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ABSTRACT

In this paper, we present a performance analysis of the DS/CDMA(Direct Sequence/Code Division Multiple Access) system
equipped with a noncoherent M-ray orthogonal modulation scheme combined with a convolutional code, and operating in multi-
user environments over an AWGN(Additive White Gaussian Noise) channel. Analytical expressions that can be used to com-
pute the upper bound of the bit error probability are derived. The validity of the analytical results is then verified by extensive
computer simulations. Performances of the DS/CDMA system with and without the convolutional codes are also compared, and
we have found that the convolutional coding gain in multi-user situations is greater than about 1.5dB at or below the bit error
probability 10*.
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[ . Introduction

The CDMA system using the direct sequence
spread spectrum technique has received a
tremendous amount of attention during the last
few wears. One of the interesting features of
the DS/CDMA system is that in the forward
link a pilot signal is used so as to provide a ref-
erence phase to a mobile station, while in the
reverse link the pilot signal is not often avail-
able due to the power efficiency problem(1].
The transmitter of the reverse link employs an
M-ary orthogonal modulation instead, so that a
noncoherent receiver structure is feasible (2)-
{4). The noncoherent M-ary orthogonal modula-
tion technique reduces the interference coming
from other sources, but at the expense of the
performance degradation while maintaining the
noncoherent scheme.

The analysis of the DS/CDMA system with
the noncoherent M-ary orthogonal modulation
in an AWGN channel were presented indepen-
dently by Kim (2) and Bi (4]. They derived the
closed form equations for the bit error probabili-
ty and verified the results by simulations. Bi
[5) extended his previous work in (4] by analyz-
ing the performance of the DS/CDMA system in
a fading channel having three different kinds
of multipathes. All these results were, however,
for the DS/CDMA system without he convolu-
tional codes.

Ling and Falconer (6) considered a family of
the orthogonal/ convolution codes in a single-
user environment. The design and implementa-
tion aspects were discussed. It was also shown
that it is desirable to use a code with higher
convolution coding rate and a larger orthogonal
code size for the noncoherent DS/CDMA system.
But. this time, the closed form or the upper
bound equations for the bit error probability
were not found.

This paper extends the results in (2] and (6)
by investigating the effect of the convolutional
codes, the M-ary orthogonal modulation, and
multi~user interference of the DS/CDMA sys-
tem, all in the unified fashion, over the AWGN
channel. In particular, we derive expressions
that can be used to compute the upper bound of
the bit error probability. The validity of he
analytical results is demonstrated by computer
simulations. Performances of the DS/CDMA
system with and without the convolutional
codes are also compared.

This paper is organized as follows. Section 1
contains a brief description of the DS/CDMA
system and a review of its performance when
the convolutional codes are not employed. In
Section I, we present a performance analysis of
the Convolutional coded DS/CDMA system with
the noncoherent M-ary orthogonal modulation
in multi-user environments over the AWGN
channel. Experimental results are given in
Section N to demonstrate the validity of our
derivations. Finally, concluding remarks are
made in Section V.

I. System Configuration

In the transmitter part of the DS/CDMA sys-
tem, the vocoder output is passed through the
convolutional encoder of the rate R and the con-
straint length K to generate the code symbols.
Every log;M code symbols are then modulated
by the M-ary Walsh orthogonal modulator to
obtain the Walsh symbols. Each Walsh symbol
is spread by the LPN(Pseudo-Noise) chips that
are obtained from the long code generator. The
resultant signal goes into the in-phase() and
quadrature(Q) channels simultaneously, and the
signal on each channel is spread once again by
the short PN sequence. The final spread
sequences are modulated by the QPSK
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(Quadrature Phase Shift Keying) procedure.

The block diagram of the receiver this system
is shown in Figure 1. The received signal from
all different users is first down-converted to the
baseband. They are then despread and detected
by a bank of the noncoherent M matched fil-
ters. The detector outputs are used as a metric
for the soft decision of the Viterbi algorithm.

The transmitted QPSK signal of the i-th user
during one Walsh symbol interval T, in of the
form .

s, (=P W (1)e,(1) po(D)sinw,t +
VP W/ (e (1) p,(r)cosat, Q)
0<1<T,

where P is the transmitted power per an
Walsh symbol, @ is the carrier frequency, and
W(t) is the transmitted jth M-ary Walsh sym-
bol, 71.2,-- M. In (1), ¢(t) is the spreading
waveform of the long PN sequence for the i-th
user, and pi(t) and pq(t) are he spreading wave-

forms of the I- and Q-channels short PN
sequences, respectively. The spreading signals
a(t), pi(t) and pg(t) are the sequences of unit
amplitude(positive and negative) rectangular
pulses {(chips) of the duration T.. The chip
amplitudes are all independent, and identically
distributed random variables with probability
1/2 of being +1.

Assuming no path loss and the same power
for all users, the received signal is given by

)= s, (r—,) + 1), @
i=1

where N is the number of users, 7; is a ran-
dom delay of the i-th user. and n(t) is a nar-
rowband noise obtained from the zero-mean
AWGN with the twosided power spectral N/2.
After the bandpass filter of the bandwidth B,
the AWGN becomes a narrowband noise n(t)
that can be represented as

n(ty=n_(tycosw_ t+n (1)ysinw.t, (3)
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Figure 1. The block diagram of the receiver of the DS/CDMA system with noncoherent detection
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where n.(t) and n,(t) are zero-mean and low-
pass Gaussian random processes with the vari-
ance N,B.

The output of the lowpass filter on the I~ and
the Q-channel is given by

dy(1)= LPF{r(1)cosw,t}
N
= LIPWI(t=1)c (i -1,) @

[ cosl sin()ﬂ n.t)
‘.p,(t-—r,)——é——~+pg(t‘r,)—2- +—c2—,
dy() = LPF{r(t)sinw,)

N (5)
= Z\/—I_;IV’(I -7)c(t~1,)
=1

cos(,ﬂ n(f)
bkl ALY
2 27
respectively, where 67u7,. Let the k-th user
be the user of interest. For simplicity. we
assume the perfect synchronism for the PN
chips. Let

[ sin g,
Lp,(r —r,)—z—— +pQ(t -7)

zlk’:dl(l)ck(’_rk)pl("rk) 6)
+do(t)ck (t- rk)pQ(t -7,),
then the output of the m-th correlator on the
I-channel is given by

l w m
2, 7 REAQVAIERY'S )

Substituting (5) and (6) in (7), we have

1 1Y
JE. cosO, + DI + N, m=j

k i=l gk

iy = N (8)
ZIf" + N7, m# j

izlink

where E,~PT, is the Walsh symbol energy, I’
is the interference from other users, and N¥ is
the term due to the narrowband Gaussian
noise. Similarly, the output of the m~th correla-
tor on the Q-channel, Zg,. becomes

( N
JE,sin0, + 21y + N5, m=j
k itaek

ZQ’": i ki k
IQ' +N,,

s=lizk

m#j

We form the decision variables St (m=1,2, -+, M)
for the k-th user by noncoherently combining
the I and Q—channel outputs in such a way
that

Sk=(z8) +(zhn)’ (10)

The receiver uses the maximum likelihood
decision rule to select the maximum value
among the decision variables S;,. The index of
the largest decision variables will represent the
transmitted Walsh symbol.

The interference I’ and I’y are zero-mean and
Gaussian random variables with the same vari-
ance E,/2L (2). 1t is shown in [2) that the noise
term on the I-channel can be expressed as

Nk——J—IT'c G-t YW (t-1,)
! _2 7 % k k k
V. (11
x[n () p, (1= ) +0,(1) poti = 7,)]

which is a zero-mean Gaussian random vari-
able with the variance N,/2. Consequently, the
noise on the Q-channel, N}, is also zero-mean
and Gaussian with the same variance, and the
expression for N§ is of the form as in (11) after
switching the positions of the two terms, n.t)
and n,(t). Thus, Zy, and Z.g, become Gaussian
random variables with the variance ¢ such that
, EJ(N-1) N,
o =TTt (12)
Note that ¢ is the sum of the interference
noise power from other users and the additive
noise power.
Without employing the convolutional codes in
the DS/CDMA system, the bit error probability
P, is expressed as (2)
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Af-1 l ]
Z( " [ ] |
nosnxl (19)

ny., J
T2+ )

Here, 7, is the ratio between the Walsh sym-

h= Z(M

bol energy and the overall noise power given by

E._(N-1 N, ) (14)
7“&'[ 21 *2&]’

and E,qlog,M)E,. with E, being denoted as
the information bit energy.

. Performance Analysis

In this section, based on the results in the
previous section. we derive analytical expres-
sions that can be used to compute the upper
bound of the bit error probability for the
Convolutional coded DS/CDMA system with the
noncoherent M-ary orthogonal modulation in
multi-user environments,

Let y%. n=1,2.-
ables, i.e. branch metric. for n~th branch of
the r-th path through the trellis. Suppose that
the first Walsh symbol, i.e., the all-zero code

represent the decision vari-

word, is transmitted. Let the case r=1 denote
the first all-zero path. Then based on the deci-
sion variables given in (10), the two input vari-
ables to the decoder are now

(‘)—S:’“ n:])z’... (15)

J?Z:\, if the Walsh symbol of the n-

(2) _

Ya th branch of the second path
=sthe Walsh symbol of the first
path n=1,2, (16)
Sk, otherwise
LC(, y - S:.xl

Define the decision variable for the r-th path
consisting of B branches through the trellis as

376

B
U© =2y an
n-t

Let the case r=1 denote the first B-branch all-
zero path, and let the case r=2 denote the sec-
ond B-branch path that begins in the initial
state(all-zero) and remerges with the all-zero B
transitions. Therefore, the decision variables for
the first and the the second paths consisting of
B branches are given as

bil
Ut =3y, (18)
n-l
and
U® = Zy:” Ly, (19)
n=d+l

respectively, where d is the Hamming dis-
tance between two paths. The difference
between U" and U® is then

d '
Ul -u® =2 080 -y, (20)

LE

For convenience, we now redefine the decision
variables in (18) and (19), respectively, as

d
um =3 ym, 21
. nz=l
and
d @ ’
o =30 @

Note that U” is described statistically as a
non-central chi-square random variable with 2d
degrees of freedom and noncentrality parameter

d

=D E, =dL,, (23)
n=l

where E,~Rlog,(M)E,, with R being denoted

as a convolutional code rate. Note also that
unlike the uncoded DS/CDMA system as in the
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last part of the previous section, the convolu-
tional code rate R is included in the expression
of E,. The probability density function of U®
can be written as

M 1 [u“) ](d"%
plu)= 207 —zT
(24)

p[ Zz-+1¢(I)J1 (2 ll(l) o
€Xp| — 3 - 3 s >0
20° a ‘L o’ u

where I4( - ) is the modified Bessel function of
the d-th order and ¢ is given in (12).

On the other hand, U? is statistically a cen-
tral chi-square random variable, having 2d
degrees of freedom with the probability density
function as

1
a7 (d -

) \ (25)
cxp(—- 2—(;7) u? 20

(2yn-1

p("(I)) =

The probability of error in pairwise compari-
son of the U” and U? is

Pid)= PU™ —U® 20)= " P 21U
[
(26)
="y p(u"y du®,

where from (8)

PU® 2 u“)IU“) =u")= J:,, p(u(”)dum
w 1 - ( u?
:J‘mﬁ———*——um 'ex -— |du®?
“D 26ty (d - 1) 20
@27
({ u® J di 1 (u“’ J‘
e P

Hence, using (27) in (26) yields

o (Y0 Y]
o=l ool 2] £1(22) )

1 (umjd-% ;{ zz+u“)}
X —] — exp| —
207\ 2? 20t

(28)
(6]
1d_,[z - ]du“)
g

It is shown in Appendix that (28) can be sim-
plified as

d-1 -
Py (d) =27 expl-y d) Z(d;rfl I),

=

(29)
Fld+1,d;ydj2) 27,
where
. [ 1 v-1)'
=l D S—
Rlog(M)y, L J 30

and %=E/N,. Derivation of equations (29) and
(30) are the major contribution of theis paper.

We are now ready to compute analytically the
upper bound for the probability of bit error
with (29) and (30) using the expression for the
upper bound derived in [7). We reproduce the
expression here for convenience:

Py < 2 By P(d) 3D
d=d g

Note that the distance in (31) must be mea-
sured by the unit of Walsh symbols. Note also
that d;,. is the minimum weight(in term of the
number of nonzero symbols) of the nonzero
path. For the convolutional code of the rate
R=1/3 and the Walsh modulation with M=64, for
example, dq=5. The information weight spec-
trum B; is the total number of nonzero informa-
tion bits for all the inputs that have the path
weight equal to d. Here, a computer search
technique is used to find the first few terms of

Bu.
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V. Experimental Results

This section presents experimental results to
demonstrate the validity of our analytical
expressions. For this, we consider two kinds of
DS/CDMA system with a PN chip rate of 128
chips per information bit.

First. we have selected the coded DS/CDMA
system parameters as follows:the convolutional
code rate R=1/3: the constraint length K=9,
M=64(i.e., 64-ary orthogonal modulation): and
[=256. Note that every 6 code symbols are mod-
ulated by the 64-ary Walsh orthogonal modula-
tor. and each Walsh chip is spread by the 4
long code PN chips. the resultant signal is then
spread by two short PN sequences in both I-
and Q-channels, separately.

Second, we have selected the uncoded
DS/CDMA system parameters as follows: M=64:
and 1=256. Note that every 6 code symbols are
modulated by the 64-ary Walsh orthogonal mod-

—— e R

AWGN CHANNEL e
— M4 N =1 |

o

== Coded (L= 286)  §5
- R Uncoded (L = 768) ¢
1E-2; - LN R .
£ N :
;; RN !
£ N :
= B3 Do :
5 iz LA N :
2 - D !
f (L o B
1640 ! o :
it \ E
[ \ p :
i \ :
r‘ = |
1E-$|~ . D |
L , :f
i 1
I i
TS DERTRS D W SR IS ST B ;
2 3 4 s 6 7 X P

EbiNo (dh)

Fig. 2. Bit error probability versus Ey/Ny:
R=1/3. K=9. M=64, /256, and N=1:
Curve A=theoretical upper bound of the coded system,
Curve B=simulation curve of the coded system,
Curve C=theoretical curve of the uncoded system, and
Curve Dssimulation curve of the uncoded system.
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ulator. and each Walsh chip is spread by the 12
long code PN chips. The resultant signal by two
short PN sequences in both I- and Q-channels,
separately.

The generator polynomials for the user long
PN sequence and the two short quadrature PN
sequences are used as suggested in (9). We
assume the perfect synchronism of the PN chips
throughout the experiments.

In Figure 2~5, the bit error probabilities are
plotted as functions of Eb/No(or rb) for the
cases when the number of users N=1,3,5 and
7. respectively. In each figure, curve A repre-
sents the numerical values of the analytical
upper bound given in (31) by employing our
results in (29) and (30), and curve B represents
the simulation counterparts. Also plotted in
each figure is curve C to represent the numeri-
cal values of (13) that are for the uncoded
DS/CDDMA system with the noncoherent 64-ary
orthogonal modulation and curve D to represent

AWGN CITANNEL

]
B
Pl
IR
\E-1}~ M6 N=3 ! f
< }
\ " ————  Coded (L = 256) ) H
e \
AR U B Uncoded (L. = 76K)
1E-21: NN e e J J
E 2 o g
Z : N
g L B\
o N o
& 1Ed)- L\
5 : S LA i
3 N W\ . !
3 - W “p
— ) C
1E-4i: \ " ~
: '\
I \5
1E-5| Y ° —
4 &
3\ ;
5
VBt L SRR SRR WU T N
3 4 h) 6 X 9
Eb/No (dB3)

Fig. 3. Bit error probability versus FEy/Ny:
R=1/3. K=9, M=64, 1~256, and N=3:
Curve A=theoretical upper bound of the coded system,
Curve B=simulation curve of the coded system,
Curve Cetheoretical curve of the uncoded system, and
Curve Dssimulation curve of the uncoded system.
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Fig. 4. Bit error probability versus B/Ny:
R=1/3, K=9, M=64, 17256, and N=5:
Curve A=theoretical upper bound of the coded system,
Curve Bssimulation curve of the coded system,
Curve C=theoretical curve of the uncoded system, and
Curve Dssimulation curve of the uncoded system.

the simulation counterparts. The solid curves in
each figure gives the bit probability at [~256
and the dashes curve in each figure is obtained
for LF768.

The following two observations can be
made:First, our analytical results for the convo-
lutional coded DS/CDMA system DS/CDMA sys-
tem with and without the convolution codes are
also compared, and we have found that the
convolutional coding gain in multi-user situa-
tions is greater than about 1.5dB at or below
the bit error probability 10°,

Figure 6 show the bit error probability versus
the number of users when E/N, is fixed at 5
dB. In the figure, curve A represents the
numerical values of the analytical upper bound
given in (31) by employing our results in (29)
and (30) at L=256, and curve B represents the
numerical values of (13) at L=768. For the case
of the bit error probability 104, it is observed
that number of possible users in the convolu-
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Fig. 5. Bit error probability versus E/Ny:
R=1/3, K=9, M=64, 1256, and N=T:
Curve A=theoretical upper bound of the coded system,
Curve Bsimulation curve of the coded system,
Curve Ctheoretical curve of the uncoded system, and
Curve Dssimulation curve of the uncoded system.

tional coded DS/CDMA system is about 10 while
only 2 in the uncoded DS/CDMA system.
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Fig. 6. Bit error probability versus number of users:
R-1/3, K=9, M=64, Eb/NC-6(dB). and 1~256:
Curve A=theoretical upper bound of the coded system, and
Curve Bsimulation curve of the uncoded system,
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Therefore, we can see that the convolutional
coded system increases the user capacity dra-
matically in multi—user environments.

V. Conclusions

In the paper, we have presented a perfor-
mance analysis of the DS/CDMA system
equipped with the noncoherent M-ary orthogo-
nal modulation scheme combined with the con-
volutional code, and operating in multi-user
environments over the AWGN channel. The
expressions that can be used to evaluate the
upper bound of the bit error probability have
been derived. Extensive computer simulations
were performed to demonstrate the validity of
our derivations. We have seen that our analyti-
cal agree well with the simulation counterparts,
particularly when the bit error probability is
less than 10™. We have also found that the con-
volutional code always enhances the overall per-
formance of the DS/CDMA system and at the
convolutional code always enhances the overall
performance the overall performance of the
DS/CDMA system and at the same time that it
enables the large user capacity in the multi~user
environment.
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Appendix
A Derivation of Equation(29)

This appendix provides a derivation of the
expression given in (29) from (28). Let

v=u" /20" (AD

Form this. the equation (28) becomes

ol il ] vo! T
Py =], | expl-v) Z—(»’)'Jx( ]

2
ro ! Zz
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Let
-1
N —
y=( S '], (A3
E, L
then  ;* g afw, E,(N-l)]"
= —
207 2 \2 2L
Y N1 (A4)

=d =d
LE, L J d

Using (A4) in (A2), we obtain

(dvl%
il

exp(»-yd-— 2\1) 1,, (2,}7 vd)(fv,

where L(x) can be represented by the infinite
series

- (x/)a+2n
L= x20. (A6)

Sntila +n+1)

Now, using (A6) in the last term of (A5), we
get

(J——;)d-loln

s il 4+ n)

%

4|(207V )"

=(rd)

n (A7)
3 (7 d) ‘(nd 3]
w00 +n)

A 7 B (Chae Hun Chung)
1970 129 2594

1993 24 : gdittn Ax-FYz
(F%Ah

19939 24 : #4distn AxFE
(FAA4H

1995 19 ~8A : AT
A YA}
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* FHAEE: NE 4, CDMACIESA

where I" (p) is the gamma function.
Substitutiong (A7) in (A5) gives

Py =exploya) SLS LA

=0 o' [(d +n)
I:v(1+n+d-l) exp(-2v) dv

. n (A8)
d
- expl- 7d)z $ (rd)” U+n+d)

1o ot T(d +n) litntd)

) &2 &l +n+d)(ra)

=2"% exp(-y d
p( r 1=0 Il n=0 n!I‘(d+n)2"

Here, the last term of (A8) can be expressed

as 5’:1“(1+n+d)(rd)" _Td+))

o n!T(d+n)2" rnd) !

(A9)
F(d+1,dy d2)

where Fi{e, £:x) is the confluent hypergeo-
metric function defined as

Da + &) 1(B) <*
_— 10
la. p:x)= xzol"a)ﬂﬂﬂc) (A10)

B #0,~1,-2,.

Therefore, equation (29) is obtained by using
(A9) in (AB).
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