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Abstract

A multi-media binary DS/CDMA system with variable
processing gain and coherent correlation receivers are con-
sidered under additive white Gaussian noise channels.
Two types of information sources with different rates and
transmitting powers are assumed to be transmitted simul-
taneously in the same channel. Average signal-to-noise ra-
tios at the correlation receiver outputs for each type of in-
formation sources are analytically derived as functions of
discrete partial cross-correlations between spreading code
sequences. The analysis is expected to provide analytical
tools for use in preliminary system design and spreading
code selection.

1 Introduction

DS/CDMA systems with fixed chip rate and variable pro-
cessing gain are recommended as an access method for
multi-media wireless communication systems [1]. Fixing
chip rate simplifies the receiver RF front end and code
synchronization requirements. However, in this case, dif-
ferent bit rates are translated into different processing
gains. Thus, different transmitting powers must be al-
located for each type of information sources so that the
quality requirements are satisfied. Many studies on the
power control and capacity of such systems were reported
[2]-[5]. Most of these studies are based on the approxima-
tion [6] of the signal-to-noise ratio (SN R) of the correlation
receiver output. The approximation of SNR is obtained
by regarding the spreading codes as random sequences.
Since the user code sequences are not random but pseudo
random, however, the approximation may result in some
differences in system performance. In the case of asyn-
chronous DS/CDMA systems which accommodate only
one type of sources, the numerical formula of the aver-
age SNR was derived as a function of cross-correlations
between user code sequences [6]-[8]. It seems that there
does not exist a published work analyzing the performance
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of asynchronous DS/CDMA systems which accommodate
more than two types of information sources.

In this paper, we thus formulate the average SNR of the
asynchronous DS/CDMA system with variable process-
ing gain as a function of cross-correlations between user
spreading code sequences. We consider the DS/CDMA
system which accommodates two (or more) types of in-
formation sources with different bit rates and quality re-
quirements (consequently, the different transmitting pow-
ers).

Section 2 gives the asynchronous DS/CDMA system
model, and Section 3 definitions of some partial cross-
correlation functions. The average SNR’s for two types of
information sources are formulated in Section 4. Perfor-
mance evaluation for specific code sequences is presented
in Section 5.

2 Asynchronous DS/CDMA
System Model

The DS/CDMA system model that we will consider in the
paper is shown in Fig. 1. There are two types of infor-
mation sources as shown in Fig. 2. The number of types
'A' and *B' users are denoted by K and L, respectively. If
{b;,¢} is the information sequence of {+1,-1} for the i-th
user, then we can write the data signal b,(t) as

oo
3 biePr (t—¢Ta)  for 1<iSK,
bi(t)y= ¢ 5% ,
2 bipPry(t—(Tp) for K+1<i<K+L,

[=—00
(1)
where Pp{t) =1 for 0 <t < T and Pr(t) = 0 otherwise. The
bit duration T is assumed to be an integer multiple of Tp.
Then M = T,/Tg bits of a type ‘B’ information source are
transmitted during one bit duration of type 'A’ sources.

The code waveform assigned to the i-th user can be
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Fig. 1: Asynchronous DS/CDMA transmitter model

expressed as

a{t) = Z ol Pp (¢ - JT.) (2)

J=—w

where {a{"} is the corresponding code sequence of {+1,~1}
and T. is the chip duration. We assume that all the code
sequences have period N = T,/T. = MTp/T. as shown in
Fig. 2. Note that the processing gain of type ‘4’ source is
N and that of type /B’ source is N/M.

'The data signal b(r) is spread and modulated by a phase
coded carrier ¢;(1) given by

VEPga.{t) cosfuwet + 8;) for K+1<i<K+ 1L,
3)

where 6; represents the phase of the i-th carrier, w. reps'e—
sents the common center frequency, and P, and Py rep-
resent the transmitting powers of each source type. Since
the transmitters are not generally time-synchronized,
the transmitters in this paper are assumed to be asyn-
chronous. For the asynchronous systems the received sig-
nal r{t) in Fig. 1 is given by

eilt) = { V2P5ai(t) cos(wet + 6;) for 1<i<K,

N

r(t)

K
Z VvV 2Paai(t — 7)0:(¢ ~ Ti) cos{wet + &}
=1

K+L
+ 3 V2Ppai(t ~ mi)bi(t - 7i) cos(wet + ¢:)

i K41
+n(1) (4)

where ¢; = 8, —wer, and n{r) is the white Gaussian channel
noise with two-sided spectral density No/2.
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Fig. 2: Characteristics of two types of information sources
and spreading code

3 Definition of Partial
Cross-Correlation Functions

In order to formulate the signal-to-noise ratios of correla-
tion receiver outputs, we must define two continuous-time
partial cross-correlation functions and two discrete par-
tial cross-correlation functions. We define the continuous-
time partial cross-correlation functions between two user
code waveforms a(¢) and ¢.(s). Asshown in Fig. 3, one pe-
riod NT. of a user code waveform is divided into G parts.
The number G is determined by the types of the &-th and
i-th users. If both users are type ’A’ users, then G = 1,
and if at least one of the two users is a type ‘B’ user,
then G = M = T,/Ts. If the delay difference = Jry - 7]
(0 £ 7 < NT.) between the k-th and i-th users is in the
range of (m - NET, <7 < m&ZT. (where m € {1,2,3,-.-,G})
as shown in Fig. 3, then continuous-time partial cross-
correlation functions Ry i(r,n) and Ry ;(r,n) are defined by

f+(n—l—1)-§T¢
Rgi(r,n) = / ax(t ~ rlai(tydr (5)

(m+n) F 7.

for -m < n <G -m -1 and

" (m+n)‘§’{‘c
Reilnn) = / ag{t — )ai(t)dr (6)
. -r+ng—T,.,

for - m+1<n<G-m.

Next, we define the discrete partial cross-correlation
functmns between two user code sequences {e; !}y and
{a ”} As in the case of continuous-time partzal Cross-
cross correlation functions, one period N of a user code
sequence 1s divided into & parts. If we let » = ¢T,
and £ is in the range of (m -1)E < ¢t < mE (where
£€1{9,1,2,3,.--,N -1} and m € {1,2,3,.--,G}), then the
discrete partlal cross-correlation functions €y ;(¢,n,n) and
Cr i(t,n,n) (where 5 € {0, 1}} are defined by

fynt(ntt) H-1

PO

y=(m+n) e"r

Cri{fynn) =



Fig. 3: Defimtion of coutinucus-time partial eross-
correlation functions

for -m<n<G-m-1,and
(m+‘n)g——rl
Ch . - Kl 0
Cralbmn)= ol alf (8)
J=tinini

for cm+1<ng<G~m,

It is easy to see that for ¢7. < = < (¢ + 1)T., the
continuous-time partial cross-correlation functions can
be rewritten as functions of the discrete partial cross-
correlation functions as

Ri (m,n} = C4(£,0,n)T,
+ {Cri{f.1,m) = Cy o(2,0,0)}7 — £T) (9)
and
Reirn) = Cii(0,0,m)Te

+ {Crilt,1,m) = O i(£,0,n)) (7 — €Te).(10)

Using (9) and (10}, we can reduce enormously the amount
of computation for the calculation of the continuous-time
partial cross-correlation.

4 Average Signal-to-Noise Ratio

We formulate the average SNR’s for the two types of infor-
mation sources as functions of the discrete partial cross-
correlation. In this approach, we treat the noise, phase
shifts, time delays, and data symbols as mutually indepen-
dent random variables. The signal-to-noise ratio is com-
puted by means of probabilistic averages (expectations)
with respect to these random variables. Since coherent
correlation receivers are used. and we are concerned with
relative phase shifts modulo 27 and relative time delays
modulo NT., there is no loss of generality in assuming
8; = 0, 7, = 0 and considering only 0 < 7 < NT., 0 £ §; < 2n
for k #1 for the i-th user. If the received signal r(1) is the
input to the correlation teceiver matched to a,(t)coswet,
the output Z; is

for 1<i< K,
K+1<i<K+1L.
(11)
In all that follows we assume we » 77! and we » T5' so
that we can ignore the double frequency component of

for

OTA r{t)e;(t) costwet di
s r(t)a;({) coswct dt

0
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Fig. 4: 147 : Multi-user interference from the other type
'A* users to the i~th user of type ‘4’
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Fig. 5: 15}, : Multi-user interference from the type ‘B’

users to the i-th user of type ‘4’

r(tjcoswct. Also, because of the symmetry involved, we
need to consider only &, = +1.

The i-th correlation receiver output Z; for 1 € i < K
{type '4') can then be expressed as

Zi= /-’;iTA + 1§, 4 14 +f n{t)a (t)coswet dt , (12)
Q

where 1{), is the multi-user interference from the other
type ‘A’ users to the i-th user and I};L is the multi-user
interference from type 'B’ users to the i-th user.

As shown in Fig. 4, the term 1V}, is given by

X
If& =4/ f‘ Z[bk,—le.i(Tks—1)+bk,ORk,i(TkvO)]C°s¢k ,

k=1

ki

(13)

where ¢g = 6, — wer. In this case, since both the k-th and

i-th users are all type ‘A" users, G = 1. As shown in Fig.
5, the term 13}, is given by

i PE
1533‘:\/7

where G = M because interferers are type 'B’ users.

We assume that phase shifts ¢, are distributed uni-
formly on the interval [0,2x) and time delays 7, are dis-
tributed uniformly on the interval (0, NT) for & # 1. Also,
the data symbol by, is assumed to take values +1 or -1
with equal probability for & # i. Then, the desired signal
component (mean) of Z; is \/P,/2- T4, while the variance
of 2; is the sum of the variances of the noise and interfer-

K+l M-m

Z Z bk { Ri,i{7ion) + Ry i(7r0n)} cos éx

k=K+1n=—m
(14)



ence terms in (12). The variance of 1%, is

Var{IEiL}

- wTc Z /
k;t.

K N-1

= 4NTC WE 2 2 f

k=1 r=0
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K
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NT.

[Ri 2 — 1) + Ra #(7, 0)] de

(£41)Te
[Ri?(me,=1) 4 R i (7. 0)] dre

kil
ks

where
N~}

Y [Cra0,0,-1) + Cra®(6,1,-1)
{=0
+ Cp (6,0, 1) - Cr i{£6,1,~1)

+ 6 i?(6,0,0) + T *(2,1,0)
+ Cai6,0,0)- Cr (e, 1,0)) (16)

Similarly, the variance of 1%, is

LI10 B
"‘,(4.4 b=

K+L

. P T2 .
Var{[gzq} —-—-—IZNC Z 'yg)i(') s (17)
ko K41
where
) N-—1 M—m
'Ygi)d(:) = Z z [Ck‘{z{&oyn}+Ck,{2{frlvn)

=0 n=—m

+ Crilt,0,n) - Ci i(£,1,m)

+ Cr2(6,0,n) 4 Ci *(& 1,m)

+Cri(8,0,n) - Cril61,m)

+2Ck . (6,0,n)  Cr o (£,0,m)

+Cri(6,0.n) - Gy ift,1,m)

+Crilt,1,0) - Cr 1 (£,0,7)

+2C4,:(6,1.m) - O i (6, 1,m)] (18)
Using (15) and (17), the average SNR for the i-th user,
1<i<K,is
E{Z.}

v/ Var{Z:}

P X P K+ L
A (4)(6) 2 S 0
eNip, 2. TA4 Tt ENaR, 784

SNRA
1

i

k=1 k=F41
ki
~1/2
No
— (19)
A
2B }

where B = P,T,.
Similarly, for type 'B’ users, the average SNR1s
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where E{®) = PpTp, K41 <1 < K+L, and /41D and ~§}
are defined by

N-—1
“i,(:z)a(') = Z»,{Ck,;z(zuoy—m)+Ck,§2(€,1,-m)
=0

+ Cg il£,0,—m) - Ci (€, 1, —m)

+Cr,i2(8,0,~m + 1) + Ci, 2 (6,1, -m + 1)

+ ‘C\k,i(f,ﬂ, —-m + 1} - 6&5(2, I,-m 4+ E}]
N~1

+ 37 [2Cku(0,0,~m) - B sft,0,-m 4+ 1)
t=NjM

+ Cri(t,0,-m) - Cr il 1, -m +1)
+Ck,.-(l, 1,—-m) -6k,g(€,0,—m+ 1)

+ 20,8, 1,—m) '6k,i(£v19"m+1)] (21)
and
‘ Nt
S Y (o (e R e (A T
£=0

+ Cx i(¢,0,—m) - Ck i (6,1, ~m}
+ G (8,0, -m +1) + Cr (4, 1, —m + 1)
+ Crilt,0,—m +1)- Cr i, 1,~m + 1)] .{22)

Equations (19) and (20) are the complete formulas of
the average signal-to-noise ratios for the asynchronous
DS/CDMA system which accommodates two types of in-
formation sources with different bit rates and transmitting
powers. The results can be easily extended to systems
which accommodate more than two types of information
SOUTrCes.

When code sequences are assumned to be random, ap-
proximations to the average SNAR’s are obtained: if ran-
dom sequences are assumed, the SNR’s (19) and (20) be-
come

~12
SNRM™ » 1)+ P L}+ Mo 1 (23)
¢ Y 13N B B

and

~1f2
Np
swn}f”z{ INF; {Ps-K+Pg-(L-1)}+ (B)} (24)

5 Performance Evaluation for
Specific Code Sequences

In this section, we evaluate the accurate system perfor-
mance (average SNR) using (19) and (20) when specific
code sequences are employed as spreading codes. Here,
the m-sequences and Gold codes are used as spreading se-
quences [9]. Both the m-sequence and Gold code used in
the evaluation have period 511: we add ‘-1’ to the end of
each code sequence so that N = 512 and N/M are integers
for M = 1,2,4,8,16. As M increases, transmitting powers
P, and Py are adjusted to maintain the approximations
of SNR’s at the given levels. If we denote the given levels



of SNR's for type ‘A' and ‘B sources by R, and Rg, re-
spectively, then, using approximations {25} and {26), we
obtain the required chip energy-to-noise density ratios as

B 3/2
< = 25
No Cal - KfCy -~ L{Cpg) (25)
and
; {ﬂ)
EP 3/2 (26)

No  Cg(l~K/Cx~L/CR)’

where BV = PoT., E\® = PaTe, C4 = 1+ 3N -{R4)"?, and
Cg = 14 3N/M . (Rp)~2. In the above expressions, the
following condition must be satisfied.

KL,

£ (21)

If (27) is not satisfied, the number of users is beyond the
system capacity.

We assume that R, = 4 (dB) and Ry = 6 (dB). When
there are only 13 type ‘A’ users (i.e., X =13 and L = 0),
the performance of a type '4’ user is shown in Fig. 6. We
can see that the performance of both Gold code and m-
sequence is almost the same as that of the random code.
Fig. 7 shows the performance of a type 'B’ user when there
are only 13 type ‘B’ users {i.e., K = 0 and L = 13). Note
that the performance of the m-sequence and Gold code
differs from that of the random code for large M. Fig. 8
shows the case in which there are 13 type ‘A users and 13
type ‘B’ users (i.e., K = 13 and L = 13). In this case, the
performance is almost the same as in Fig. 6 for a type '4A’
user and as in Fig. 7 for a type ‘B’ user.

Consider another example in which the period of
spreading code waveforms for type ‘B’ users is adjusted
to be Ty for various M (i.e., the period of code sequence
= N/M). For type 'A* users, codes with period 512 are
used as in the previous example. Fig. 9 shows the per-
formance when K =0 and L = 13, and Fig. 10 shows the
performance when K = 13 and L = 13. We can see that the
performance of Gold code of period N/M is better than
that of period N. Thus, when there are more than two
types of sources, a more careful attention should be given
in selecting the class of spreading codes and their periods.

6 Conclusion

In this paper, we have evaluated the performance of a
multi-media DS/CDMA systern which accommeodates two
types of mformation sources. The two types of sources
are assumed to have different bit rates and transmitting
powers. We have formulated accurate average signal-to-
noise ratios for each type of sources as functions of the
discrete partial cross-correlation between spreading code
sequences. These formulas can be easily extended to sys-
tems which accommodate more than two types of informa-
tion sources. We have also obtained approximations to the
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average signal-to-noise ratios in which random code se-
quences are assumed. These approximations can be used
to determine roughly what spreading gains and transmit-
ting powers are required to achieve given levels of signal-
to-noise ratios. For specific code sequences, the accurate
formula of average signal-to-noise ratios can be used in

more detailed investigations.
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Fig. 6: Average signal-to-noise ratios for a type ‘4’ user
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Fig. 9: Average signal-to-noise ratios for a type 'B’ user
for M =1,2,4,16 when K =0 and L =13
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