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Abstract - The bit error rate (BER) performance of the
M-ary DS/CDMA cellular system in the presence of an
additive white Gaussian noise (AWGN) and
interference from other cells has been investigated. The
data frame structure of the IS-95 system was adopted.
The system operated in an asynchronous mode with
perfect power control and voice activity factor of 3/8.
Both the hard handoff and the soft handoff were
considered respectively. A close form expression for
the BER performance has been derived for the single
cell CDMA system whereas numerical integration was
employed for the multiple cells CDMA systems instead.

L. INTRODUCTION

Direct Sequence Code Division Multiple Access
(DS/CDMA), has been widely studied [1-5,7] for
digital cellular mobile radio communications. The
study of the M-ary DS/CDMA in a single cell system
employing M-ary orthogonal modulation and non-
coherent demodulation in the presence of additive white
Gaussian noise had been reported in literatures [1-3].
The multiple access interference was modeled as a
Gaussian noise and perfect power control was assumed.
Hong er al. [3] analyzed the effects of pilot PN
sequence on the same system. Both the Gold and m-
sequence were employed as the pilot sequences,
respectively. For the application of digital cellular
systems, Gilhousen er al. [4] further examined the
DS/CDMA system having interference from other cells
in a multiple-cell cellular system. The interference is
assumed to be Gaussian distributed. Hard handoff was
employed and the modulation technique was not
considered. A close-form expression of outage
probability was derived for the condition that the
probability of (BER<10®) is equal to that of
(Ep/Ng>7dB). The interference from other cells of
the system employing different handoff algorithms was
further investigated in literature [S].

In this paper, an analytical method has been derived to
investigate the error performance of the multiple-cell
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DS/CDMA communication systems in the presence of
AWGN and interference from other cells. The system
employed the M-ary Walsh orthogonal modulation and
the coherent demodulation with non-coherent
combining. The system is operated in an asynchronous
mode and perfect power control is assumed. Although
the 1S-95 CDMA [8] data frame structure has been
adopted, the analysis is applicable to a similar systems
having higher chip rate transmission.

I1. SYSTEM MODEL

The transmitter/receiver system model for the M-ary
DS/CDMA reverse link over the AWGN channel is
adopted as in [3]. It employs M-ary Walsh orthogonal
code of length M chips to represent m data bits and each
Walsh codes is of duration 7. The Walsh code is
further spread by the pilot PN sequences

PI'. (f)and Pé (t) at the ratio of 1:4 for the in-phase and

quadrature channel, respectively. The superscript i
denotes the i-th cell for the pilot code in a multiple-cell

cellular system. The M-ary orthogonal signal *t) for
the ™ user in the 0™ cell can be written as
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where P,(t)=1for 0<¢<17 ; otherwise P.(r)=0. In
the above equation, the subscript v of the symbol
Wk (@) denotes the v™ Walsh symbol in the code set
W,(¢) given by

M-l

Wp(t)= Z()WP»jPTW(t_JTW); p=l,2,....M (2)
j=

where w, ; is the Walsh chip of duration T, (i.e., MT,

=T)and w, ;€ {+1,~1}. The transmitted signal s, (¢) of
the & user in the 0" cell is thus written as

sp () =APW Ok (1 =7, ) A% (1 — 7, )e /(@O0 (3)
where 6,,7,, @. and P represent the phase of k™" carrier,

the relative time delay, common carrier frequency and
the common signal power, respectively. Each cell



employs a signature sequence which consists of a pair
of unique pilot PN sequences to distinguish the cell
identity. For instance, the i* cell signature sequence is

given by Al(rywhere A'@)=Pi@)+ jPQi ", P®=

oo . oo

2 p;,jPTc (¢-jTyand Py()= »zl’b,jPTc (t-jT.). The
J:—Do j:—-oa
pilot PN sequences P{(r)and B)(r) are of length N for
the inphase (I) and quadrature (Q) channels,
respectively. Their amplitudes p}-’ jand pé, jareof = 1.

The chip duration is of 7., whereT,, =4T,. For the
simplicity of analysis, the half chip offset of the PN
sequence in the quadrature branch is neglected.
Consider an asynchronous cellular system that consists
of (n+1) cells. Define K as the number of active users
in the 0™ cell and L as the number of active users in
each of the other n cells. The received signal at the
base station receiver in the 0™ cell is given by

Re(r(t)e J @y where

K )
=y, JPw O -7, YA (1 - 7,)e’ %u 4 n(r)

u=1
+§n_; i VPa, W (t—7; ) Al (1 =1, )e % @
i=1i=1
¢y =6y ~G.1,, $;; =6;; —6,1;,; and n(r) is the complex
white Gaussian noise process with two sided power
spectral density of Ng/2. The relative time delay
random variables,,7;; are mutually independent and
the random variables ¢,,¢;; denote the relative phase

shifts of modulo 2z . The attenuation due to path loss
and shadowing is denoted as «,. Without loss of
generality, we consider the transmission of Walsh codes
for the k-th user in the 0" cell and the two PN codes
(P;(2), Py (1)) are neglected in the subsequent analysis.
For the k-th user, the relative time delay of the desired
signal is equal to zero and the transmitted code is
assumed the first Walsh code W;(¢). For simplicity,
perfect power control is assumed and system
synchronization is slightly imperfect such that the
relative time delay 7, is uniformly distributed over [0,
Tyw) for all u and u # k . The receiver employs a bank of
M marched filters for coherent detection of each
possible codeword. The received signal is therefore
coherently detected and non-coherently combined to

generate the decision statistic variable Sf, given by
k _ y7lky2 2,k\2 .
Sp=(Z;")y +(Z;"). The combmed output of the

matched filter Z },’k andZ ,z,’k can be written [3] as
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If W,(0)=W} (.6 (W,fC W, (t))= 1; otherwise 0. The
complex conjugate of the 0™ cell signature sequence is
denoted as A% (). The notations x, »X;; are the voice

activity random variables with probabilities of Pr(x; =
+1)= a and Pr(x;=0)=(1-a) for all u, i and /. The
two zero-mean Gaussian random variables 7; and o

are of variance N, / 2. The continuous time partial
crosscorrelation functions [7] of Walsh codes are

denoted as R,_; , (7), 15{)‘,,, (7).

III. SYSTEM ANALYSIS

A. Single Cell System. A single base station system
having K active users is considered as a single cell
system. The second term of the equation (5) is known
as the multiple access interference /,, given by

P K n .
I = o R 13 (5 + Ry (50)e ™ ©®
u=1
uk
and it can be written [7] as

K
b= 7 2 IR @)+ Ly DR
wrk
+ 1O Ry (0)+ Cy (DR (1) ™
For simplicity, assume that the first Walsh code W, (¢)
is not transmitted from any other users so that
Cyy1(-M)=0 and Cp;(0)=0. The 1, is written as

P& 1 1. M2 0y e
Iy = szuru ayag + Yy, afajy ®)
u=}( j=0
u®

Assuming sequences are random binary in equation (8),
the variance of 7, is given [7] by

Pz
Var(l,,) = T (K -l)oM . M
According to the Central Limit Theorem, the multiple
access interference I,, becomes a Gaussian distributed
random variable. Therefore, the variance of the random

variable Z* in (5) can be written as



pT? N
van(Z}*y=02, = S (K =Da + 20 (10)

The mean is given by E(z]*)=vPT for p=1 and

E(Z]"") =0 for p = 2,3,...,M. Afier the non-coherent

combining at the receiver, it can be easily shown [6]
that the probability density function of the decision

statistic output variable S l‘, is given by the Rician
distribution for p =land Rayleigh distribution for
p=2,3,...,M. The average bit error probability P, can
thus be written as

2m—1 M-1 -1 +1 Wl
Fe=vn > (M € )a 2(a+1)om,
12 a Ja+1

where symbol energy E,, = mE, asin [3].
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B. Multiple Cell System: Consider a typical hexagonal
cell cellular system of cell radius R and user
density p as in [5]. It is reasonable to assume that all
the transmitting signals from users in other cells are
independent and regarded as interference to the
intended base station. As the pilot PN sequences at the
intended base station are different from that in the other
cells, the receiving interfering signal from other cells is
thus regarded as random binary code. The interference
I, [5] can thus be approximated by

I, =+P/4T ”apdi (12)
S
where x is voice activity random variable. For the

propagation attenuation «,, we adopted the notations

and assumptions by Viterbi et al.[5] who also assumed
that the interference / ,;, is Gaussian distributed.

1. Hard Handoff Consider a power controiled
multiple-cell cellular system in which the hard handoff
is employed. Assuming that the mobile user density
over all the cells is uniformly distributed, the average
interference E(/,,;) from users in the other cells to the

0™ cell base station [5] can be written as

4
E(lmh)z\/%_ae(bﬁd)zﬂ'(%] "
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where “§,” denotes the area outside the 0™ cell area
and 5 =In(10)/10.
between the mobile user and the / base station. The
corresponding variance is given by,

4
Var(l ) = Var 1’ﬁ%ﬂ{%) xebﬁ(é'i—so)pdA
So

(13)

The parameterr;is the distance

(14
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where (g,-¢g,) is Gaussian distributed with zero mean

and variance of 26%. Assuming the spatial whiteness
[4] of blockage variable, the variance is equal to

\8
Var(l 5, )=%afe2(bﬁ")2 (ez(b/"')z Wa)ﬂ[:-lJ pdA  (15)
S0

Assuming the circular cell radius R of unity for
simplicity, the user density p of value 2K /(3v/3) and
L=K, the mean and the variance of interference from
other celis are given by E(I,,,h)=0.401708\/_I;K and
Var(l ,;,) = 2.536513PK , respectively.

2. Soft Handoff amongst the two nearest candidate
base stations: Consider a similar system as in the hard
handoff above. Instead of using the hard handoff
algorithm, the soft handoff is employed and two cases
are considered as follows. The first case is to consider
the mobile user within the area “Sy” and the other case
is outside the area “S,”, as depicted in Figure 2 of {S].
A user who is within the area “Sy” and currently
connected to and power controlled by the 1* cell, the
average interference [5] to the 0™ cell can be written as

2 o)’ jj[’l} [«/—bﬁo+ J,MO

E(l;y) =

(16)

where M ; =40log(r;)and Q(x) = J'e_(~y2/2)dy/\/g7; .
X

The corresponding variance is given by

4
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So\ 70
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where (; =ae+be;as defined in [5].  Therefore,
(g —¢&y) is Gaussian distributed with zero mean and

variance of 202 . The variance is thus be equal to

Var(l,,,) — Po@Z(bﬂU) _U( n J,: 2(bﬁa) Q[z‘/’_bﬂo__’_ J_bM2

2bo
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Consider the second case where a mobile user is

currently connecting to the 1% cell in the area “S;”

outside the area “Sy”. In this case, the average
interference to the 0™ cell [5] is given by,

Fl =27 [ | o 2. 2200

(19

(18)

The corresponding variance is equal to
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Following the similar manipulation as for equation (18),
1; can be written as

2 - 8 2 M M
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As ¢gjandgyare independent identical random
variables, it can be easily deduced that 7, =7,. The
variance of cell interference is thus equal to

A

e || SR
Assuming the cell radius R of unity, the user density p
of value 2K /(3\/5 ) and L=K, the mean and variance of
interference from other cells in the area “Sy” are given
by E(I;,)=0.080136J/PK and Var(l;,)=0.036074PK ,
respectively. For the area * §0”, the mean and variance

are equal to E(I,,)=0226JPKand Var(l,,)=

0.163323PK, respectively. Summing the interference
for the two areas, the average and the variance of the
interference are given by E(l ,;,) = E(1;,)+E(l,,) and
Var(/ )= Var(I;,)+ Var({ ;) , respectively. Therefore,

= 2P0V ([l 7L | | p26p0) -M,
Var(l,;) =55 0e g( ]{ Q(\/_ b,Bo-+ \Ebo }

the variance of the receiver output variable Z,° L in (5)
can be written as

T2 N
Var(zHy=02, = S (K ~DaM +-2—°+ var(l,,;) (23)

The mean is given by E(ZIU‘ )=vPT +E(l,;) forp=1

and E(Z]*)=E(l,4)for p = 2, 3,....M. It can be

shown [6] that the pdf of the variable S¥ become the
Rician distribution function forp =1, 2, 3,..., M. Asa
close form expression [pp261, 6] can not be further
derived for the multiple cell system, numerical

integration is employed to evaluate the average bit error
probability instead.
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IV. RESULTS

Figures 1,2,3,4,5 and 6 depict the BER performance of
the M-ary DS/CDMA cellular system in the presence of
the additive white Gaussian channel noise for single
and multiple-cells system. For M=64, observe that the
BER performance is sensitive to a small change of
E, /Ng in the region of 5-10dB. When K is small (less

than 30, say), the error performance for the soft handoff
is marginally superior to that of hard handoff. It is also
less sensitive to K and the superiority increases with
increasing K. It has also shown that the error
performance for multiple cells system with soft handoff
is marginally degraded compared to that of the single
cell system.

V. CONCLUSION

The BER performance for the M-ary DS/CDMA
cellular system in the presence of the additive white
Gaussian channel noise and multiple-cell interference
was investigated. Assuming perfect power control and
non-perfect system synchronization, both the hard
handoff and soft handoff were also examined. A close
form expression for the BER had been derived for a
single cell CDMA system whereas numerical
integration was employed for the multiple cells CDMA
systems instead.
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Figure 1. The error performance of the M-ary DS/CDMA system Figure2. The error performance of the M-ary DS/CDMA system having
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