sequences of period N=128 for
L=20 users in each rate of both systems. As seen in Figure 2, for a total of 40 users (60
symbols), the performance of the low rate users of MR-CDMA degrades approximately 1 dB at
a BER of 10�3 as compared to that of the first scale users of HW/S-CDMA. At the same BER,
the SNR value of the second scale users of HW/S-CDMA is almost 0.2 dB lower than that of the
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Figure 1. Performance comparison between HW/S-CDMA and MR-CDMA for L=10
Gold PN sequences of period 64.
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Figure 2. Performance comparison between HW/S-CDMA and MR-CDMA for L=20
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high rate users of MR-CDMA. The SNR differences between two rates are 3 and 4 dB for HW/
S-CDMA and MR-CDMA, respectively, at a BER of 10�3.

Because of the reuse capability provided by the scales, both systems are especially suitable for
optimal sequence families such as Bent and Kasami, which have limited number of sequences.
Kasami PN sequences cannot be used in other multi-processing gain schemes since they do not
exist for all lengths. For this reason, the performance of both systems for the extended Kasami
PN sequences of period N=64 is depicted in Figure 3. As observed in the figure, for a total of 16
users (24 symbols), the SNR performance of the first scale users of HW/S-CDMA is 4 dB better
than that of the low rate users of MR-CDMA at a BER of 10�4. At the same BER, the
performance of the second scale users of HW/S-CDMA is approximately 0.8 dB better than that
of the high rate users of MR-CDMA. The SNR differences between two rates are 5 and 8 dB for
HW/S-CDMA and MR-CDMA, respectively, at a BER of 10�4.

As observed in Figures 1–3, the low rate users of HW/S-CDMA always outperform
considerably those of MR-CDMA for all processing gains. The performance of the high rate
users of HW/S-CDMA is better than that of MR-CDMA for low processing gains. In addition,
there is a performance difference between two rates for both systems.

4. CONCLUSIONS

In this paper, we have analysed the performance of 2-scale HW/S-CDMA over the
asynchronous AWGN channel for deterministic PN sequences. We compared the performance
of HW/S-CDMA to that of MR-CDMA for Gold and Kasami PN sequences. Results show that
HW/S-CDMA outperforms MR-CDMA for the same number of users (and symbols) and
bandwidth occupancy. For high rate users, HW/S-CDMA is better than MR-CDMA for low
processing gains. For low rate users, HW/S-CDMA outperforms MR-CDMA for all processing
gains. In addition, HW/S-CDMA is especially useful to employ optimal Kasami PN sequences
because of its format which enables the assignment of the same PN sequences with multiple
periods repeatedly in different scales. Future work should consider the analysis of HW/S-
CDMA over fading channels.
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