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Abgtract - Bit-error-rate (BER) is known to be an important
index for measuring the performance of wireless communication
systems. The use of software simulation is common for
modelling BER characteristics of spread-spectrum systems, but
analytic solutions for the same are not readily available. This
paper presents a mathematical (analytic) model developed by
the author for BER of a spread-spectrum system. The model was
tested for different sets of even- and odd-degree Gold codes,
generated from appropriate combination of preferred pairs of
m-sequences. The outcome of the mathematical modd was
compared with results of software simulation carried out for the
system performance. The two sets of results were found to agree
closely, ther eby validating the mathematical model.
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|. INTRODUCTION

Spread spectrum is a unique technique which was
developed originaly for military applications but later became
significant worldwide communication technique in the larger
society for commercial and civilian applications. It is an
important technique in wireless telephony as well as satellite
navigation. Although the popularity of spread spectrum
technique in mobile telephony has been diminishing in recent
times, it remains a dgnificant modality for radio
communication in the global positioning system (GPS). It is
aso used in other areas of application [1-3] including
tomography imaging [4], digital terrestria television [5], anti-
jam underwater communication [6] and in encryption of
medical images|[7].

Around the turn of the twenty-first century, another
technique called interleave-division multiple-access (IDMA)
was proposed in literature [1-4] as an alternative to spread-
spectrum technology. IDMA avoids spectrum-spreading
thereby  minimizing  transmission  bandwidth  and
computational requirements [4-7]. These are positive
advantages of IDMA, but they come with significant trade-
offs, including loss of jam-resistant properties and capability
for covert transmission possessed by spread spectrum
techniques.

In recent times, advanced hybrids of spread-spectrum
systems have been realized, involving combination of spread-
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spectrum communication with other channel enhancement
techniques like multicarrier transmission (or orthogonal
frequency-division multiplexing — OFDM), multiple-input
multiple-output (MIMO) antenna system; different variants of
space-time coding, including space-time block codes, space-
time trellis codes and super-orthogonal space-time trellis
codes [8-12]. However, these are not the focus of this paper.

Bit-error-rate (BER) is a percentage measure of humber of
bits in error that occurred during transmission of information
from a transmitter to a receiver. It is an important index for
measuring the performance of a wireless communication
system. For spread-spectrum systems, properties of spreading
codes (or sequences) are important factors affecting the
system BER. To determine BER of such systems, software
simulations are often used, as analytic solutions are not readily
available.

This paper presents a mathematical (analytic) model for
BER and multiple-access performance of a spread-spectrum
system. This paper also presents results of tests carried out by
the author for the model for different sets of even- and odd-
degree Gold codes for the system. The model is compared
with results of simulation carried out for the system
performance.

Thiswork is part of alarger study. The rest of this paper is
organized as follows. Starting from basic principles, a
mathematical model is derived for the system. This is
followed by a presentation of validation method adopted for
this work. Results of the analysis are then presented, followed
by abrief conclusion.

[l. SysTEM MODEL

Consider a direct-sequence spread-spectrum (DSSS)
system. Spread spectrum signal transmitted by a user k can be
expressed as

A
5:(@® = 5 aObOcos@ct+ 8, (D)
where by(t) is the user binary data, c«(t) is the spreading code,
wc isthe carrier frequency and N is length of the code. Here,
N serves as a normalization factor to keep hit-energy constant
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regardless of the length of the spreading sequence. The
spreading code ck(t) for the user can be denoted as

N
a(® = Y GR(E—iT),  ce{-1+1}

i=1

(2)

where P.is a rectangular pulse having a duration Te. Let the
wireless communication channel be represented by multiple
paths having a real positive gain fi, propagation delay 7 and
phase shift y, where | is the path index. The channel impulse
response hy(t) for L independent paths can be modelled as

L

h(t) = Z Bee8(t-1,)

=1

3)

At the receiving end, the received signal ri(t) for the user is
obtained by convolving sq(t) with h(t) :

[ee]

T'k(t) = f Sk(T)hk(t - T)dT

—00

(4

Subgtituting the expressions for s(t) and hg(t) into this
integral, and using relevant properties of the Dirac delta
function 4(t) gives (5). For a multi-user system comprising K
users, the received signal r(t) is a linear superposition of the
signalsfor the users, and is given by (6).

Let user-1 be the reference user. Assuming coherent
demodulation, the receiver output z(m) for m™ bit during the
bit duration Ty, of the user is given by (7), where n(t) isreceiver
noise. Substituting for r(t) in (7) gives (8). Definek = 1 for the
reference user. Using thisin (8) gives (9), where zi; represents
the desired signal for the reference user, z, is interference
term, and zi3 isnoise term.

hhkkkkhhkhkkhkhkkhhkkhhkhhkhhhhhkhhhhhhhhkhhkhhkhhhhhhhkhhkkhhhhhhhhhhhhhkhhkhhhhhhhhkhkhhhhhhhkkhhkhhhkhhhkkhkkhkkhkkdhx*x

L
A .
() = Nz Brae’ ¥ e (t — 1) by (t — Ty) cos(wct — Oyy)

(5)
=1
A& &
r(t) = N Z Z Brie? e, (t — Ty by (8 — Tip) cos(w,t — Oy) (6)
k=1 1=1
(m+1)Tb
am = [ (@ + n©)et - n0) cos(oet - 0y de %
mTp
(m+1)Tp K L
z(m) = N f {Z Z Brae? ke (t — )by (¢ — T4) cos(w,t — Hkl)} c1(t — i) cos(wct — Oy )dt
mr, k=1 1=1
(m+1)Ty
+ f n(t) ¢, (t — 1) cos(w.t — By;) dt (8)
mTyp
(m+1)Ty L
zy(m) = N f {Z 3113jyllc1(t = 7)by (t — 74y) cos(w .t — 911)} c1(t — 74y) cos(wct — 6y,)dt
mTyp =1
A (m+1)Ty K L
+ N f {Z Z Brae? ke (t — )by (¢ — T4) cos(w,t — Hkl)} c1(t — 7qy) cos(w,t — By, )dt
mr, k=2 l=1
(m+1)Tb
+ f n(t)c, (t — 74y) cos(w.t — 6y,;) dt
mTp
= Zyy + Zipt Zp3 €))
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(m+1)Tb L

A

le—N

mTp =1

(m+1)Ty

L
A )
= mz Bre’" f cf(t = t1)by(t — 71)[1 + cos 2 (w .t — 6))]dt
=1

mTp

f Z Brie’Yiic, (t — 14;)by (t — 147) cos(wct — 61)) ¢y (t — Tqp) cos(w,t — B)dt

(10)

khkkhkkkkhkhkhkhkhkhkhkhhhhkhkhhhhhkhkhkhhhk sk hhhhkhkkkhhhhkhkhkhhhhhkhkhhhhhkhhhhhkhhkdhhrkhhhhhhdkhhdhrhkhkdhrrkhkhhhrrxd

Consider z; (10). Using the fact that the term c2(t — ty;)
represents the inner product of the first user-assigned code

ci(t) with itself, and choosing w. such that f, = le(n €Z),
we can show that z; reduces to:
L (m+1)Ty
A )
1 = Ez p1 e’ f by(t —1q) dt 11
=1 mTy

Assume that b, (t — 74;) = 1 in the period Tp. For a Gaussian
channel, number of paths L = 1. Consequently, there is no
multipath fading. Therefore, §;; = 1 andy,; = 0. With these,
we can show that for a Gaussian channel, the last equation
reduces to:

AT,

- (12)

Z11 =

Similarly, we can show that the interference term z, will
reduce to:

A K L
z _ elvki
12 = N B

(m+ I)Tb

f dyy dt b,

mTp

(13)

where dq, = ¢ (t —71)c, (t — T;), the cross-correlation
between the code sequence for user-1 and user-k. For a
Gaussian channel, L = 1, 8, = 1 and y,,; = 0, so that:

K (m+1)Tb

Z f dy dt .

mTp

(14)

Bit-error-rate (or
calculated using:

bit-error-probability) P. can now be

p=0| |2 b 0 211 |2
Noy Yo 4 |z,,)2
N 0o N 12
i
(2 = > (15)
m+
e ) S i dy dt |
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where E, is energy-per-bit and I, is interference term.
Equation 15 shows that BER depends on the codes cross-
correlation. For a single-user system, the interference term is
zero. Therefore,

P,(single user) = Q| (16)

This eguation shows that the performance of a single-user
system depends on code-length. Since the g-function Q is a
monotonically decreasing function, it implies that BER
decreases when N increases. For uncoded data transmission, N
= 1. Therefore,

=0 (,/Z(Ebzvo)u)

where E}f, P}*and (EbNo), respectively represent energy-per-
bit, bit-error-probability and bit-energy-to-noise-ratio for
uncoded data transmission.

[11. METHODOLOGY

To validate the mathematical model, direct software
implementation of the system equations was carried out. Bit-
error-rate curves and cross-correlation indices were generated
from the equations. The outcome was compared with results
of asimulation modd. Even- and odd-degree Gold codes were
generated for degree n = 5, 6, 7, 8, 9, 10, 11 and 12,
corresponding to N = 31, 63, 127, 255, 511, 1023, 2047 and
4095 respectively. Software simulations were carried out for
the transmission of typically about one million random QPSK
symbols through a Gaussian channel of zero mean and unit
variance Gaussian noise. Following signal recovery, original
transmitted data was compared with recovered data for the
determination of system bit-error-rate for the various sets of
codes.
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V. RESULTSAND DISCUSSION

A. Necessary condition

Equation 16 for bit-error-rate for a single user is a specia
case of (15). Therefore, correctness of (16) is a necessary
condition for the entire mathematical model to be valid. In the
treatment that follows, an attempt is hereby made to verify
this.

B. Analysis versus Smulation

Here the outcome of the analysis is compared with results
of software smulations for the codes. Figure 1 shows the
outcome. This figure shows graphs of BER for a single user.
The right-most curve on this figure is that of uncoded data
transmission. The figure clearly shows close agreement
between results of the analysis and simulation. The remaining
curves on the figure show performance for coded data
transmission for the various code lengths, for even as well as

odd-degree Gold codes. This figure shows that longer Gold
codes give better error-rate performance. This is expected
since process gain is a linear function of code length. On
Figure 1, the graphs on the left column shows results of
simulation, obtained by sending data samples (about one
million data samples) into the smulation model. The graphs
on the right column show results of analysis, obtained by
direct implementation of the system equations of Section II.
Clearly, this figure shows that the mathematical model agree
closely with simulation, thereby validating the former.

C. Multiple-access Performance

Validating the mathematical model for multiple users requires
a consideration of the codes cross-correlation index
(Equation 13 and 15). This is beyond the scope of this paper,
and will be treated in some other communications.
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Figure 1. Comparison of results of smulation and analysis for (a) even-degree codes and (b) odd-degree codes.
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V. CONCLUSION

This work presented a mathematical model for bit-error-
rate of gold codes in a spread-spectrum system. The model
was validated by comparing it with results of simulation
carried out for the system performance, and was found to
agree closely with the latter. Further work on the codes' cross-
correlation index and their multiple-access performance will
be presented in some other aspects of the work to be published
later.

AKNOWLEDGMENT

The author wishes to thank the North-West University for
supporting this work.

REFERENCES

[1] R. Prasad, CDMA for Wireless Personal Communications Artech
House, 1996, p. 386 p.

[2] A. J Vitebi, CDMA: principles of spread spectrum
communication. Addison-Wesley Pub. Co., 1995.

[3] A. J. Viterbi, "Spread spectrum communications: myths and
redlities," |IEEE Communications Magazne, vol. 40, no. 5, pp. 34-
41, 2002.

[4] T. M. S, x, oeu, and M. R. Inggs, "Fully Paralel Electrical

Impedance Tomography Using Code Divison Multiplexing,"
IEEE Transactions on Biomedical Circuits and Systems, vol. 10,
no. 3, pp. 556-566, 2016.

[5] X. Feng, H. C. Wu, Y. Wu, and X. Wang, "Kasami seguence
studies for DTV transmitter identification," IEEE Transactions on
Consumer Electronics, val. 58, no. 4, pp. 1138-1146, 2012.

[6] S. Kalita and P. P. Sahu, "An anti-jamming underwater
communication transceiver model using uncoordinated direct
sequence spread spectrum technique” in Electronics and
Communication Systems (ICECS), 2015 2nd International
Conference on, 2015, pp. 972-976.

[7] A. B. Mahmood and R. D. Dony, "Adaptive encryption using
pseudo-noise sequences for medica images" in Third

ISBN 979-11-88428-03-8

502

(8]

(9]

(10

(11]

(12]

International Conference on Communications and Information
Technology (ICCIT), 2013, pp. 39-43.

I. B. Oluwafemi and S. H. Mneney, "Review of Space-time
Coded Orthogonal Frequency Division Multiplexing Systems for
Wireless Communication,” |IETE Technical Review (Medknow
Publications & Media Pwvt. Ltd.), no. 5, pp. 417-426, 2013.

L. K. Bansal and A. Trivedi, "Comparative study of space-time
trellis code concatenated with space-time block code MC-CDMA
system," in |IEEE International Advance Computing Conference
(IACC '09), Piscataway, NJ, USA, 2009, pp. 1099-102: IEEE.

N. Kumaratharan, S. Jayapriya, and P. Dananjayan, "STTC based
site diversity technique for MC-CDMA system,” in International
Conference on Control, Automation, Communication and Energy
Conservation (INCACEC '09), 2009, pp. 1-5.

L. K. Bansal and A. Trivedi, "Performance study of space-time
trellis coded MC-CDMA system employing different detection
techniques," in 4th International Conference on Wireless
Communication and Sensor Networks (WCSN '08), Indore, India,
2008, pp. 137-140: Inst. of Elec. and Elec. Eng. Computer
Society.

L. K. Bansal and A. Trivedi, "Comparative Study of Different
Space-Time Coding Schemes for MC-CDMA Systems," Intl. J. of
Communications, Networks and System Sciences, vol. 3, no. 4, pp.
418-24, 2010.

Olanrewaju B. Wojuola obtained BSc
(Hons) in Applied Physics (Electronics)
from the University of Lagos, Nigeria,
MSc in Electronic Instrumentation Systems
from the University of Manchester Institute
of Science and Technology, and a doctorate
in electronic engineering from the
University of KwaZulu-Natal, Durban, South Africa He is
currently a Physics lecturer in the North-West University, South
Africa. He has research experience in eectronic instrumentation,
non-destructive testing and in wireless communication.

ICACT2019 February 17 ~ 20, 2019





