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Abstract. One of the most important parameters of a Direct Sequence Code Division Multiple
Access (DS-CDMA) system, is the average bit error rate (BER) as a function of the average
signal-to-noise ratio, the number of users in the multiple access environment and the system’s
processing gain. Due to the complex nature of a DS-CDMA system, simulations to obtain
the average error rate are very time consuming, especially when the number of users and the
processing gain is large. In this note, we present an alternative method of simulating a DS-
CDMA system, based on the Fritchman channel model. Using this method, the simulation time
is independent of the number of users and the processing gain of the system. Furthermore,
results obtained using the Fritchman model clearly show that the common approximation of the
Multiple User Interference (MUI) as a Gaussian noise source is not valid under all circumstances,
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[. INTRODUCTION

During the last five years, there has been increas-
ing interest in DS-CDMA systems to provide the
higher system capacity required by both mobile
and wireless access networks. One of the most
important system parameters 1n such an access
network, is the average BER as a function of the
number of users, A, and the processing gain, N.
Several papers have been written on ways to de-
termine the BER. These range from mathemat-
ical bounds [1] on the average BER to approxim-
ations of the average BER [2], [3], [4]. Although
these methods provide accurate measures of the
BER, they do not provide any information on the
way in which the errors occurred (1e. whether the
channel exhibits burst-like errors, or if the chan-
nel is a pure memoryless channel).

[t has been shown that the use of Forward Er-
ror Correction (FEC) strategies dramatically in-
crease the capacity of a DS-CDMA systemn [4],
[5]. In order to determine the optimal FEC
strategy to employ, it 1s important to know the
manner in which errors occur on the DS-CDMA
channel. This information can only be gathered
by performing exhaustive simulations which ac-
curately model a true DS-CDMA system. Be-
cause of the complex nature of a DS-CDMA sys-
tem, these simulations are very time consuming.
In the simulation of an asynchronous DS-CDMA
system, the random delays between subscribers
must constantly be updated, and, if fading 1s
present, the transmission of each individual user
must be weighed by an independent fading pro-
cess. Also, the simulation time 1s very dependent
on the number of users and the processing gain.

In this note, we shall present an alternative
way of simulating a D5-CDMA system using the
Fritchman channel model [6]. The advantage of
this method is that, once a model of the chan-
nel has been created from exhaustively simulated
error statistics (excluding FEC), the DS-CDMA
system can be simulated very quickly, with the
simulation time being independent of the number
of users and the processing gain. Thus, a typical
application for this simulation technique would
be to evaluate different FEC coding strategies
over a specified channel. In other words, differ-
ent FEC methods can be evaluated in a much
shorter time period than 1s needed for exhaust-
ively simulating each FEC strategy.

In section 2, the general multiple access model 1s
described, while section 3 introduces the Fritch-
man model. It 1s shown how this model can
be applied to the simulation problem described
in section 2. Section 4 presents simulation res-
ults obtained using exhaustive simulation as well
as the Fritchman technique. In section 5, 1t is
shown how the Fritchman model can be used 1n
the design of error correction strategies. Finally,
some conclusions are drawn 1n sectlon 6.

[I. THE GENERAL MULTIPLE ACCESS
MODEL

The multiple access system shown in Figure 1
will be used as a basis for the simulations per-
formed in this note {7]. The theoretical model
assumes the presence of K users, where the de-
sired transmitter and receiver pair (k = 1) 1sran-
domly delayed relative to all other channels. The
data signal of each user is denoted by b4(t), and
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the spreading sequence by ay(t), with delays, de-
noted by 7 () uniformly distributed over one bit
period {0,7). The values of the random delays,
Tk, arc changed every Ty scconds {(where T} de-
notes the duratton of a frame of bits), to simu-
late burst-mode transmissions where the relative
delays (and consequently the relative phase re-
lationships) between the different spreading se-
quences (ag(t)) are constantly changing. The
transmitter-recelver pair is assumed to be per-
fectly synchronised, and the modulation method
used 1s assuined to be Differentially Encoded Co-
herent Phase Shift Keying (DE-CPSK). Trans-
missions from other users have random phase
offsets, f, relative to the & = 1 pair, with 4,
umformly distributed over the interval (0, 2x).
Additive White Gaussian Noise (AWGN), n(f),
with two-sided power spectral density of n/2
W/Hz 1s added to the channel. The processing
gain of the system 1s assumed to be N, where
N = 1/T., and T, denotes the duration of a
single chip.
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I“ig. 1. General structure of the DS-CDMA system.

[1I. THE FRITCHMAN MODEL

The Fritchman channel [6] has been applied to a
wide variety of problems in digital communica-
ttons. T'sar [8] applied the model to H.F. chan-
nels, Knowles and Drukarcv [9] and Drukarev
and Yiu [10] to the modcling of magnetic record-
ing channels and Qosthuizen et. al. [11] to the
modeling of Hamming code error detection, mis-
detection and decoding error events. In this nole,
the Fritchman model will be applied to the mod-
eling of MUI in DS-CDMA systems.

Figure 2 shows the state partitioning of the gener-
alized Pritchman channel model, where I, denites
the total number of states in the Markov process,
and, { denotes the index of a particular state. In
the case of Figure 2, there are therefore ! states
in which transmission occur error free, and I —|
states tn which transmission errors occur. Most
ot the applications using this model use only one
error state. This simpliflies the model consider-
ably and causes 1ts statistical process to become
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Error-Free States

Error States

Fig. 2. State partitioning of the generalized Fritchman
model.

a renewal process. The parameters of this model
are uniquely determined by the Error-Free Run
(EFR) distribution or P(0™1), the probability
that an error bit (denoted by 1) will be followed
by at least m successive error-free bits (denoted
by 0™, where ( denotes an error-free bit). The
structure of the Fritchman model in this case is
shown in Figure 3, where the L ’th state denotes
the error state.

Fig. 3. The general structure of a single error state
Fritchman model.

The model parameters {transition probabilities)
are determined from P(0™|1) by fitting an expo-
nential curve of the form

y(.’l?) = Alﬁ_alm —I—AQE_QEI -+ .. ++AL_1EHQL_1$
(1)
to 7(0™|1), where z denotes the error-free run

length. This model can be represented by the
following state transition matrix:

p1 00 o p1p |
0 poe O e por
PP = . . . . : (2)
PL1 PLz PrLL-1 PLiL |

The transition probabilities in (2) are derived
from (1) using the method described in [8].

The Fritchman mode] presented takes into ac-
count the effects of the Differential Encoding
(DE) and Differential Decoding (DD) processes,
the MUI as well as AWGN (see Figure 4). Using
the Fritchman model to simulate a DS-CDMA
system, requires the calculation of the model
parameters using the aforementioned technique,
and data generated by exhaustive simulation.
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Fig. 4. Block diagram of simulations.

The advantage of the Fritchman model based
simulation, 1s that the cxhaustive simulation
needs to be carried out only once. Thereafter,
the Fritchman model parameters are known, and
can be used for subsequent simulations and de-
termination of FEC coding performance para-
mefters.

IV. SIMULATION RESULTS

In this section, 1t 1s shown how the models de-
scribed 1n section 1[I can be used to simulate a
DS-CDMA system. The process of determining
the model 1s given by the following steps:

. (Generate EFR statistics of system excluding
FEC by exhaustive simulation or measurement
from a phyvsical system.
2. Determine model
method described in [8].
3. Simulate system using Fritchman model.
The Fritchman model can then be used to de-
termine a number of error statistics [13]. In
this note, we will concentrate on the error-free
run distribution and the burst length distribution.
The EFR distribution was defined 1n section
[II. The burst length distribution refers to the
prohability of receiving burst errors with burst
lengths of at least 3 bits. Errors are said to have
occurred 1n a burst when the local error prob-
ability exceeds a specified threshold, 1n this case
U0.1. Whereas the EFR. distribution 1s used to de-
termine the parameters of the Fritchiman model,
the burst length distribution is used to help de-
fermine the optimum error control sirategy for a
specific system,

The DS-CDMA system was simulated using ex-
haustive simulation and the Fritchman model un-
der the following conditions:

parameters using the

K — 10 and 25
N = 63
Eb/N'Q = 15 dB

In the case of X = 10, a I'ritchman model with
three error-free states was used, and, in the case
of K = 2b users, a model with two error-free
states was emploved. Both Fritchman models
have only one error state. The corresponding
EFR and burst length distributions are shown
1 Figures 5, 6 and 7 respectively. The EFR dis-
tributions shown i Figure 5 compares the EFR
distribution of the simulated and modelled DS-

CDMA systems to that of a Binary Symmetrical
Channel {BSC) operating at a comparable error
rate. [f the Gaussian assumption for the MUI
[7] on the DS-CDMA channel was valid, then the
EIR distribution for the DS-CDMA system and
that of the BSC should have coincided. The BER
determined from both the exhaustive simulation
and the Fritchman models, was found to be equal
to 3.8 x 107* when K = 10 and 1.3 x 10~% when
K = 25. Using these values as parameters for
the BSC, the results shown in Figure 5 clearly
indicates that the error characteristics ol the DS-
CDMA channel 1s non-GGaussian. In fact, when
the number of users, K, 1s small {i.e. 10}, the
simulated and modelled EFR distributions differ
substantially from that of the BSC, and looks like
a channel with memory. As the number of users
tncrease, the (Gaussian assumption becomes more
valid via the Central Limil Theorem [14].
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Fig. 5. Error-Free Run [hstributions for i = 10 and

K =25 with E, /N, = 15dB and N = 63,

Although the Fritchman model accurately pre-
cdicts the BER and the EFR distribution, the dis-
tribution of burst lengths 1s modelled less accur-
ately. Because data in the DS-CDMA system s
differentially encoded, most of the decoded er-
rors occur in pairs. This 18 clearly shown by

the high relative frequency in the occurrence of

palred errors generated by the exhaustive sirnu-
lation (see I'igures 6 and 7 at burst length values
equal to 2). In both cases, the Fritchman model
gencrated substantially less paired errors than
the exhaustive simulation. Using a Fritchman
model with two error states, can partly address
this problem. However, models using two crror
states normally force paired errors, and cannot
simufate single errors. Also, these models nor-
mally use only two error-free states to model the
error process [12]. Because of the non-(zaussian
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nature of the EI'R distribution. 1l 15 necessary
to use at lcast thrce error-free states to accur-
ately model the EI'R distribution (as was done
in this case). Furthermore, if paired errors are
excluded from the burst length distribution cal-
culation (thas 1s a valid assumption, as we know
that a lot of paired errors witl occur), the Fritch-
man mocel becomnes a pessinustic model of the
burst length distribution. ln this case, the maodel
predicts more bursts of short lengths than the ex-
haustive sunulation generates. In both cases (in-
cluding and excluding pawred errors), however,
the maximum lengths of bursts are modelled ac-
curately.
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V. APPLICATION TO ERROR
CONTROL DESIGN

The use of Error Control Coding (ECC) is in-
valuable in a DS-CDMA system. Not only does
1t ensure the integrity of the data link, but it also
increases the system capactty [4], [5]. In order to
determine optimal error control strategies, it 1s
important to have available values for the block
error probability, P(m,n) where m denotes the
number of errors in a block of length n. The val-
ues for P(m,n) can easily be determined from
the Fritchman model using the method described
i [15], namely

where P; 1s the probability of being in state i,
also termed the stationary state probability of
state ¢. 'The distribution f;(m, n} is given by the
following recurrent relationship:

L
(m, n) Z pijfilm,n—=1)+ Z pii fi{(m—1

7=1 1=k+1
| | (4)
where t = 1,2,..., L and,

Jitmm,n) =0 for m>n
film,n) =0 for n<0orm<0

fi(0,0) =1

Using these values for FP(m,n), the probability
of having m or more errors in a block of length »n,
denoted by P(> m,n), can easily be calculated.
These values can then he used in the sclection
of appropriate error correcting codes [16]. Val-
ues for (> m,n) calculated using the Fritch-
man model for different values of K and n arc
shown 1n Figures 8 and 9. From these figures, it
18 clcar that an error correction strategy suitable
for a system with a low number of users will not
be adequale for a system with a high number of
users. For example, the probability of having 20
bits in error in a block of length 63 (as is depic-
ted in Figure 8) is 1 x 10~ 7 for a system with 10
active subscribers and approximately 1% for a
system with 30 active subscribers. Thus, systems
with a higher number ot users will requre FEC
strategies capable of correcting more errors than
systems with a lower number of users. Thus, Fig-
ures 8 and 9 give an indication of, {or instance,
appropriate block lengths to consider when using
block codes for crror correction.

VI. CONCLUSIONS

In this note we have shown that the Fritchman
channel model can be directly applied to the sim-
ulation of a DS-CDMA system. ‘This sunula-
tion method has the advantage that, once the

,n—1)
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P(zm,n)

IT1

Fig. 8. P(> m,63)for a DS-CDMA system with different
values of K.

[Tl

Fig. 9. P(> m,127) for a DS-CDMA system with dif-
ferent values of i,

model parameters are known, subsequent sim-
ulations can be performed in a very short time
compared to that of an exhaustive simulation.
Whereas the simulation time of an exhaustive
simulation increases dramatically for large val-
ues of N and K (see Figure 10}, the simulation
time for the Fritchman model 1s independent of
both N, A" and Ey/N,. The simulation time of
the Fritchman mode] is also substantially less,
as the I'ritchman model 1s a pure state machine.
This means that only a single random value must
be calculated and compared to some decision
threshold in the simulation of a data bit. The res-
ults obtained examining the EFR distributions,
also point to the non-validity of the assumption
that the MUI can be modelled as a Gaussian pro-
cess, especially when the number of active users

are small. The EFR, clearly shows that ECC suit-
able for AWGN channels will not be optimal for
a DS-CDMA system. In fact, because the EFR
distribution looks similar to that of a channel
with memory, ECC strategies suitable for chan-
nels with memory might be more appropriate,
depending on the number of users operating in
the system.

L

Time

Fig. 10. Simulation time required using exhaustive sim-
ulation.
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