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Abstmct - This paper investigates the capacity 
of spread spectrum multiple access (SShlA) in a 
non-cellular environment under additive white 
Gaussian noise (AWGN) conditions. A theo- 
retical system model is proposed that allows 
one to evaluate such a system. The probabil- 
ity density function of the average degradation 
due to the interuser interference is determined 
by simulations and the validit). of approximat- 
ing the interuser interference as a Gaussian ran- 
dom variable is verified. The capacity of SShfA 
is shown to be low compared to TDMA when 
operated in a non-cellular environment without 
forward error control (FEC) coding. 

I INTRODUCTION 

There has been recent interest in the use of direct se- 
quences (DS) spread spectrum multiple access (SSMA) 
for use in indoor wireless local area networks and rural 
communications in the 2300 h l H z  - 2400 Mhz frequency 
range [2] [l]. Some of the benefits of a DS SSMA s y c  
tem over TDMA architecture are that it is asynchronous 
[7] and possesses inherent diversity to inultipath and is 
robust to  time varying channels. Furthermore, SSbIA al- 
lows frequency reuse if a star network is employed. and 
in addition provides build i n  addressing and security. 

Disadvantages of employing a DS spread spectrum sys- 
tem include: the near/far problem, interference to  ex- 
isting systems (if frequency overlays are employed), and 
the inferior probability of error performance possible for 
a given number of users. 

In contrast to the more conventional methods of mul- 
tiple accesa such as TDMA and FDhlA. SSMA does 
not have any sharply defined system capacity. As the 
number of users increases, the signal-teinterference ra- 
tio becomes smaller and there is a gradual degradation in 
performance until the SNR falls below threshold. Thus 
the system can tolerate significant amounts of overload 
if the users are willing to tolerate poorer performance. 
An important consideration in SSRIA is the number of 
users that can be accommodated simultaneously. This 
problem is addressed in a subsequent section. A more 
detailed discussion of SSMA and spread spectrum tech- 
niques in general can be found in Pickholtz [6]. 

In the section that follows a system model and notation 
is defined that is used throughout and is based on that 
developed by Pursley and utilized by Iiavelirad in anal- 
ysis of SSMA for indoor wireless radio [3 ] .  

Expressions signifying the capacity of SShlA, with BPSIi 
and DPSK as modulation scheme. is derived for AtVGN 
conditions and is presented in Section 111. These expres- 
sions are comparable to  expressions derived in Pursley 
[5] for uncoded binary SShIA. 

I n  Section 1%' we comment on the Gaussian noise ap- 
proximation commonly used to simplify analysis of the 
interuser interference in  SSMA systems. 

We conclude the paper in Section V by summarizing the 
results and observations. 

I1 SYSTEM ~ I O D E L  

Figure 1: General system architecture 

The system consists of I< active users transmitting asyn- 
chronously. Each user transmits using a different spread- 
ing code. The  signal transmitted by the kth user, s k ( t ) ,  
is assumed to  be delayed by rk, which is uniformly dis- 
tributed over [0, T )  with a random carrier phase Br ,  uni- 
formly distributed over [0,2a). Thus if the receiver of 
the ith user is attempting to receive the signal transmit- 
ted by the j t h  user, the demodulated signal will consist 
of the desired signal and interference due to combination 
of the AWGN and the cross- correlation from the signals 
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transmitted by the other users on the system. The ne- 
tation. in  complex form. to analyze the performance of 
such a system will now be developed. 

Assuming an h\t'GN channel. the rweivrd signal ma! 
be expressed as 

.4 Defintttoii of n o t a t i o n  

Assume a SSMA system consisting of A' users each utiliz- 
ing a PN sequence of length .V, chips, which spans one 
data  symbol. Define the kth user's complex baseband 
information signal as 

p = - c O  

in which T is the baud period and P r ( , )  is a rectangular 
pulse of Tseconds duration. The term x p k  is the complex 
baseband symbol of the kth user during the yth symbol 
period, defined by 

in which b p k  and o p k  are the amplitude and phase of the 
complex baseband output. and j = g. Similarly to  
the definition of X k ( t ) .  the DS spreading chip waveform 
is defined as 

in which a,k is the n t h  chip of the kth user, v ( . )  is the 
chip waveform, and T, is the duration of the chip pulse 
width N ,  = E. In the above and subsequent definitions, 
the first subscript refers to  the user under consideration, 
whereas the second subscript denotes the time interval 
under consideration (i.e.. a particular symbol or chip). 
The sequence ak(t) is multiplied with z k ( t )  (as was men- 
tioned previously the data  and chip symbol transitions 
are assumed to  be aligned). and the resulting sequence 
is used to  bi-phase modulate a carrier a t  frequency f,. 
The resulting transmitted signal of the kth user is 

in which ( r ; ( t )  is the complex baseband signal of the kth 
user, defined by 

& ( t )  = a k ( t ) x t ( t )  (5) 

and 4 k  is the random phase of the kth carrier. The  
binary PN sequence is transmitted using the signal point 
X p k  and the signal point antipodal to  x p t .  Furthermore, 
E,  is the symbol energy defined by 

in which Tk is the random delay of each user's signal 
arriving a t  the receiver, and 

$k = 01: - deTk  ( 8 )  

is the random phase of the kth user's carrier a t  the re- 
ceiver. Furthermore, n,( t )  is a sample of the AiVGY 
with one-sided spectral density U: = .VO. 

For the purpose of analysis the receiver for the ith user 
can be implement.ed as a correlator matched to the car- 
rier 

(9) 

which has the form of a conventional BPSK demodula- 
tor/correlator matched to the ith user's I" sequence. 
This receiver is optimum in an AiVGN environment, but 
not in a SSMA environment due to the presence of inter- 
user interference. 

In complex notation, the receiver performs an opera- 
tion equivalent to correlating r(l)  with & a , ( t ) e - J - C ' .  
Defining l.(t) to be the equivalent complex low-pass out- 
put of the correlation process gives 

The reference sequence is equal to  the signal a , ( t )  if the 
receiver is intended to  receive that particular signal and 
if the reference is properly synchronized. The integration 
carried out by (10) on (7)  in an ALVGi'i channel, averages 
the product of the reference and the incoming signals 
over T .  Assuming without loss of generality that r, = 0 
and pi = 0. The output of this integrator, a t  some 
arbitrary baud interval p ,  can be represented as 

which is valid if one assumes that  d, >> T-'. The nor- 
malized correlation coefficient, p z k ,  between a , ( t l  and 
a,(t) and op, is the AWGN term associated with a,,,L), 

-110- 



Equation (11)  enables us to derive an expression to de- 
termine the capacity of SS11.i. which is tile subject of 
t.he next section. 

111 CAPACITY OF SS1,f-A 

For SSMA employing binary signalling. the PSK wave- 
forms are antipodal and, hence. the probability of error 
with a matched filter receiver is gi\.en by 

1 --- 
(12)  U N O  

1 
2 

Pb = -t?PfC( 6; ) 

for BPSK and 

for DPSK. where 6, is the SNR of the ith user. By cal- 
culating the SNR for a SSSIA system. and substituting 
i n  (12) and (13) we can derive expressions for the prob- 
ability of error. 

Following Pursley [5] and Turin [d] we can write I>, in 
short a s  

ypi = 6 { l p t  + q i j  1 + qpi (14) 

where q,, is the multiple access noise. described by an 
AWGN process with zero mean (more on this in the fol- 
lowing section) and qij a sample of white noise. The 
output signal-tc-noise plus interference ratio for the ith 
signal may now be written as 

where E { I }  signifies the expected value of I. From (15) 
and the fact that  zP,  = f l ,  (.a, = 1 )  me have 

Since the noise is white with zero mean, E {qijqP,} = 0 
and E { q 2 - }  = &. From [8] we have an approximation 
of the variance for multiple access noise. given by 4' 

which enables us to write the final (approximate) expres- 
sion for the signal-to-noise ratio as 

Figure 2: Number of active users iii a multiple access 
system 

From the above expression it. is evident that for f i  = 1 
the signal-to-noise is the same as for a narrow band sys- 
tem. \Ve can now proceed to investigate two scenarios to  
be encountered by a SSXIA syst.em; all users transmit- 
ting with equal power and users t,ransmit,ting a t  different 
power levels. 

To find the number of users that can be active simulta- 
neously when the received powers from all the users are 
the same, we can proceed by solving equation (18) for 
A', the number of active users, to  yield 

with 60 the desired output SNR and 61 = %, where 
61 > 6 0 .  (The integer part of 

The variation of the number of active users f< with tlie 
parameter % is illustrated in Figure 2 .  

As becomes large, the number of users asymptotically 
approaches an upper bound that  depends upon the pro- 
cessing gain and the desired output signal-to-noise ratio. 
It should be remembered, however, that this maximum 
number of users is a maximuin only in the sense that 
more users would result in a decreased value of output 
SNR. If one were willing to  tolerate a smaller value of 
output SNR, the number of users could be increased still 
further. 

As an example of the computation of Ii, consider a sys- 
tem with the following parameters: I;o = 14, N, = 28dB 
and e = 25. Using equation (19), the maximum 
number of users, therefore. becomes 42. It should also 
be noted that  by doubling the number of users, would 
roughly have the effect of reducing the output SNR by 
3 dB. 

is signified by [z].) 
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By substituting (18) in  (131 and ( 1 4 )  we can calculate 
the probability of error of a SShIA syst,em. Since DPSIi 
is frequently used in SS!dA, Table I gives an indica- 
tion of the capacity with a realistic value of % of 15dB. 
We can see that the maximum number of equal-power 
users that can be accommodated by a well-functioning 
DPSK/SSRlA DS system, without fading, is 10-20 per- 
cent of the processing gain. 

Pa I = 15dE 1 

lo-" o.o9:v, 

Table 1: Probability of error for the maximum number 
of users in a SSMA system 

3, 

..-,t 2 

To illustrate the near/far effect, we now consider the 
number of active users with unequal powers. Since there 
are many ways in which the received powers can be un- 
equal, it is necessary to specify a particular situation in 
order to  compute specific results. For this purpose as- 
sume that all users transmit with equal powers. but are 
different distances from the i th  receiver. We can rewrite 
(18) as 

where the interuser powers are scaled by rlie distance dj 
and a is the propagation law. normally equal to 4 .  

Assume that all transmitters are a t  the same distance 
from the receiver except for one, that is, d, = d; for all 
i # 1, j and dl  = & with a = 4.  Calculating the num- 
ber of users, unde;'the same conditions a s  was done for 
the equal power case, leads to a decrease in the number 
of users from Ii' = 42 to A' = 14. We note that the num- 
ber of users has been reduced by a factor of 3 simply by 
virtue of one of the transmitters being 2.5 times closer 
than all of the others. It might also be noted that if 
dj < & this system would fail as a multiple access sys- 
tem s h c e  only one user could be supported and none of 
the others would be able to  be received with the desired 
output SNR. 

Iv GAUSSIAN APPROSIhlATION 

T h e  first term in (18) is the noise contribution due to  
multiple access noise. By simulating Gold sequences 
with a random delay r and carrier phase U, the pdf was 
obtained and depicted in Figure 3. 

By fitting the curve in Figure 3 to  

it is verified that the multiple access noise is indeed 
Gaussian with zero mean and variance approximately 

0 
4.70 4.53 -0.36 -0.19 -0.02 0.16 0.33 0.50 0.67 

Figure 3: Simulated ydf of multiple access noise 
X 

equal to 5. The expression derived by Turin [8] is for 
"coin-Rip" codes. (coin-Rip codes are random uniformly 
distributed codes). Since Gold codes have superior cor- 
relation properties we find that the variance for these 
codes are lower. 

V CONCLUSIOSS 

We derived an expression to evaluate the capacity of 
SSMA. \Vhen comparing these results with conven- 
tional multiplexing techniques the use of spread spec- 
trum seems very inefficient. However, by employing low 
rate FEC codes we can severely increase the capacity of 
SShlA. In a band limited environment. the use of FEC 
codes would result in a penalt,y being paid for in band- 
width. In SSMA, however, FEC codes can be employed 
with no resulting expansion in bandwidth or decrease 
in processing gain. Further, the capacity of SSMA can 
he enhanced by a system architecture supporting the 
cellular concept; by reusing the same frequency in all 
adjacent cells and sectorizing each cell. the capacity of 
SSMA can exceed that of TDMA by as much as 50% 
[4]. As was seen the near/far effect reduces the capacity 
dramatically. In mobile systems dynamic power control 
has to be employed, while in stationary systems the sta- 
tions need to  be adjusted so that t.he received power of 
all users are equal a t  a particular receiver. It is thus seen 
that the penalty paid for greater capacity in SSMA is a 
higher overall system complexity. 
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