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A B S T R A C T  

The results of an experimental investigation undertaken 
for Dtrect Sequence Spread Spectrum under controlled 
additive white Gaussian noise, multi-user and multi- 
path conditions, employing coherent DQPSK as mod- 
ulation scheme, is presented. A discrete partitioned 
Markov channel model, as proposed hy Fritchman, is 
parameterized to generate an error sequence statisti- 
cally similar to that of spread spectrum under multi- 
pi th  conditions, with processing gain and signal- to- 
n6ise ratio (SN R )  as variable parameters t.o the model. 
abstract 

1. INTRODUCTION 

1.1 The Spread Spectrum Concept 

Direct Sequence Spread Spectrum (DS/SS) techniques 
for use over low signal-to-noise ratio channels are well 
u,riderstood and documented [ l ] ,  [3], [7], [lo]. We briefly 
summarize the salient features. 

A binary digital data sequence producing digits at  the 
rate of Rd digits per second is added modulo-two to 
a predetermined pseudo-noise (PN) sequence of binary 
digits occurring a t  a rate of R, > Rd digits per sec- 
ond. The resulting digit stream is then used to phase 
modulate an RF carrier and this is transmitted over the 
given channel. A t  the receiver, and after synchroniza- 
tion, the in-phase modulo-two addition of a replica of 
the PN-sequence [5] to the received iemodulated wave- 
form will remove the PN-sequence, resulting in a data 
sequence approximating that of the transmitter. 

The quality of this approximation, as expressed by the 
bit error rate in the receiver output, is normally a func- 
tion of the so called Processing Gum (PG), defined by 

and the signal-to-noise ratio in the channel. In fact, - in an AWGN channel of symbol energy to noise power 

spectral density E , / N o ,  a binary PSK system will yield 
a BER equal to that of an unspread channel with a 
signal-to-noise ratio given by 

Figure 1 ijlustrates the probability of a binary digit er- 
ror for conventional coherent DQPSK signalling, as de- 
rived in [ 6 ] ,  and compared with DQPSK spread spec- 
trum (PC = 125), as characterized by (2), under ideal 
AWGN conditions. From this graph it is conclusive 
that the processing gain, realized by spread spectrum, 
improves the BER for a given SN R. Also displayed is 
measured error probabilities of spread spectrum with 
PG = 125 and PG = 64. As can be seen a difference 
of about 4 d B ,  at high signal- to-noise, exists between 
the expected and experimental values. At low signal- 
to-noise the difference gets as high as 6 d B .  This is due 
to implementation losses such as modulation distortion, 
tracking jitter etc., and compares favourably with re- 
sults in [ 4 ] .  
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Figure 1: BER Comparison for a DQPSK System 

Considering implementation losses when conducting 
system simulations are thus meaningful. However, 
models of Spread Spectrum systems, used to simulate 
(2), often ignore these practical considerations. 

Consequently, we propose measured statistical models 
of spread spectrum under fading conditions which in- 
clude practical influences associated with the correla- 
tion and demodulation processes. 

IEEE Pac Rim '93 - 782 - 0-7803-0971-5/93/$3.00 0 1993 IEEE 



3. DS/SS EXPERIMENTAL 
RESULTS 

Spread spectrum was investigated under diverse con- 
-ditions to obtain channel models reflecting the practi- 
cal influences of the correlation and demodulation pro- 
cesses. 

We firstly investigated the influence of AWGN noise 
on the spread spectrum waveform with PG = 125 and 
PG = 64 (figure 1). As expected, the model of figure 
2, reduces to the degenerate case; one error-free state 
and one error state. If we assign the measured BER to 
p and define q as 1 - p, we have 

P(Om/l)  = qm (6) 

and the model reduces to 

:with transition matrix 

[: I;] 
It thus means that  no matter which st.ate it is in ,  there 
is always a probability q of being succeeded by an error- 
free bit, and a probability p of being succeeded by an 
error. 

In assessing channel models for spread spectrum under 
multi- user conditions, a graph as expressed by figure 
4, was obtained. One user was  assigned the "desired 
user" and indicated as Po; the other was  assigned the 
"undesired user", indicted by Pu, with P G  = 125. This 
graph agrees with equations reported in  [4] and [7]. 

lo-' I I I 

PD/PU (de) 

Figure 4:  BER against varying user power 

The channel model again reduces to a two state model 
with transition probabilities as described above for the 
AWGN case. Figure 5 depicts a graph of the BER 
against S N R  with PD = Pu.  Also displayed 011 the .. 
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Figure 5: Probabilit,y of error for PD = Pu 

graph is a simulation of tfie channel model. It can be 
seen that the model simulates the channel almost iden- 
tical. 

The most interesting channel model is obtained when 
niu1t.i-path is added to the channel. A three-state par- 
titioned model with two error-free states and one error 
state is proposed. The amount of fading to obtain a 
model as described is illustrated in figure 6. As can be 
seen from the figure, frequency non-selective, flat fading 
resulted i n  this model. This type of fading is frequently 
encountered in outdoor PCN channels [4]. 

Table 1 and 2 represents the parameters of the model 
as a function of the average SNR with values as de- 
t.ermined by the experimental set up and, respectively, 
PG = 125 and PG = 64. The stationary state proba- 
bilities of the channel can be represented by 

p - P32 
2 - -P3 

P23 

P13 P23 

4. CONCLUSIONS 

Experimental results and mathematical channel mod- 
els were presented to simulate Direct Sequence Spread 
Spectrum systems in AWGN, multi-user and multi- 
path conditions, and the validity of the models veri- 
fied. These models allow us to model Spread Spectrum 
systems under more realistic conditions. 

Partitioned Fritchman renewal Markov processes has 
been used with great success to model Rayleigh fading 
channels with AWGN. This paper illustrated that under 
some conditions of fadin, these type of models can be 
used for spread spectrum. Further, error distributions 



1.2 P a r t i t i o n e d  Markov C h a i n  Models  

TO accurately model a channel, statist.ical knowledge 
about the errors to be expected from the channel need 
to be collected. Fritchman [a] proposed a partitioned 
Markov chain model with transition probabilities be- 
tween the states related to the measured channel stat.is- 
tics, yielding both accuracy and simplicit,y. 

The proposed model can briefly be described as follows. 
Two types of states are postulated; error-free st.at,es and 
error states. 

A *simple partitioned Markov chain model, i n  which 
there is only one error state and no transitions be- 
tween the error-free states, is shown by Fritchman to 
be uniquely determined by the Error-Free Run distri- 
bution. (Partitioned Markov chain models with more 
than one error state are described in  (91). The tran- 
sition matrix and state diagram, figure 2 ,  for a model 
with one error state are displayed below. 

The EFR distribution is the probability of an error-free- 
ruii' of length at  least m following an error, P(Om/l), 
versus the length m. P(Om/l) is fitted by a sum of 
exponential functions of the form 

with the number of terms dictated by the error-free- 
run distribution and the state transition probabilities, 
p,, directly related to  the constants A,  and a, [8]. 

2. EXPERIMENTAL SET UP 

The experiineiit.s were conducted as depicted in figure 3;  
data a t  16 kbps is differentially encoded and spread by a 
fast PN- sequence, realizing a processing gain of PG = 
125 and PG = 64. The baseband signal is split into 
I and Q channels, up converted to 70 MHz, combined 
and transmitted as a single vector through a HP 3708A 
noise and interference test set. The  interference test set 
enabled a controlled S N  R, ensuring repeatable results. 
Multi-path was also added to the channel at  this point. 
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Figure 2: Three State Partitioned Markov State Dia- 
gram 

The EFR distribution is calculated%irectly from the 
measured g a p  distributroii; a gap is defined as the re- 
gion of error-free bits between two errors, and can be de- 
scribed by a graph of the cumulative relat.ive frequency 
of the gap length m, versus the length ni. The gap 
distribution gives some indication of t,he randomness of 
the channel. 

For a random channel with bit-error-rate, p ?  the proba- 
bility of a gap length U is P(0")  = q " ,  where q = 1 - p .  
The cumulative relative frequency of a gap of length I J I  

is - 

Figure 3: Experimental Set Up 

The receiver was realized with DSP techniques to ac- 
complish despreading and demodulation. Correlation 
was  established by a Digital  Maiched  Filter(DMF) with 
transfer function 

with p(f) the Fourier transform of the received pulse 
and k an arbitrary constant. Anti-alias filtering of the 
received signal proved to be of significant importance; 
inadequate filtering resulted in degradations of S N R  as 
high as 15 dB. 
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1 - Transi t ion Probabi l i t ies  : PG - 125 
[ SNR 1 p l l  1 p22 1 $33 I p31 I p32 I p13 I P23 I P1 I P3 

Table 1: hlodel Parameters for PG = 125 against Signal-To-Noise Ratio 

Transition Probabi l i t ies  : PG = 64 
[ SNR I p l l  I p22 I p33 I p31 I p32 I p13 I P23 I P1 1 P2 I P3 

Table 2: hlodel Parameters for P G  = G4 against. Signal-To-Noise Hatio 

Figure 6: Spectra of Spread Spect.ruin Under Fading 
and AWGN Conditions 

such as the probability of r errors occurring in s channel 
bits can he obtained analytically and directly from the 
Markov model to  evaluate the performance of error- 
correcting codes [8]. 
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