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Abstract— Direct sequence code division multiple access (DS-CDMA) signature sequence given to each user isnadwenm,-phase
communication systems using random polyphase sequences with coherent sequence, Wher)ap c {2’ 3,4, }
reception in multipath fading channels are considered. By examining the
asymptotic characteristics of the multiple access interference and multi-
path interference, we show that the DS-CDMA system performance with
random my-phase sequences ofi, > 3 is better than that with random o k .
binary seqﬁences in multipath fadipng environment. ax(t) = Z a;()in)pT“ (t = iTe), 1)

i=—00

The signature waveform of thigh user can be written as

oQ

I. INTRODUCTION B s )y N—1 _ _ _

wherea;”’ = /%, {¢."/};L," are independent and identi-
It has been shown that polyphase sequences have gqafy distributed (iid) random variables uniformly distributed

correlation properties [1]-[3], allowing useful applications inyer the se{0,27/my, -+, 2(m, — 1)7/my, }, R(i, N) is the

direct sequence code division multipiecess (DS-CDMA)  remainder of when divided by the length of the sequence,

systems.  Hence, there has been much interest in usifgis the chip duration, ang (¢) is the unit rectangular pulse

polyphase sequences in DS-CDMA communication systenfined bypa(t) = 1for 0 < ¢ < A ando elsewhere.

[4],[5]. In most cases of the investigations, the performance \yie genote the data sigﬁal of theh user by

of a system is evaluated for specific signature sequences: the

results are therefore applicable only to systems using the par- > )

ticular sequences considered, but cannot be directly general- be(t) = _Z: bl(' )pT (¢ = iT), (2)

ized for systems using other sequences. In order to obtain more T

widely applicable results, the random sequence model has beghere”” = NT. is the symbol duration and the data sym-

adopted in [6]: in [6], however, only even phase sequences haels {6\*)}%2___ are assumed to be iid random variables with

been considered and no consideration has been given to fadilﬁg{bl(.’“) =1} = Pr{bgk) = —1} = 1/2. The transmitted
environment. signal for thekth user is, therefore,

In this paper, DS-CDMA communication systems ugiugr ,
dom polyphasesequences with coherent reception in asyn- sk (t) = V2Pay (t)by (t)e r T, 3)

chronousmultipath fadingchannels are considered. The DS- . .
whereP is the average transmitted power common to all users,

CDMA system model is presented in Section Il, performancsk is the phase of thkth carrier, andv. is the common carrier

analysis is given in Section lll, and simulation results ar? Without | ¢ lity. it i d that=
shown in Section IV. Some concluding remark is included i%requency. thout foss of generaiity, 1L1S assume

Section V.

B. Channel
II. SYSTEM MODEL

A commonly used model for a frequency-selective multi-
path channel is the finite-length tapped delay line model [7]
The system model to be considered in this paper consigsown in Figure 1 for theth user. In Figure 1p(t) is
of K'+1 simultaneous users (the zeroth user being the refererbe additive white Gaussian noise (AWGN) in the channel
user whose performance is to be evaluated in this paper), aodthe kth user, and théth tap weightw; = al(k)ewz(k) is
each user is assigned a unique CDMA signature sequence. The same as the fading term of théh user in thel/th path,

A. Transmitter
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l=01,-- ~,L§,’“) -1, whereLZ(,’“) is the number of paths for these estimates can be obtained quite accurately from separate
the kth user. The numbeﬁz(,’“) of paths is related to the max- circuits, such as those given in [7], and then fed to the demod-
imum delay spread of the channel and is assumed to be mudator. The sampling times of the receiver éfg: = 1,2, - - -

less than the numbeY of chips per information bit. The fad-  The received signal in a single-cell system can hig&m as

(k) _
ing amplitudes{oz,(’“)},L:"0 " are assumed to be independent .
1

(k) _ K L
random varliables, arld the fa.din'g pha$¢s§’“)}f:"0 " are iid rt) = V2P Z Z an(t — Tl bi(t — Tl(k))
random variables uniformly distributed o@r 27) and are as- o 1o
L)1
sumed to be mdependent{xle }, , - .al(k)ey(wct%( o n(t). (4)
S (1) T In (4), the carrier phase®") = 9(®) 4 ¥ — o 7BV E

are iid random variables uniformly distributed oy&r2~), and
the variance ofi(¢) is assumed to bg,. We will assume that
¥ = 7, +1T,, wherer, = 0 and {r, }/_, are iid random
variables uniformly distributed ovéd, T').

Then, the real pai’ of the receiver output at each sampling
time can be written as [8]

N (1) — = 1 (1)

U = Z Wsn+Unmarn+Umpn+Ucnn}, (5)

n=0

(k)
Fig. 1. A multipath channel model (tap weights; = ozgk)ejwl ) for the
kth user where

Ugn_{a }b (6)

C. Receiver is the desired signal component to be detected,

The receiver model considered in this paper is shown in

Figure 2 for the reference usek & 0). The receiver is es- K L -1 N
sentially a coherent rake receiver, where the numberof Umarn = PZ Z aﬁlo)a,( )B,(n) (7)
branches is a variable parameter less than or equal to the num- k=1 1=0

ber of paths. is the noise component due to the multiplesess interference

r(t) .. (MAI) from other users,
a” (e’ ¥ a¥ (t-(L, ~)T)e e (X L1 (0) 5(0)
o .
P @ " P o v Umpn =P Z ol )O‘l B, (8)
an e Ea e e

is the noise component due to the multipath (MP) waveforms
of the reference signal, and

(T
N,
t=iT TanTe
U UGN,n / Re t —nT, )
(R [HU 0]
- a(@eilwet o] >} dt (9)
Fig. 2. The receiver model for the reference (zeroth) user. is the noise component due to the AWGN. In (7) and (8),
The receiver is matched to the signature sequence of the ref- B*) = Re {B(k)ejel(i)} (10)
erence user and is assumed to have achieved time synchro- o o ’
nization with the initial path of the reference signal. The ta|
b 9 v whered*) = o*) — (") and B* fo t—7ya®) (-

weights (both the amplitudes; and phaseg’;) are assumed %) T (k) o)
to be perfect estimates of the channel parameters: practically, Ja O (t)dt with 7, = 7" — 7,
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I1l. PERFORMANCEANALYSIS

Let us first consider the normalized MP component

By,

VNT,.

In [9], it is shown that the asymptotié\( — oo) characteristic
function (cf) of Gp is
1Io(Y)

{“4—21

and the corresponding probability density function (pdf) is

Gp (11)

if my, =2,
if my, >3,

exp[—
exp[—

Pp(u) (12)

Fea(@) = Aeap[-Z1Ko(5)
if my, = 2,
r) = 13
fP( ) fP3($) — ﬁel‘p[—l‘z] ( )
if my, >3,
where Loy
Iy(x) = —/ e s dp (14)
T Jo
is the first kind modified Bessel function of ordirand
: * cos(at)
K = dt, ©>0, 15
o) = [, (15)

is the second kind modified Bessel function of ordlein Fig-
ure 3, the graphs ofp» andfrs = N (0, 1) are plotted for easy
reference, where/ (m, 0?) denotes Gaussian pdf with mean
and variancer?. It is clear from Figure 3 and Table | that the
tail of fp2(x) is heavier than that ofp3(x) although the vari-
ances offp» () and fps(z) are both.

Next, let us consider the normalized MAI component
(k)

B
Gr= 22—, 16
1= N (16)
In [9], it is shown that the asymptotic cf of; is
®7(u) =
fol exp {—%(1 —2r+ 27“2)}
I (5(1 — o4 2r )) dr if my = 2,(17)
fol exp [ %(1 —2r+2r )} drif m, >3,
and the corresponding pdfis
fi(z) =
_ 1 1 1 z?
f12(2) = 7= fy rtmmerp |~ i
Ko (g ) dr
if m, =2, (18)
1 22
fis() = ﬁ Jo 1—217“+2r26xp [_1—27‘+2r2} dr
if mp, > 3.

0-7803-5538-5/99/$10.

ek fPZ
foy =N (0, 112)

Fig. 3. Aplotoffp, andfps
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Fig. 4. A plotoff;, andfrs

In Figure 4, the graphs ofr» and f;3 are plotted, together
with the Gaussian pd¥ (0, £): we can show [9] that the vari-
ances offr; andfrs are both% (more easily by using (17) than
by using (18)). As shown in Table Il and Figure 4 using the pdf
(18), fr2 has a heavier tail thafys.

Let us now defingg*) = a®al?) andy = VNT.P. Then,
the total MP componerity p = Y= ' Unrp,, and the total
MAI componentlUsar = Zﬁ;‘OlUMAI,n can be expressed
as

-1 L1
Uup = NZ Z @n (19)
n=0 1=0,l#n
and
K L,—1L{-1
Umar = NZZ Z Gy, (20)
k=1n=0 [=0
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TABLE |
TAIL PROBABILITIES Pr{X > t} OF fps AND fp3

TAIL PROBABILITIES Pr{X > t} OF f12, f13, AND A GAUSSIAN PDF

t Ip2 fp3=N(0,3)
0.5 | 3.450 x 10~1  4.394 x 10~!
1.0 | 1.525 x 10~1  2.076 x 10!
1.5 ] 5.995%x 1072 5.947 x 10~2
2.0 | 1.967x 1072 1.033 x 10~2
2.5 5250 %1073  1.089 x 1073
3.0 | 1.125 x 1073 6.963 x 1077
3.5 1 1.920 x 10*  2.700 x 10~°
4.0 | 2.596 x 107%  6.349 x 108

TABLE Il

t Ir2 Jrs N (0, 3)
0.5 | 1.566 x 10~ 1.901 x 10~1! 1.932 x 10~1
1.0 | 4.693 x 10~2  4.158 x 10~2 4.163 x 10~2
1.5 | 1.151 x 10=%  5.467 x 103 4.687 x 10~3
2.0 | 2.309 x 1072 4.710 x 10~ 2.660 x 10—
2.5 | 3.849 x 10~% 2.761 x 1075 7.451 x 1076
3.0 | 5.388 x 10~% 1.080 x 10~¢ 1.017 x 1077
35| 6301 x107% 2743 x 10~® 6.715 x 10~1°
4.0 | 6.083 x 10~7 4.446 x 10710 2,131 x 10~12

respectively. Using thaby (uv) = ®x (cu) when the two ran-
dom variablesX andY are related a¥ = ¢X for a constant

¢, we obtain the asymptotic cf's @fy;p andUss 41 as

and

respectively, wherg = 185,

Sy p(u @

<I)MAI

-1 L(D) 1

H H Pp ﬂﬁln

n=0 [=0,i#n

L) _q

r

- I 1w

(&)

O n,-1

(21)
Hua ), (22)
+. Now, us-

and the asymptotic pdf; of U as

o = [ [

where

Bye~ i dufs(B)dp, (24)

2

u 7]0
) (25)

is the cf of the total AWGN componebley = Y570 U,

Us = Zﬁ;glUS,n is the total desired signal component, and
fs is the pdf of 3: although it seems not possible to obtain
the explicit closed-form expression of the pfif, it is antici-
pated from the above discussions on the statistical characteris-
tics of the MAI and MP components that the tail fsif would

be heavier forn, = 2 than form, > 3. Consequently, the
system performance fan, > 3 is expected to be different
from (more specifically, better than) that far, = 2. This is a
natural consequence considering the increased complexity for
myp > 3.

Do (u) = exp(—

IV. SIMULATION RESULTS

We showed analytically that the system performance us-
ing m,-phase,m, > 3, sequences would be different from
that using binary phase sequences by showing that the tail of
fv would be heavier forn, = 2 than form, > 3 in Section
3: we used the asymptotic characteristic and probability den-
sity functions derived under the assumption that the number
of chips approached infinity. As the number of chips is finite
in practical systems, we now show and discuss in this section
some simulation results obtained for various system parameters
to see the effect of the number, of phases on the system per-
formance when the number of chips is finite. In these simula-
tions, we assume that the fading amplitudes are Rayleigh with
the exponential multipath intensity profilg(*) = Q{¥)e=,
§>0,1=1,2-- L -1, Wherte(k) = E{(al(k))Q} and
4 is the rate of average power decay. For simplicity we also let
¥ =r,fork=01, - K.

Figure 5 depicts the bit error probabilif§; as a function of
the average received SNR per Eif)éo) /o to show the effect
of the numbermn,, of phases on the system performance when
d =02 K =5andL, = L, = 3, for N = 63. Each point
in the figures is obtained from a Monte Carlo run2ahillion
iterations. We can clearly see that the BER#oy > 3 differs
from (is lower than) that forn, = 2, which becomes clearer as
the channel environment gets more favorable: as the SNR gets

ing (21) and (22), we can in principle obtain the asymptotic dhigher and the value af gets larger, the outperformance of the
¢, of U from (5) as

eJuUs (23)
<I)MP( ﬁ)q)MAI( 6)<I)GN( )

O (u:p) =

system withim,, > 3 over the system withn, = 2 becomes
higher.

Figure 6 is to show the effect of the numbey, of phases
on the average bit error probability when the numbkeof in-
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terfering users varies, with all the other parameters the same as V. CONCLUDING REMARK

those in Figure 5. In this figure, it is again clearly observed that The performance of asynchronous DS-CDMA communi-

the numbern,, of phases has influence on the average bit eg,yion systems using random polyphase sequences in multipath
ror probability when the number of interfering users varies: thleading channel was analyzed. In the analysis, a number of
difference between the system performancerigr > 3 and simultaneous BPSK transmitters and a coherent rakeiver

that form, = 2 gets larger as the number of interfering userg,ere employed. The channel was assumed to be a frequency-
decreases and the SNR gets higher. We would like to menti@@lective multipath channel.

that the performance of the system with > 3 is almost the
same as that witim, = 2 as K gets larger (relatively to the ;
value of N'), since in such a case the number of convolutions
the non-Gaussian pdf’s increases and consequently thg pdf
for m, > 3 andm, = 2 both approach Gaussian pdf’s.

The asymptotic (when the number of chips approached infin-

ty) characteristic and probability density functions of the MAI
nd MP components were derived for, = 2 andm, > 3.
Then, using the results, we reasoned that the pdfs of the MAI
and MP components and consequently of the decision statistic
for m, = 2 had heavier tails than those for, > 3, resulting

in possible better performance for, > 3.

The asymptotic characteristic functions derived in Section 3
were obtained under the assumption that the number of chips
approached infinity. To see more realistic results on the system
performance when the number of chips was finite, we obtained
some simulation results under various channel circumstances
in Section 4. It was shown that the performance of the system
for m, > 3 was better than that fon, = 2.
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