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Abstract

The study on the chip waveform design to minimize multiple-access interference (MAI) and its performance
evaluation are very important since chip waveform decides the signal quality and system capacity of the
direct-sequence CDMA wireless communication system. This paper suggests the analytical chip waveform to
minimize the MAIL. The BER and throughput performances achieved by the proposed analytical optimum chip
waveform are compared with those of the conventional chip waveforms in the Nakagami-m distribution frequency
selective channel when the differential phase shift keying (DPSK) is employed in DS-CDMA system. From the
numerical results, capacity and throughput are improved about 2 times and 1.4 times respectively when it is
compared with the Kaiser chip waveform that is considered as one of the best in the conventional ones.
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T. Introduction

Code division multiple-access ({CDMA) system is
known to support more users than conventional time
division multiple-access (TDMA) and frequency
division multiple-access (FDMA). The CDMA is an
interference-limited system because multiple-access
interference (MAI) determines the signal quality and
capacity of the direct-sequence CDMA (DS-CDMA)
wireless communication system. Since MAI depends
on the shape of the chip waveform, the design of
chip waveform for the MAI minimization have been
studied very much. In 1999, especially, M.A
Landolsi and W.E Stark worked the design of chip
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waveform with minimal MAI under the constraints
of bandwidth, phase and envelope. Even if they
proposed chip waveforms with minimal MAI, they
are too complex and difficult to implement in
communication system because of computer gene-
ration. In this reason, we search for expressing the
optimal chip waveforms in the analytical form. Also,
the system capacity and throughput of optimal chip
waveforms were not analyzed in the Rayleigh fading
channel. The effects of the conventional chip
waveforms on system performance were investigated
by P.. Dallas and F.N. Pavlidou in the Rayleigh,
Nakagami-m distribution frequency selective fading
channel”. BXK. Kok and M.A. Do considered the
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performance dependency on the chip waveforms in
the Rician distributed frequency selective fading
channel”,

This paper proposes the analytical chip waveforms
that are mathematically approximated forms of
optimal chip waveform with minimal MAI in the
ref". The system performances achieved by the
analytical chip waveforms analyzed and compared
with those of the conventional chip waveforms in the
Nakagami-m distribution frequency selective channel
when the differential phase shift keying (DPSK) is
employed in DS-CDMA system. The conventional
chip waveforms include half-sine, raised cosine,

Kaiser and Blackman waveform.

IT. System and Channel Description

In a CDMA system with DPSK modulation, each
of K users has a unique code sequence and the
transmitter consists of k active simultaneous users.
The transmitted signal of the £ th user can be written

by
s* () = V2Pc* ()b () cos[w, ¢t + 9* ] M)

where () is a code sequence of the k th user and

may be expressed as

o0

HtO)= Y chw -1, ke -1 @)

Jj=—oo

and &%) is data waveform which can be given by

bk ()= Zb}w,,(z—jrb), b* e {-11} €);
el .

In eq.(1), P is average transmitted power which is
common to all users, w, is carrier frequency and ¢*
is phase angle of the k th user. The phase angle is
assumed to be uniformly distributed in [0,27]. In
€gs.(2) and (3), T. is the chip duration and T} is the
data bit duration, and c*

7

b is j th direct sequence
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code and data bit of the & th user, respectively. The
processing gaine is assumed to be N= T,/T.-
(¢ is unit rectangular pulses of unit height and
duration T,, and ¥(f) is the chip waveform of
duration T, and will be explained in detail in
section IV.

The incoming signal to the receiver is given by

K L
") = JZ_PZZ Bl (e -t )bk (e —tF Ycos(w,t +6F Y+ n(t)

k=1 =1

“

where L is the number of resolvable path, ¢ is the
phase of the / th path of the & th user and n(?) is
AWGN with double-sided power spectral density
/2. The path phase 6% is independent and assumed
to be uniformly distributed in {0,2x]. The phase
delay % is also independent random variables with
uniform distribution in [0,2 z]. The receiver consists
of the matched filter, the DPSK demodulator and the
selection diversity component of order M (1 <M<L).
The selection diversity with order M chooses the
path based on the largest peak of the M received
correlated peaks.

The equivalent low pass impulse response of the

channel can be written as

L
W)=Y, pre’ sl —1}] )

=t

where the number of resolvable path L is given by

L =[§—"‘J+1 ©)

<

and the T, is maximum delay spread of the channel.
Assuming NaRagami-m fading channel, the path
gain A% has the probability density function (pdf) as

follows

m _ 2m-1 _ 2
pﬁ(r)=2[—g) ;_(m) CXp[ ’:{ ], r =0 )
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where m is

QZ

"Gy @=E. ®

and ['(m) denotes gamma function. In Nakagami
fading channel, m=1 corresponds to the Rayleigh
fading channel, m=co0 corresponds to the AWGN
and m=0.5 corresponds to the worst case fading
condition. m)>1 approximates the Rician fading
channel. In general, Rician factor R(average direct
power/average scattered power) is related to m as
follow

m=—"—a . 9

[ll. Optimum Chip Waveforms

3-1 Conventional Chip Waveforms

The chip waveform @ ,(s) is time-limited to the

interval [0, 7] and normalized to have energy T., so
that

T,
[ wewar=1.. (10)

The representative conventional chip waveforms are

considered as follow [2], [3]
a) Half-Sine :

v =42 sin(g)u(t) (I

b) Raised Cosine :

v ()= \/g[l — cos(:

¢) Blackman :

ZT”’ )}u(t) | (12)

V.0 =c, [0.42 -05 cos(sz )+0.08 cos( 4;” )} u(r). (13)

c c

d) Kaiser :

(14)

v (t)=c, 1. (Bn) u(®),
where ¢{(i=1,2) is chosen to satisfy the normalized
energy condition, g is any real, positive number,
I{x) is the modified Besse!l function of the first kind
and n th order with argument x. u(f) is a rectangular
pulse defined by

I 0S¢<T,
u(t) = (15)

0 otherwise.

3-2 Proposed Analytical Chip Waveforms

In 1999, M.A. Landolsi and W.E. Stark proposed
optimal chip waveforms generated by computer for
various cases that are not in analytic forms [1]. We
approximate and propose the analytical optimal chip
waveforms for 4 kinds of the optimal chip wave-
forms in [1]. From now, we denote that WT.= 1.2 for
99 %BW, WT.=1.6 for 99.9 %BW, WT.=2.0 for 99
%BW and WT, = 3.0 for 99 %BW in [1] are the first,
second, third and fourth chip waveform, where BW
means bandwidth. The proposed analytical chip
waveforms are expressed in Fig. 1 corresponding to

4 waveforms of the results in [1] and can be written

3 T -

T— 99%BW, Wic=1.18
- 99 9%BWMWTC=1.71
25 /7 - 99%BWWTc=2.13 {]
P N\ | = snewwicam
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Fig. 1. Proposed analytical optimum chip wave-
forms.
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as eqs. (16)~(19),
a) First chip waveform:

V() = V2 sinu(t) (16)

b) Second chip waveform:

mm:E%wm

¢) Third chip waveform:
t-T./2

2T’” )jlu(t) a7)

V(1) =k sinc(4( () (13)

<

d) Fourth chip waveform:
t=T./2

W (t) = ky sin c(6( Nu(t) (19)

where k{(i=1,2) arc constants satisfying the norma-
lization condition. Among the proposed chip
waveforms, the first and second chip waveforms are
of the half-sine and raised cosine form. Third and
fourth chip are similar to the sin ¢ function.

To verify the similarity of each chip waveforms,
we compare the power bandwidth and normalized
mean-squared partial chip correlation of analytical
chip waveforms with those of computer-generated
chip waveforms. From Table 1 the mean-squared
partial chip correlation of analytical chip waveforms
is almost the same as computer-generated chip
waveforms. And Table 2 shows that bandwidth of
analytical waveforms is almost equal to that of
computer-generated waveforms. Thus, we confirm
that analytical chip waveforms are well approximated
to the computer-generated chip waveforms.

Table 2. Power bandwidth of analytical chip waveforms.

Table 1. Mean-squared partial chip correlation
of analytical chip waveforms.

Correlation| Analytical | Computer-generated
Waveform waveform Waveform
First waveform 0.2914 0.2821
Second waveform 0.2414 0.2527
Third waveform 0.1317 0.1382
Fourth waveform 0.0865 0.0894

IV. Performance Analysis

4-1 BER Analysis

The BER of Nakagami-m distribution channel is
given by [2]

/ Rl
- - Y5 'Y,
1 MA . o moy M «
Py 0= [ Sexpiys) MZ( ; }—1) xexp(="72 Zl—l
=0 p=0

Ye
o1 |
—my, |2 v @ om | gy
xen——) 3 = | e 3 e
v [T =y, |

The average signal to noise ratio 7. is

¥, =[(kL-1)e} + Ny (Eyp)]”" Q1)

where E; is bit energy, p =(1/ 2)E[B2] is the half-
average power per path.

The interference parameter &2 is defined as [4],

5], 6]

1 v
%= 2{(NT 7 i Oy * bia (e ]} .

c

where pa(0), gu(l) are obtained from aperodic

Waveform Bandwidth(WTc) | g4 o, 95 % 95 % 99.9 % Notes
First waveform 0.77 0.91 1.19(1.2) 2.38
Second waveform 0.94 1.11 1.40 1.71(1.6) O
- Computer-
Third waveform 1.65 1.83 2.13(2.0) 3.00
generated
Fourth waveform 2.52 2.73 3.07(3.0) 3.89
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autocorrelation function of PN sequence as follow

N-i
Ba@m) = Y Cu)Ch(+n) (23)

I=1-N

and PN code aperiodic corrosscorrelation between
user 1 and user k, Cu(n), can be written as

ata},, 0<n<N-1
j=0
N~l+n
Cum=2 Yatdl,,  -(WN-Dsn<0. (24
=0
0 otherwise

The normalized partial chip correlation, m, .,
given in Table 1, is

T,

My = _[0 R (n)dt (25)
R —

m, =j0 R, (D)R, (1)d7 ©6)

where autocorrelation function of chip waveform is
given by

Ro® = [ v, (- ¥ @7

Table 3. The normalized partial chip correlation

for several chip waveforms.

WaveformShape m, g

Blackman 0.2081 0.0025
Kaiser 0.1570 | 9.7016x10°°

First chip waveform 0.2941 0.0430

Second chip waveform 0.2414 0.0095

Third chip waveform 0.1317 0.00577

Fourth chip waveform 0.0865 0.00223
R,(¥)=R,(T. 1), for 0ST<T,, (28)

In Table 1, we omit the normalized partial chip
correlation for half-sine and raised cosine chip
waveforms because they have the same normalized
partial chip correlation with the first and second chip

waveforms, respectively.

4-2 Throughput Analysis

The normalized throughput is defined as the
average number of successfully received packets per
time slot, normalized by the system capacity, 7] and
it is given by

W
S =2 Y kPP () 29)
w k=1

where packet success probability Peo(k) is
P, (k) = (1= P,, ()] (30)

and the probability of having & simultaneous users p;

R =[CIET (-] 6D
k) C C

where G is an offered traffic, C is system capacity

1S

and Ny is the number of data bits per packet.

V. Numerical Results and Discussion

The number of users supported by the system, for
a specified BER, is an important design criterion and
performance measure. It is assumed that Gold
sequence is used, code length is N=127, T. = 1 and
selection diversity is applied into the receiver.

Fig. 2 and 3 show the differences in BER
performance when the multipath fading parameter
m=1(Rayleigh). Kaiser chip waveform is the best
among the conventional waveforms and fourth chip
waveform is the best among the proposed 4 kind of
analytic chip waveforms. It can be observed that at
the required BER=10"" in Fig. 2, the capacity of
Kaiser and fourth chip waveform are 2 and 4 users,
respectively. In addition, when all the paths are
resolved and selected at the receiver (L=M) and
required BER =107 in Fig. 3, the capacity of Kaiser
and fourth chip waveforms are 11 and 20 users,

645



BEBHASERIGEE F 138 BT 2002% 88
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Fig. 2. BER in Rayleigh channel (M=2),
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Fig. 4. BER in Nakagami-m channel {M=2).
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Fig. 3. BER in Rayleigh channel (M= 35}.

respectively. We can find that the analytical optimum
chip waveforms significantly improve the number of

users supported by the system.

Fig. 4 and 5, which are the situations in Naka-

gami-m channel(at m = 2), show better BER perfor-
mance than Fig. 2 and 3. Tt can be observed that at
the requited BER=10"" in Fig. 5, the capacity of
Kaiser and fourth chip waveform are 14 and 25
isers, respectively.
The throughput is also an important design
iterion and performance measure. Fig. 6 and 7
ow the throughput performance in the multipath
ling parameter m=1 (Rayleigh) according to the
ared traffic G. When offered traffic G =30 in Fig
the throughputs of Kaiser and fourth chip
eforms are 0.58 and 0.8 respectively. In Fig. 7,
hroughputs of all chip waveforms are decreased

&
g i3]
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~~ Blackman
—=~ First chip waveform
10" -6~ Sscond chip wavefore | |
~&3 Thirgd chig waveform
— Fouth chip waveform
" : .
a 5 il % 30
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Fig. 5. BER in Nakagami-m channel (M=35).
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Fig. 6. Throughput in Rayleigh channel (AMf=14).

as data bits of a packet N; are increased. From

these figures, the proposed analytical optimum chip

wave forms considerably improve the throughput

performance.
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Fig. 7. Throughput in Rayleigh channel (N;=42).

Fig. 8 and 9 show the throughput performance
with multipath fading parameter m = 2. When offered
traffic G=30 in Fig 8, the throughput of Kaiser and
fourth chip waveforms is 0.75 and 0.9 respectively.
As shown Fig. 8 and 9, the throughput of all chip
waveforms is significantly decreased when data bits
of a packet Ny are increased as like Fig. 6 and 7.
From these figures, it is observed that the careful
choice of data bits of a packet N4 in a given
condition of the offered traffic and fading parameter
m enhance the throughput performance.

From these computational results, the capacity of
the proposed analytical chip waveforms is increased
about nearly 2 times than that of conventional chip
waveforms in the Rayleigh fading channel. Also, the

p  Eb/No=30dB,L=3,N=127,M=2,Nd=14,m=2,Nakagami—m

.................................................

10

Throughput

—*— Kaiser
B —— Blackman

_ | — First chip waveform _
+-4 —©- Second chip waveform |- -
-8~ Third chip waveform -
4 &~ Fourth chip waveform |- -

o 5 10 15 20 25 30
Offered Traffic

Fig. 8. Throughput in Nakagami-m channel (N/~14).

H —% Kaiser ARt bbb S bbbt
— Blackman - ik A -r- ~A
—e— First chip waveform
-©- Second chip waveform
-8~ Third chip waveform
-&- Fourth chip waveform

Throughput

15
Offered Traffic

Fig. 9. Throughput in Nakagami-m channel (N/~42).

throughput is enhanced about 1.4 times compared
with conventional cases.

VI. Conclusion

In this paper, analytical optimum chip waveform
based on the result of ref. [1] is proposed and
considered in the Nakagami-m distribution frequency
selective channel. The system capacity and throu-
ghput performance of analytical optimum chip
waveform is analyzed when DPSK modulation is
used in DS-CDMA system. Numerical results show
that the capacity and throughput of the proposed chip
waveform are increased about 2 times and 1.4 times
than those of the conventional Kaiser chip waveform.
It can be concluded that the proposed analytical
optimum chip waveform considerably improves the

system performances.
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