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Abstract:

Multiuser communication techniques are used in modern wireless
networks like cellular and wireless sensor networks. The design of the
physical layer for these networks was based on the application of binary
spreading sequences and a correlation receiver. This paper presents a
design of a multiuser code division transceiver using a new method of
communication based on the application of chaotic spreading sequences
that can increase security of the system, and on a new technique of
detecting the received signal using a support vector machine and a
traditional correlation receiver. The two receivers are theoretically
analyzed, including the derivation of the probability of error expression in a
closed form for the fading channel, and then implemented in DSP
technology on a 32-bit floating-point TigerSHARC DSP platform. The
comparison of two implemented systems showed that the support vector
machine solution improves the robustness of the system, sacrificing the
speed of processing. The achievable bit rate for the correlator receiver
was up to two times higher than for the support vector machine receiver.

Key words: Chaos-based communication; SVM and correlator
receivers; CDMA systems; DSP desing of COMA system.
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Introduction

Due to high demands on mobile communications, wireless
communication systems and networks are developing faster than ever. Main
requirements are to increase capacity of communications links and reduce
power consumption of devices, which led to the integration of different types
of networks (Sunjevaric, et al, 2013) an their analysis targeted to increase
their reliability (Jevtovic and Pavlovié, 2011). To reduce energy
consumption, new techniques of communications are developed and new
methods of signal detection are investigated. A support vector machine
(SVM) is a machine learning technique which originates from statistical
learning. This technique is immensely popular and highly recognized in the
fields of data-mining for applications such as speech/music classifier (Lim, et
al, 2012), text recognition and DNA micro-array analysis (Kecman, 2001),
(Wang, 2005). Recently, there have been some preliminary investigations
on applying the SVM as an alternative receiver for CDMA systems because
of its ability to mitigate multi-user interference, increase security in signal
transmission and adapt to the dynamic communication requirements related
to the number of users and characteristics of spreading in the system (Kao
and Berber, 2008), (Kao, et al, 2008 and 2010), (Hanzo, et al, 2001), (Yang,
et al, 2005), (Kuh, et al, 1999), (Markagi¢, 2010). However, until now, there
is no report on hardware implementation or practical realization of this
receiver, which motivated the author to report the research results related to
a prototype design of the system.

Recently, chaos-based communication systems have been under
extensive development (Tam, et al, 2004), (Cimatti, et al, 2007), (Kaddoum,
et al, 2012, 2013), (Berber, et al, 2013) and in particular multi-user CDMA
systems that use classical and chaotic spread sequences (Chen, et al,
2001), (Xiao, et al, 2010), (Torrieri, et al, 2010), (Yue, et al, 2010), (Mazzini,
et al, 1997), (Rovatti, et al, 1998), where the problem of robust system
synchronization was extensively investigated (Kolumban, et al, 1997, 1998,
2000), (Setti, et al, 1999), (Rovatti, et al, 2001), (Berber, et al, 2006), (Jovic,
et al, 2007), (Kaddoum, et al, 2009), (Vali, et al, 2010), (Sokolovi¢, et al,
2011). The majority of these papers analysed the systems with a flat fading
channel. A detailed analysis of a CDMA system with an assumed wideband,
frequency selective channel, was investigated by (Berber, 2014). Due to the
limited orthogonality of the spreading sequences, the interuser interference
increases with the increase of the number of users in CDMA systems. To
overcome this problem of interference, the multiuser detectors are
developed (Buehrer, et al, 2000), (Moshavi, 1996), (Poor and Verdu, 1997),
(Verdu, 1998), and in particular detectors based on the application of the
support vector machine (SVM) technique (Hanzo, et al, 2001), (Yang, et al,
2005), (Kuh, et al, 1999), (Chen and Hanzo, 2002), (Yang and Hu, 2006),
(Zhao and Kuh, 2002).
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Although the SVM technique was applied for signal detection, there
are no publications presenting its implementation in DSP technology.
This fact motivated the author to present his results related to the
prototype design and testing of a chaos-based CDMA system. The
system with a correlator receiver was also implemented in order to make
comparison of this system with the system based on SVM. The bit error
rate (BER) properties of both prototypes are compared with the
corresponding properties of the theoretical and simulation model. The
conducted theoretical and practical analysis showed the advantages of
the SVM receiver and good matching of the theoretical and practical
results, which presents the first contribution of this paper.

Since the probability of error expression in SVM CDMA systems has
not been derived yet, the author made an additional contribution by
deriving this expression in a closed form. It was further confirmed that the
BER graphs comply with the corresponding graphs obtained by
numerical integration (Kao, et al, 2010), which proves the validity of the
obtained expression and makes an additional contribution of this paper.

Two systems are compared, one with the SVM and another one with
a correlator receiver. It was shown that the correlator receiver can
accommodate a higher bit rate than the SVM receiver. As far as
complexity is concerned, the SVM requires longer processing time than
the correlator receiver. The procedure of comparison and related findings
are a valuable contribution of this paper.

This paper has seven sections. Section Two presents the basic
characteristics of the chaotic sequences and the operations of a CDMA
system. Theoretical modelling and derivative of BER for the correlator and
the SVM receiver are presented in Section Three. In particular, a detail
derivative for the BER expression of the SVM receiver is shown, which has
not been derived yet. A prototype of the system is developed and presented
in Section Four. The specific properties of the DSP design of the SVM
system are presented in Section Five. The results of the prototype testing
and its comparison with the theoretical and simulation models are presented
in Section Six. The conclusions are presented in Section Seven.

Multi-user chaos based system operation with
the SVM receiver

Chaotic sequences and their properties
Chaotic sequences are non-binary sequences with a statistical

structure that depends on their initial conditions. Due to their correlation
properties, these chaotic sequences, generated using chaotic maps, can
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be used in spread spectrum systems to spread message bits. The maps
used to generate chaotic sequences are based on Chebyshev degree-L

maps defined by this recursive equationc,,, = cos(Lcos'c,). The discrete
random samples in the sequence c¢; can take the values between -1 and
+1. For L = 2, one obtains the logistic map that will be used in this work as
the spreading sequence. The samples for this map are generated
according to this recursive expression

Cry1 = 20/3 -1

: (1)
The density function for this map is

1

Je ()= ﬁ , (2)

In order to compare chaotic systems with the classical binary system,
the chaotic samples need to be generated with the unity average power.
There are two methods to achieve this. The first method is to generate
chaotic sequences with the average power equal to the power of a binary
sequence. In this case, the sample of the chaotic sequence, in this paper
denoted by ¢, is defined as a linear function of ¢, i.e., :\/Eck, with a
related density function (Berber and Feng, 2013)

1
fci(ci):ﬂz—m,for-ﬁScis J2, (3)

which is symmetric in respect to zero and has the mean square value of
one, i.e.,

2 |
E{c}= [  ——=dc,=1, @)
h T 2—cl.2

The second method is to generate chaotic sequences using the
recursive expression like (1) and then applying the simple rule: generate
+1 if the generated sample is positive or generate -1 if the generated
sample is zero or negative. In this case, using different initial conditions,
the orthogonal binary sequences of ones and minus ones can be obtained,
which has good correlation characteristics. As such, they can be used as
spreading sequences in CDMA systems.
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The degree of orthogonality between two sequences generated by
the logistic map can be seen in Fig. 1 in which the cross and
autocorrelation functions are shown.
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Figure 1 — Autocorrelation and crosscorrelation functions (Berber, 2014)
Puc. 1 — AsToKkOoppensuMoHHas 1 B3aumokoppensaunoHHas dyHkumm (Berber, 2014)
Slika 1 — Funkcije korelacije i unakrsne korelacije (Berber, 2014)

As it can be seen, the cross-correlation of two chaotic sequences
generated with different initial conditions is close to zero and the auto-
correlation function of the same sequence has a peak when it is aligned in
time by itself.

Communication system structure and operation

The basic structure of multi-user communication system, consisting of
a transmitter (Tx), a channel and a receiver (Rx) is presented in Fig. 2. The
system allows the transmission of N user signals simultaneously. The
message bits of N users are spread by N orthogonal spreading chaotic
sequences. All spread signals are added to form the transmitter signal s;.
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Figure 2 — CDMA sistema structure
Puc. 2 — Ctpyktypa CDMA cuctembl
Slika 2 — Struktura CDMA sistema

The chips are transmitted through the channel characterized by
additive white Gaussian Noise (AWGNC) and Rayleigh fading. This type
of channel is adopted due to its possible complex behavior related to the
propagation of signals between the transmitter and the receiver and
random distribution of bit errors (Radonji¢ and GaceSa, 2011). The
received signal, containing up to N user signals, is multiplied with the
corresponding synchronous spreading sequence to take out the
message of a particular user. For example, if only the g-th user signal is
transmitted, the output of the multiplier for j-th chip value can be
expressed as

X =6 = yCi2 +nc;, (3)
where ¢ = ¢; is the locally generated spread sequence and r; is the received
chip. The SVM soft output for this user is d(x) = d(x)? that contains the
transmitted message bits (Kao, et al, 2010). This soft value is applied to the
input of the decision circuit (DC) which regenerates the estimate of the
message bit y? at its output. The / bit of the g" user is denoted by y=y°,
which can have one of two values taken from the set {-1, +1}.
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In the case of a correlator receiver, the system structure remains the
same except that the SVM block is replaced by an adder that forms the
correlator inside the users’ receivers (Sandhu and Berber, 2009). The
structure of the transmitter remains the same as in Fig. 2.

SVM detector operation

Unlike the correlator receiver, the SVM receiver has two stages of
operation: the initial training or the learning stage, which needs to be
performed once only, and the testing stage in which the estimation of the
unknown noisy signal actually takes place. The operations of the two
stages will be further discussed in the following sections.

1) Training Stage: During this stage, the goal of the SVM is to seek for
a separation (hyper) plane which maximizes the margin between the two
data-sets of (+1) and (-1) in a 24-dimensional space (Kao, et al, 2010).
The input training sequence x is a vector of length 24, with the elements
given as x; = ric; where ¢; are chips in a periodic chip sequence of the
length 23 (the notation for the user g is omitted in this section for
simplicity). Each data sequence x is associated with a binary message y €
{+1, -1} to indicate the desired output.

After the training is completed, the decision function of the linear SVM
used here is expressed as (Kao, et al, 2010),

d(x):ZL:y,a,(xiTx+l)+b, (6)

=1

where L is the number of training sequences, o, (oy = 0) is the Lagrangian
dual variable which contributes to the slope of the separation plane and b
is the intercept term of a decision hyperplane called bias (Kao, et al, 2010).
The small sets of training sequences with non-zero o; are called support
vectors (SVs). The training stage only needs to be completed once
throughout the entire communication life-cycle, unless the underlying
parameters such as the total number of users or the spreading factor have
been changed significantly.

2) Testing Stage: When the training is completed, the SVM receiver
can begin to estimate the transmitted symbol by making a hard decision in
accordance with this decision rule (Kao, et al, 2010)

y'=sign[d(x)], ()

The receiver based on the SVM application solves a classification
problem and does not need any knowledge of the spreading sequences of
other users (Kao, et al, 2010).
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Probability of error derivations for the SVM
and the correlator receiver for a noisy channel

The theoretical BER of such SVM receiver calculated for the g-th
user under AWGN has been already derived (Kao, et al, 2010) in this
form

2 Ngy Ngy 2
1 ( ZySaSQS,i +Zysas +bj
pn :Eei’ﬁ i=l s=1 s=1 (8)

2 ( Ngy 2 ’
NOZ(Zysasqs,ij

i=1 \_s=1

where Ngy is the number of support vectors and N, is the noise power
spectral density. In the case when a correlator receiver is used, the
probability of error is derived in this form (Sandhu and Berber, 2009)

L2

1 N-1 [ E

po=—erfe 1’+—+[—b] , (©)
27018 B N

where the value of @ determines the statistical characteristics of the

spreading sequence, N is the number of users in the system, and 28 is
the spreading factor.

Probability of error derivations for the SVM
and the correlator receiver for a fading channel

In the case of Rayleigh fading presence in the channel, the
expression for the probability of error for the SVM receiver has not been
published yet. In this case, the presence of fading will affect the received
single user signal in such a way that the output of the receiver multiplier
(5) will now have this form

x, =ayc! +nc,, (10)

where a is the fading coefficient that affects all chips inside a bit interval.
This expression refers to the signal of a single user. It is important to note
that when deriving the probability of error for the SVM receiver, it is
sufficient to consider a single user case because the influence of the multi-
user interference is not contained at the output of the SVM detector. This
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coefficient will affect the output of the SVM detector expressed by (6),
which can be sufficiently accurately expressed as

d(x)za(Zy,aq(xiTx+l)+bj, (11)

and further simplified to (Kao, et al, 2010)
NSV NSV
d(x)= a{Zya(Zx X, +1j+b}—a(2x2yaxﬂ+2;»a+b} (12)
s=1 i=l  s=l s=1

Then, the probability of error can be expressed as a random function
of the Rayleigh fading coefficient a in this form

2 Nov Ngy

2
1 ? (Zzysasqm + Zysq +bj
p(@) =S erfe |

NSV 2 ’

N Z(Zys qs,i}
as derived in (Kao, et al, 2010). This expression will be further simplified
in this paper and the probability of error in the fading case can be derived

in a closed form in accordance with the following procedure. If the signal
to noise ratio part in this expression is denoted by

2 Ny Ny 2
[Zzys QS,i + Zysas +bj
X =

(13)

i=l s=1 s=1

N, Z[nys QJ |

the expression for the probability of error can be simplified and expressed
as a function of the fading coefficient a as

(14)

pl@)=> Lerferla? x = e;fcﬁ (15)

where Y has a Chl -squared probability distribution with two degrees of
freedom because a° has the same distribution, which can be expressed as

fy<y)=§exp(;fyj- (16)
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The probability of error for the Rayleigh fading channel can then be found
as the mean value of function (15) and expressed in an integral form as

P, =Elp, (y)}—— j effcﬁexp[ yj (17)

This integral can be solved using numerical integration. The results
of this integration and simulation are presented and discussed in (Kao, et
al, 2010). In order to avoid numerical integration, the closed form
expression is found in this paper.

By using the property of the error complementary function and its
derivatives, and then integrating relation (17) by parts, the expression for
the probability of error can be derived in this closed form

1W?
P 18
%22yﬂ (18)

where the mean of Y is y=Y =FE{a’} X=X, expressed by (14),

because the mean power of fades is equal to one.
In the case when a correlator receiver is used, the probability of
error is derived in the closed form (Sandhu and Berber, 2006)
2

nw%aﬁg%;&$j : (19)

where a is the fading coefficient,  determines the statistical characteristics
of the spreading sequence, N is the number of users in the system, and 28
is the spreading factor. The mean value of this function in respect to the
Rayleigh random variable a, which is obtained in an integral form (Sandhu
and Berber, 2006), gives the probability of error in the fading channel.
However, this integral cannot be solved and numerical integration needs to
be used. It is important to note that the probability of error increases
enormously due to the fading presence in the channel. Thus, some
techniques to mitigate fading should be used. If the block chip interleaving
techniques are used, with the block dimensions 23%X283, the probability of
error can be obtained in a closed form as (Berber and Vali, 2011)

2+4N—1 2E‘1_l/2
r= e'f{ P T[Noj] ’ (20

where the influence of fading expressed as b°=1/2 due to the unity power of
the fading in the channel. It was proven that the substantial improvement
can be achieved using the interleaving technique (Berber and Vali, 2011).
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Design and implementation of the system
with both SVM and correlator receivers

DSP platform for prototyping

For the design and the implementation of the chaos-based
communication system, the ADSP-TS201S TigerSHARC processor from
Analog Devices was used (Analog Devices Inc., 2014). Two processors
are installed on an evaluation board named TS201S EZ-KIT Lite. The
designed CDMA system was implemented on one of these processors.
The processors support floating-point data formats, both single-precision
32-bit and extended precision 40-bit, and 8, 16, 32 and 64-bit fixed point
data formats. The 32-bit floating-point data format was used in this
design because it provides adequate precision for chaotic signal value
generation. Although a fixed-point processor is generally faster in
executing arithmetic operations, a floating-point processor is necessary
when implementing a CDMA system, as a chaotic signal generator and a
noise generator would require a wide dynamic range and high precision.
Each processor on the EZ-KIT Lite platform has a clock speed of
600MHz, which is capable of executing 2400MIPS, 3600MFLOPS and
1200MMACS (Analog Devices Inc., 2014, Simic and Berber, 2006). This
clock speed guarantees that the prototype of the CDMA system will be
able to accommodate investigations of the multi-user signal transmission
and the probability of error estimation.

The TigerSHARC processor is supported with development tools
such as the VisualDSP++ environment, which allows programmers to
develop and debug an application. The environment includes an
assembler, a library builder, a linker, a loader, a cycle-accurate
instruction level simulator, a C/C++ compiler and a C/C++ run time library
that includes DSP and mathematical functions (Analog Devices Inc.,
2014, Simic and Berber, 2006). The evaluation platform comes with a
power supply and a USB connector cable that connects the user's PC
with the evaluation board, which allows the user to program the
processors and debug applications.

The developed prototype was designed using high—level C
programming language. The developed software was fed into the
processor as an assembly code using the Visual DSP++ environment.
The developed code was loaded into the DSP platform and executed
under the control of the external personal computer that was connected
to the DSP board.
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System prototype operation

The CDMA system based on the SVM receiver is designed and
implemented in DSP technology. The block schematic of the systems is
presented in Fig. 3. The structure of the prototype follows the structure of
the theoretical and simulated model presented in Fig. 2. The prototype
operates according to this brief description.

. ST
™ 1* user 1

; user | PNRZ SVM || estimate Ble user ;
e "|Generator f§ DC E ) e
s| - s
t| - el Chaotic GAWGIt\I Chaotic ol R t
Generator chcrator ¥ Generator
B gth : gth user gm B
% user| [ PNRZ S . . SVM | estimate ||E |user i
s "| Generator _’? NNV '% DC ; X s
: iog Chaotic Chaotic o I
G Generator 4 Generator £ M G
eIl ' N"user |[A| [ ][e
g user| [ PNRZ SVM ||estimate | T| |user 2
r "|Generator DC o[ ;
a - R
t N Chaotic < Chaotic N t
(r) Generator | Generator ?
Y. L
L] > Sequences Synchroniser i » |

Figure 3 — Structure of the designed and implemented SVM CDMA system
Puc. 3 — CtpykTypa pa3paboTaHHol 1 BHegpeHHorn cuctemsl SVM CDMA
Slika 3 — Struktura dizajniranog i razvilenog CDMA sistema sa SVM prijemnikom

The independent test pseudorandom sequences, representing
users’ sequences, are generated for all users and transferred into polar
non-return to zero form. The sequences are multiplied (spread) by
chaotic orthogonal sequences generated for different initial conditions
(ic). Spread signals of all users are added and then transferred through
the channel characterized by the Additive Gaussian Noise, obtained for
the designed noise generator.

At the receiver side, the blocks of Chaotic Generators, SVM
detectors and decision circuits (DC) are implemented for the reception of
the signals and generation of the estimates of the bit received.
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The estimated bit samples are compared with the synchronous
locally generated user sequence and the bit error rate (BER) values are
calculated as the ratio of the number of errors counted and the number of
bits transmitted. The test bit generators at the transmitter side are
synchronized with the bit samples obtained at the output of the decision
circuit.

When the receiver operates with the correlator instead of the SVM,
the SVM detector is replaced by an accumulator. In this case the
remaining structure of the transmitter and the BER estimator are the
same as in Fig. 3.

Test Bit Generator

The Test Bit Generator is designed as a 16-bit Fibonacci linear feed-
back shift register (LFSR), which has taps at the position of bits 11, 13, 14
and 16. With an even number of taps, it is possible for the LFSR to cycle
through all possible states (2"-1 states, where n is the length of the LFSR)
except when all values are zero. In this design, the Bit at LFSR tap 10 was
extracted as the output, and used as a user bit value. The following
condition was set on generated bits: if the input bit value is zero, then the
output bit value would be equal to —1. This established the function of a
polar non-return to zero (PNRZ) encoder, as shown in Fig. 3. Every time
the bit generator function was called, another bit value would be outputted.
The bit generator function was used to generate message bits to feed into
the transmitter function, and was also used to compare these bits in the
BER calculator function with the received bit values. The bit generator
would be reset (i.e. started from the beginning) when the BER calculation
for a particular SNR value was complete. For this purpose, the
synchronization between the estimated bit values at the receiver and the
generated message bit values was established.

Chaotic sequence generators

Chaotic sequence generators were implemented in the discrete time
domain where a particular chaotic signal value is derived from the chaotic
signal value at the previous sampling time instant. For the chaotic
generators implemented in DSP, the chaotic logistic map was used that is
defined according to expression (1).

The values of a certain sequence are highly dependent on the initial
condition (ic) which is independently generated for each user. According to
the theory, by altering the initial condition slightly, the resultant sequences
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can be a completely different and aperiodic. However, due to the inherent
limited precision of DSPs, chaotic sequences tend to become periodic.
Previous investigations of chaos-based communication systems have
observed a range of initial conditions, and recorded corresponding discrete
time periods, after which each sequence would start repeating itself
(Vukadinovic and Berber, 2006). In the design presented in this paper, in
order to avoid this periodicity, the following rule was applied: if the
sequence reaches the time period value specified for that particular initial
condition, the sequence is restarted with the same initial condition. The
chaotic sequence generators are reset upon the completion of the BER
calculation for a single SNR value.

Gaussian Noise samples

Gaussian noise samples are generated using the Box-Muller method
which is based on generating two uniformly distributed samples U, and U,
using the rand(-) function. These variables were then normalized by
dividing by the RAND_MAX constant, which is defined in the library header
file. U; and U, were then utilized by the Box Muller transform stated by (21)
to produce the sample W which is a sample of a random variable having
Gaussian distribution

W =(2In(U,) cos(27U,) . (21)

The generated samples are having zero mean and unity variance. To
generate samples for different SNR values, the Gaussian samples need to
be multiplied by the value of the noise variance (Simic and Berber, 2006).
The Gaussian value generator outputs the Gaussian sample. It is reset
after each bit is decoded.

The signal to noise ratio (SNR) was changed by changing the noise
power. For that purpose, a generator function was implemented that
calculates the noise variance value for the desired SNR. The function
takes the current SNR value and a reset value as inputs. It then calculates
the energy of the current message bit, by squaring and summing the
chaotic sequence values for the current message bit. Then it calculates the
sigma value required for noise generation as

E
o=\ 710 &
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The sigma generator then outputs the sigma value calculated to the
noise generator function. The sigma generator function is reset once the
BER calculation for a single SNR value is complete.

The noise generator takes in the sigma value generated from the
sigma generator for a particular message bit and a reset value as inputs.
By multiplying the sigma value with the Gaussian sample generated, the
resulting noise sample is then obtained at the output. In the main file, the
noise generator is called on a per chip basis, and is added to the output
of the transmitter function.

BER estimator

To evaluate the performance of the prototype system, the bit error
rate (BER) was estimated by firstly setting an error threshold of 1000
errors, which gives a very high level of estimation accuracy obtained
according to the method presented in (Berber, 1989).

The BER calculator function takes in the decision value from the
SVM detector (or the correlator) and the bit generator output, and
compares the two. If the values are not equal to one another, an
implemented error counter increments by 1. Message bits are generated,
transmitted, received and decoded until the error counter equals the error
threshold. Once this happens, the total number of bits sent to achieve the
threshold of 1000 errors is recorded. By dividing the error threshold by
the number of bits sent, the BER for that particular SNR value, for
defined both the number of users and the spreading factor, is calculated.

Once the theoretical BER and the BER of the system in DSP are
calculated for a certain SNR value, the system repeats the same
procedure for other SNR values if specified. The BER results are then
stored in a text file in the debug folder.

Specific DSP design of the SVM detector and
the decision circuit

Training phase

To generate support vectors, training data for a defined number of
users and the spreading factor had to be generated first. Training data is
made up of a number of samples from the output of the correlator
function. A block diagram of the program implemented on the DSP to
generate the training data is shown in Fig. 4.
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Bit B
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SVM Bit > Transmitter L Corre!ator | csv
Generator > Receiver file

Chaotic — Receiver
Sequence Chaotic
Generator Sequence

Figure 4 — Functional block diagram of the system for the training phase
Puc. 4 — dyHkumoHanbHas 6rnok-cxema cuctemel Ans dasbl NOArOTOBKM
Slika 4 — Principski blok dijagram sistema u fazi treninga

The number of samples required for training depends on the SNR
value. For this design, training data was subjected to no noise. Hence,
200 sample message bits sufficed: a hundred message bits of value +1
and a hundred message bits of value -1. The spreading factor was set to
20 as an appropriate number for this purpose (Kao, et al, 2008). The
message bits were generated using a function called the SVM Bit
Generator, as shown in Fig. 4, which generated 200 message bits that
were assigned to the desired user only, while the interferers’ user bits
were generated from the Bit Generator function. Message bits for the
desired user and message bits for interferers are spread with a chaotic
sequence (Kao, et al, 2008), which was taken as an input from the
Chaotic Sequence Generator.

The output of the transmitter function was taken as an input by the
correlator function. The Receiver Chaotic Sequence block generates the
desired user’s chaotic sequence to be correlated with the incoming
received sequence. The results of this correlation are stored in a csv file.
Hence, after all 200 sample message bits are transmitted, the csv file
would contain the each message bit value and the corresponding
correlation values, which represents the training data that can be used to
generate support vectors.

To generate support vectors using the training data stored in the csv
file, training was carried out by the iterative single data algorithm (Kao, et
al, 2008). The result of this training is a data file that contained the
parameters such as weights, centers and bias values of the support
vectors. To extract these parameters, a program created in Matlab was
fed with this data file, and the parameters were stored in separate text
files, which were then read by the program in DSP.
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SVM receiver design

The implemented program first reads the weights, centers, bias
values and the number of support vectors from the text files, which have
been generated from the training data for a particular number of users. For
additional users, or a change in the spreading factor, the training phase
would have to be repeated to get a different set of support vectors,
because the number of support vectors depends on the spreading factor
and the number of users in the system. For example, for 2 users, and a
spreading factor of 20, 3 support vectors were generated. However, if the
number of users increases to 8, 20 support vectors would be generated.

The purpose of the SVM function is to compute the decision function
defined by (6). At this point, it is necessary to make these observations. In
equation (6), L is the number of support vectors generated for a particular
number of users and the spreading factor, the variable y,a; is the weight
that is generated for each support vector. The variable x; represents the
centers generated for each support vector. The number of centers for each
support vector is of the spreading factor length, and each center is
multiplied with each corresponding output value of the correlator denoted
by x. The value b is the bias value. The SVM function computes the
decision function for all the support vectors generated, and outputs a value
which is fed into the decision circuit. This decision function is used to
calculate the probability of error in (13) and (18), where the appropriate
notation is used.

Results of the investigation and the
comparison of the prototype with the theoretical
and the simulation model

Probability of error analysis in the noisy channel

The bit error rates, for the system with the SVM and the correlator
receiver implemented in DSP technology, are calculated after the support
vector parameters were loaded onto the DSP. The BER for the CDMA
system performance with the SVM incorporated in the receiver was
measured for the SNR value range of -1dB to 8dB and the results are
presented in Fig. 5 for a single user system. This BER curve is plotted
against the simulation and theoretical curves investigated previously in
(Kao, et al, 2008, 2010). The theoretical curves for the system with a
correlator receiver, and with the SVM incorporated into the receiver are
shown, along with the BER results from the Matlab simulations and the
DSP prototype.
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The SVM receiver has better BER performances than the correlator
receiver. The SVM BER curves obtained by the theory are overlapping
with the curve obtained by the simulation. The BER curve obtained by
DSP SVM receiver follows quite closely the simulation curve. The
improvement in the BER of the SVM in respect to the correlator receiver
increases when the SNR increases.

This improvement in the BER is expected to be higher when the
number of users increases due to the ability of the SVM receiver to
eliminate the interuser interference. For this reason, the communication
system was investigated for 4 active users in the system and the related
BER curves are presented in Fig. 6

Number of users = 1, SF =20
Train SNR = INF, SV =3

107

102

BER |
107}

107 _;
- | —— Correlator - theory 5

. | —&— SVM - simulation j
10°} | - © - SVM - theory
; SVM - DSP design :

10_6. 1 1 1 1 1 1
-2 0 2 4 6 8 10

Ey/No

Figure 5 — BER curves, theoretical, simulated and DSP results for the system with the SVM
for 1 user
Puc. 5 — KpuBble BeposiTHOCTM BuTOBOW OWMGKM (BER), nonyyeHHble npu
TeopeTuyeckoMm mogenvposaHum n DSP pesynbTtatax ans cuctemsl SVMc ogHum
nonb3oBartenem
Slika 5 — Grafovi verovatnocée greSke bita (BER) dobijeni prema teorijskim, simulacionim i
DSP rezultatima za sistem sa SVM i za slu¢aj jednog ucesnika
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Firstly, it can be observed that the DSP BER curves match perfectly
the simulation and theoretical curves obtained by relation (8). Secondly,
the figure shows that the improvement in the BER of the SVM in respect to
the correlator receiver increases substantially when the SNR increases.
This matches perfectly well the theory which states that the SVM receiver
eliminates the influence of the inter user interference. Namely, when the
SNR is small, less than 2 dB in this case, the noise dominates and the
BER is close to the correlator receiver.

Number of users = 4, SF =20

| o-li\‘\' Train SNR = INF, SV = 7
102
BER | :
107 ) 3
104 ] ]
E Correlator - theory 5

I | —2— SVM - simulation
105 | - © - SVM - theory
SVM - DSP design

1090 ‘ ‘ ‘ ‘ ‘
2 0 2 4 6 8 10

Ew/Ny
Figure 6 — Theoretical, simulated and SVM DSP BER curves for the CDMA system
for 4 users. A theoretical BER curve for the correlator receiver is added for comparison.
Puc. 6 — KpuBble BeposiTHOCTM BuTOBOW OWMGKM (BER), nonyyeHHbie npu
TeopeTnyeckoMm moaenmposaHumn n DSP pesynbTtatax ans cucteMCDMA n SVMc
YeTbIpbMs Nonb3oBaTensamu. Teopetnyeckas BER kprBas kKoppensaumMoHHOro NpuemMHuKa
npvBeaeHa AN CpaBHEHUS!
Slika 6 — Grafovi verovatnoce greske bita (BER) dobijeni prema teorijskim,
simulacionim i DSP rezultatima, za CDMA sistem sa SVM i za slu¢aj Cetiri u€esnika.
Teorijska BER kriva za korelatorski prijemnik je dodata radi uporedenja

However, when the SNR increases, then the BER improves in the
SVM receiver due to the elimination of the inter-user interference. The
curves for the correlator receiver have significantly higher BER values in
this case due to the presence of interuser interference.
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Probability of error analysis in the fading channel

In this paper, the closed form theoretical expression for the probability
of error is derived in Section Three and expressed by (18). The BER
graphs obtained by both that expression and the simulation are presented
in Fig. 7 for two cases, when the number of users in the system is either
10 or 30.

.................. ..... S-vl\l‘[—all‘(ll)7ticflll-

Figure 7 — BER curves obtained by both the theoretical expression in the closed form
and the simulation
Puc. 7 — KpuBble BeposiTHOCTU B1TOoBOW owmnbkm (BER), nonyyeHHble npu
TeopeTnYeckoM MOAENMPOBaHNM B 3aKPbITOM KaHarne
Slika 7 — Grafovi verovatnoce greske bita (BER) dobijeni prema teorijskom izrazu u
zatvorenom obliku i na osnovu simulacije

In both cases the theoretical curves are matching very well the
simulation curves. These curves are matching also the curves obtained by
numerical integration as presented in reference (Kao, et al, 2010). The
difference between a 10-user and a 30-user system are close to 1 dB. This
result is expected because the CDMA system with the SVM detector
eliminates the inter-user interference very well.
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Speed estimation

The main purpose of this investigation related to the speed
estimation was to compare the difference between the bit rates of the
CDMA system implemented using the correlator receiver and the system
with the SVM receiver. For this purpose 10* message bits were
transmitted and received in both systems. The time taken for processing
was measured for the spreading factor of 20. Fig. 8 shows the bit rates
as a function of the number of users for both systems. The clock cycles,
which are necessary to execute the relevant code, were measured and
converted to the bit rate according to this expression

R =5
C-N

where R, is the bit rate, B is the number of bits sent, f, is the clock
frequency, C are clock cycles and N is the number of users.

(23)

4.5
s b\
S e
Ry 5 | N

25 Lo . \..............| — Correlator Receiver |
— SVM Receiver

SN

15 b NG NG ]
b NN ]

L e P o

0 2 4 6 8 10 12 14 16

Figure 8 — Speed estimation for the system with the correlator receiver and the SVM
receiver for a different number of users
Puc. 8 — CpedHsisi ckopocmb Orisi cucmemMbl KoppensauuoHHo2o u SVM npueMHuka
C pasHbIM KoM-80M rosib3o8ameneli
Slika 8 — Prose¢na brzine za sistem sa korelatorskim i SVM prijemnicima za razli¢iti
broj u¢esnika
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It was found that the bit rate was 1.5 to 2 times higher for the system
with the correlator receiver than for the system with the SVM. Namely, in
the SVM receiver, more computation is involved, and hence more
processing time is required.

Therefore, from the BER performance results, it can be concluded
that, by incorporating the SVM into the receiver, the performance of the
system increases significantly in respect to the correlator receiver.
However, the execution speed on DSP reduces considerably.

Conclusion

The design of a prototype CDMA system with a SVM receiver is
implemented on the 32-bit floating point ADSP-TS201S TigerSHARC
processor. The prototype was developed by creating functions in C
language, and was programmed on the processor situated on a TS201S
EZ-KIT Lite evaluation platform. It was confirmed that the robust
prototype can be designed on this platform.

The training phase was performed to generate the support vectors
via programs in Matlab software. The theoretical expression for the
probability of error was derived in the closed form in the case when
fading is present in the channel. The bit error rate (BER) measurement in
the prototype system confirms that the SVM receiver performs better
than the corresponding correlator receiver. The BER performance of the
prototype matches theoretical and simulation results for varying both the
spreading factor and the number of users.

The expected problem of the periodicity of spreading sequences due
to the finite resolution of the DSP operations was solved by the re-
initializing the chaotic sequence generators. Because the theoretical and
simulation results matched very well the DSP results, it is obvious that
the DSP resolution does not influence the performance of the system.

The results of the speed estimation analysis show that the CDMA
system with the correlator receiver has a higher bit rate than the CDMA
system with the SVM receiver, due to larger computation with support
vectors. The speed in signal processing of the presented prototype is not
sufficient to accommodate increasing demands in bit rates. However, a
valuable experience is gained in system design and a possible speed
increase through both the optimization of the existing processing
algorithms and the application of the new DSP technologies. One of the
streams of future research could be to make a prototype of the system in
the case when fading is present in the channel and the methods of fading
mitigations are applied, like chip interleaving.
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NPOTOTWUI MIjOFOI'IOJ'IbSOBATEJ'IbCKOI?l CNCTEMBbI,
OCHOBAHHOW HA KOPENNAUMOHHBLIX MPUEMHUKAX
NI OMOPHbBIX BEKTOPAX

CmeesaH M. bepbep
The University of Auckland, ECE Department, HoBast 3enaHgus

OBJIACTb: TenekommyHukaumu, 6ecnpoBofHasi cucTeMa KOMMYHUKaLIMM
BWL CTATbW: opurnHanbHasa HaydHas ctatbsi
A3bIK CTATbW: aHrnuiicknn

Pestome:

TexHo02UsI MHO20I10/1b308amesIbCKOU CUCMeEMbI KOMMYHUKaUuuU
¢ KoOoebiM pacripedeneHuem kaHanoe (CDMA) ucrionb3yemcs 6 cospe-
MeHHbIX 6ecrpo8o0HbIX Cemsix, Mmakux Kak comoebie, paduomeie¢hoH-
Hble cemu u 6ecripo800OHbIE CEHCOPHbIE cemul.

Paszsumue nepedayu cuzsHana Ha hu3U4eCKOM ypoeHe 8 cemu,
OCHOBaHO Ha MpuMeHeHUU 080UYHLIX rocriedosamerisHocmel 8 pac-
WUpEeHUU 30HbI cuz2Hara U rnpuMeHeHUU KOPPEsSUUOHHbIX MPUEMHUKOS.

B danHolU pabome onucaHa paspabomka npuemonepedamyuka
CDMA cueHanos, rnpu rpuMeHeHUU HO8bIX KOMMYHUKaUUOHHbIX MEmo-
008, OCHOBaHHbIX Ha xaomu4eckol rnocredoeamesibHOCMU 8 pacuiupe-
HUU 30HbI cu2Haros, obecrieqyugasi mem caMbiM 3auumy repedadyu co-
obuweHutli 8 cucmeme, rMpUMeHsIS Memodbl HOBbIX MEXHOM02UsIX ObHa-
PYXKEHUSI CugHarso8 rpu UcCofib308aHUU MauUHb! ONOPHbLIX BEKMOPOS 8
npuemHuke (SVM — npuemHuk) u mpaduyuoHHO20 NpUMEHEHUSI Koppe-
JIAYUOHHBIX MPUEMHUKOS.

lMposedeH meopemudeckuli aHanu3 obeux modesiel rMpUeMHUKOS,
8K/Itoqast 8bI800 8bIHUCIIEHUS 8epOSIMHOCMU 6umosbIx OWUbOK 8 KaHa-
J1ax ¢ 3amupaHusimu (¢peduHeaom) cuzHarnos, 3amem rpou3eedeHo eHe-
OpeHue 8 yughposble mexHonoauu (DSP) Ha 32-6umosyto npoueccop-
Hyro rinamegopmy TigerSHARC.

ConocmaeneHue amux cucmem rokKasaso, 4Ymo peweHue rnpume-
HEHUS1 MawUuHbI OrOPHbIX 8ekmMopoe8 (SVM — npueMHuk) ynyduiaem po-
bacmHocmb cucmeMbl 3a CHem CHUXXEHUST CKOpoCmu romoka.

B mo epemsi kak ocyuwiecmeneHHbIlt nomok 6umoe KoppesssyuoH-
HO20 MpueMHuUKa 8 0ea pa3sa rnpesbiwaem MomokK 6umos rnpueMHuUKa
MalUHbI OTOPHbIX 8EKIMOPOS.

KntoueBble crioBa: rnpsiMoxaomuyveckue cucmemsl cesasu; SVM koppersi-
UUoHHbIU npuemHuk; CDMA cucmewmbi; DSP paseumue CDMA cucmem.
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PROTOTIP VISEUCESNICKOG SISTEMA BAZIRANOG
NA PRIJEMNICIMA SA KORELATORIMA ILI MASINOM
PODRZAVAJUCIH VEKTORA

Stevan M. Berber
The University of Auckland, ECE Department, Novi Zeland

OBLAST: telekomunikacije, bezi¢ni komunikacioni sistemi
VRSTA CLANKA: originalni nauéni ¢lanak
JEZIK CLANKA: engleski

Sazetak:

Tehnike viSeucesnickih komunikacija sa kodnom raspodelom kana-
la (CDMA) koriste se u modernim beZi¢nim mreZama kao $to su mobilne
radio-telefonske mreze i bezi¢ne senzorske mreze.

Razvoj prenosa signala na fizickom nivou u ovim mreZama za-
snovan je na primeni binarnih sekvenci za proS$irenje signala i primeni
korelatorskih priemnika. U ovom radu prikazan je razvoj primopredaj-
nika za prenos CDMA signala kori§¢enjem nove komunikacione meto-
de zasnovane na primeni haoti¢nih sekvenci za proSirenje signala, Ci-
me se moZe povecati zastita u prenosu poruka u sistemu, i razvojem
nove tehnike detekcije signala koriS¢enjem masina sa podrZavajucim
vektorima u prijemniku (SVM prijemnik) i tradicinalno koriS¢enog kore-
latorskog prijemnika. Oba razvijena prijemnika su teorijski analizirana,
uklju¢ujuci izvode izraza za verovatnocu gre$ke bita u zatvorenom obli-
ku u slu¢aju kanala sa fedingom, a zatim je izvr§ena njihova implemen-
tacija u digitalnoj tehnologiji (DSP) na 32-bitnoj procesorskoj platformi
TigerSHARC. Poredenje ova dva sistema pokazalo je da reSenje sa
masinom sa podrzavaju¢im vektorima (SVM prijemnik) poboljSava ro-
bustnost sistema po cenu smanjenja brzine procesiranja. Medutim,
ostvarljivi protok bita kod prijemnika sa korelatorom bio je dva puta ve-
¢i nego kod prijemnika koji koristi maSinu sa podrZavaju¢im vektorima.
Uvod

Ovih godina porastao je interes da se optimizuju prijemnici u beZzic-
nim komunikacijama radi potrebe za prenosom velike koli¢ine podataka i
ostvarenja energetske efikasnosti, posebno u podrucju mobilnih komuni-
kacionih sistema i beZicnih senzorskih mreZa. Radi ovih zahteva o¢eku-
Je se novi razvoj u oblasti dizajna prijemnika kako bi se smanjila njihova
sloZenost i povecala energetska efikasnost.

Da bi se ostvario prenos veSeucesnickih signala mozZe da se koristi
tehnika prenosa sa kodnom raspodelom kanala (CDMA), koja omoguca-
va istovremenu komunikaciju vise ucesnika u istom komunikacionom si-
stemu tako da se svakom ucesniku dodeli jedinstvena kodna sekvenca
kojom se proSiruje signal poruke u predajniku i koja se koristi u prijemni-
ku kako bi se otkrio sadrZaj poslate poruke. Razvoj priiemnika ovih siste-
ma tradicionalno se zasnivao na primeni uskladenih filtera i korelatora.
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U poslednje vreme doSlo je do preliminarnih istraZivanja o mogu-
¢oj primeni masSina sa podrzavaju¢im vektorima (SVM), kao jednoj od
alternativa za dizajn prijemnika za CDMA sisteme, zbog njihove spo-
sobnosti da previadaju medu-ucesnicku interferenciju i da se prilagode
na dinami¢ne komunikacione zahteve u odnosu na broj uesnika i ka-
rakteristike sekvenci za proSirenja signala. Medutim, do sada nema ra-
dova koji govore o hardverskoj implemantaciji ili prakti¢noj primeni ova-
kvih prijemnika, sto je bila dodatna motivacija autoru da objavi rezulta-
te istraZivanja o dizajnu prototipa ovog sistema.

Kommunikacioni sistemi koji koriste haoticne sekvence bili su pred-
met znacajnih istraZivanja, a posebno CDMA sistemi koji koriste klasi¢ne i
haoticne sekvence za proSirenje signala, pri cemu je problem robustne
sinhronizacije naSiroko ispitivan. Vecina radova analiziralo je ove sisteme
za slucaj prisutnosti ravnog fedinga u kanalu prenosa. Detaljna analiza
CDMA sistema sa Sirokopojasnim, frekvencijski selektivnim kanalima ura-
dena je tek u poslednje vreme. Zbog ograni¢ene ortogonalnosti sekvenci
za proSirenje signala dolazi do povecanja interucesnicke interferencije sa
povecanjem broja ucesnika u CDMA sistemu. Da bi se previadao ovaj
problem razvijeni su multiu¢esnicki detektori, a posebno detektori koji su
zasnovani na primeni mas$ina sa podrzavajucim vektorima (SVM).

Uprkos tome $to su SVM tehnike primenjene za detekciju signala, nije
bilo objavijenih radova koje prikazuju razvoj ovih uredaja u digitalnoj (DSP)
tehnologiji. Ova Cinjenica motivisala je autora da prikaZe svoje rezultate u
vezi s dizajnom i testiranjem prototipa CDMA sistema uporedo sa rezultati-
ma analize sistema koji koristi korelatorski prijemnik radi uporedenja ovih si-
stema. Karakteristike oba prototipa sa aspekta stepena greSke bita (eng.
BER) uporedene su i prikazane odnosne karakteristike teorijskog i simulaci-
onog modela. Provedena teorijska i simulaciona analiza pokazale su pred-
nosti tehnike SVM-a i dobro slaganje teorijskih i prakticnih rezultata.

Posto izraz za verovatnocu greske bita nije jo$ bio izveden u zatvo-
renom obliku za SVM CDMA sistem, autor je izveo ovaj izraz i prezentirao
grafove za stepen greSke bita (BER). Pokazano je da se ovako dobijeni
grafovi za BER slazu sa odgovaraju¢im grafovima koji su dobijeni nume-
rickom integracijom, Sto dokazuje validnost izvedene teorijske formule.

U radu su uporedena dva sistema — sistem sa SVM prijemnikom i si-
stem sa korelatorskim prijemnikom, i pokazano je da korelatorski prijemnik
ostvaruje veci digitalni protok. Sto se tice kompleksnosti dizajna, dokaza-
no je da SVM priemnik zahteva duZe vreme za procesiranje signala. Pri-
kazana procedura poredenja i dobijeni grafovi su rezultati vredni paznje.

Viseucesnicki sistem zasnovan na kori¢enju haoti¢nih sekvenci
i SVM prijemnika

U ovom odeljku prikazana je blok-Sema SVM prijemnika i objaSnjen
princip rada svih blokova. Objasnjen je princip generisanja haoti¢nih se-
kvenci i prikazana funkcija korelacije i unakrsne korelacije u grafi¢koj for-
mi. Posebno je objasnjen princip rada SVM detektora. Izvedeni su izrazi
za verovatnocu greSke bita u zatvorenom obliku za SVM prijemnik u slu-
Caju kada je u kanalu prisutan Sum i ravni feding.
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Razvoj i implementacija sistema sa SVM i korelatorskim prijemnikom

Definisan je uskopojasni kanal sa ravnim fedingom.Takode, izvrse-
na je matematiCka analiza sistema, tako $to su prikazani signali na kljuc-
nim tackama prijemnika i predajnika. Prikazan je izraz za signal na izla-
zu korelatora sekvenci, a zatim izveden izraz za verovatnocu gre$ke bita
u zatvorenom obliku i analiziran sa aspekta uticaja broja u¢esnika u si-
stemu i sa aspekta vrednosti faktora proSirenja signala.

Prikazane su karakteristike DSP platforme na kojoj je uraden proto-
lip sistema, tako Sto su objasnjene osnovne karakteristike DSP ploce
proizvodaca Analog Devices. Prikazana je blok-Sema razvijenog sistema
i objasnjen princip njenog rada. Naglaseno je da struktura prototipa veo-
ma dobro prati strukturu teorijskog i simulacionog modela o kojima je bi-
lo reci na pocetku rada. Objasnjena je procedura generisanja haoti¢nih
sekvenci sa posebnim osvrtom na problem generisanja aperiodi¢nih se-
kvenci. Pri razvoju sistema kori§¢ena je Boks-Milerova metoda za gene-
risanje Gausovog Suma, koja se zasniva na generisanju dva niza neza-
visnih sluCajnih uzoraka koji imaju uniformnu funkciju distribucije vero-
vatnoca. Poslednja sekcija posvecena je problemu taéne estimacije
vrednosti BER -a za definisanu vrednost odnosa signal-sum.

Razvoj SVM detektora i sklopa odluke

U ovom delu objasnjeno je kako se generidu vektori podrske i podaci
freninga za definisani broj ucesnika i odredeni faktor proSirenja signala.
Podaci treninga prikazani su u formi izvesnog broja uzoraka kao rezultat
obrade u korelatoru. Broj uzoraka zavisi od vrednosti odnosa signal-sum.
Da bi se generisali vektori podrske na osnovu ovih podataka, koji su me-
morisani u posebnom fajlu, nastavijen je trening uz kori§cenje iterativnog
algoritma. Rezultat ovog treninga je fajl podataka koji sadrzi parametre
kao $to je teZinski faktor, centralna vrednost i pristranost vektora podrske.

Rezultati ispitivanja i uporedenja prototipa sa teorijskim i simulacionim
modelom

U ovom odeljku prikazani su procedura i rezultati testiranja prototi-
pa, uklju¢ujuci: analizu verovatnoce greSke bita u kanalu sa Sumom sa
odnosnim grafovima za sluCajeve kada su jedan ili Cetiri u¢esnika prisu-
tani u sistemu, zatim verovatnoéu greske bita kada je ravni feding prisu-
tan u kanalu sa odnosnim grafovima za 10 i 30 uc¢esnika, i na kraju, krat-
ku analizu stepena gre$ke bita koji se moze ostvariti kori§¢enjem korela-
torskog prijemnika u odnosu na SVM prijemnik, ¢ime je pokazano da
SVM prijemnik ostvaruje maniji bitski protok nego korelatorski prijemnik.

Zakljudak

Uraden je razvoj prototipa CDMA sistema, koji koristi haoticne sekven-
ce i SVM prijemnik, pri éemu je koriS¢ena razvojna platforma 32-bitnog
ADSP-TS201S TigerSHARC procesora. Ovaj prototip razvijen je tako Sto su
funkcije sistema implementirane u C jeziku na procesoru koji je smeSten na
TS201S EZ-KIT Lite razvojnoj platformi. Potvrdeno je da se na ovoj platfor-
mi moZe implementirati prototip koji sledi simulacioni i teorijski model.
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Koricena je faza treninga da bi se generisali podrZavajuci vektori
koriste¢i Matlab program. Izveden je izraz za verovatnocu greSke bita u
zatvorenom obliku za slucaj kada je ravni feding prisutan u kanalu pre-
nosa signala. Merenjem na prototipu sistema pokazano je da je stepen
greSke bita bolji kod priemnika sa SVM nego kod korelatorskog prijem-
nika. Vrednosti stepena greske bita prototipa, za razliCite faktore prosire-
nja i promenljivi broj ucesnika, slazu se sa odgovarajucim vrednostima
dobijenim na simulacionom i teoriiskom modelu.

Ocekivani problem periodi¢nosti haoticnih sekvenci proSirenja sig-
nala zbog konacne rezolucije u DSP dizajnu reden je tako $to se vrSila
ponoviljena inicijalizacija generatora sekvenci. Posto su se teorijski i eks-
perimentalni rezultati dobro poklopili o¢igledno je da DSP rezolucija ne-
ma uticaja na performanse sistema.

Rezultati ocene brzine obrade signala pokazali su da CDMA sistem
sa korelatorskim prijemnikom ima veci bitski protok nego SVM prijemnik,
Sto je rezultat duzeg procesiranja signala pri racunanju podrZzavajucih vek-
tora. Ova brzina procesiranja ostvarena na prototipu ne moze da zadovolji
povecane potrebe za bitskim protokom u realnim sistemima. Medutim, ve-
oma korisna iskustva steéena su prilikom razvoja ovog pototipa i sagleda-
ne mogucnosti kako da se procesiranje ubrza kroz optimizaciju algoritama
i primenu novih digitalnih tehnologija. Moguci pravac buducih istraZivanja
mogao bi da bude usmeren ka izradi prototipa sistema koji koristi metode
eliminacije fedinga, kao Sto je metoda ucesljavanja Cipova.

Kljuéne reci: haoti¢ni komunikacioni sistemi, SVM i korelatorski prijem-
nik, CDMA sistemi, DSR razvoj CDMA sistema.
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