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ABSTRACT

PERFORMANCE OF CHANNEL CODING ON FREE SPACE OPTICAL
(FSO) COMMUNICATION LINK

ABOTABEK, Ammar

M.Sc., Department of Electronic and Communication Engineering
Supervisor: Prof. Dr. Yahya Kemal BAYKAL

Co-supervisor: Assoc. Prof. Dr. Orhan GAZI

August 2014, 33 pages

The average loss power and the channel fading are among the major challenges of the
free-space optical (FSO) communications through the turbulent atmosphere, resulting
in the bit-error-rate (BER) performance degradation, or even communication link
outage. For the same average received optical signal power, the degradation in BER
performance is strongly dependent on the fading statistics. This thesis investigates the
performance of channel coding to improve the FSO communication system
performance and the communication distance by mitigating atmospheric turbulence.
We derive a pairwise error probability (PEP) expression considering the recently
introduced gamma-gamma turbulence model and then we drive the upper bounds for
the bit-error probability for block codes through atmospheric turbulence channels,

considering the gamma-gamma model. Also we present numerical results for the BER
v



performance of different codes such as the Reed-Solomon (RS), Bose, Chaudhuri, and
Hocquenghem (BCH) and Hamming codes under different turbulence conditions

(weak, moderate, strong).

Keywords: FSO Communication, Channel Coding, Atmospheric Turbulence

Channel, PEP.
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SERBEST UZAY OPTIK (FSO) HABERLESME LiNKi UZERINDE KANAL
KODLAMA PERFORMANSI

ABOTABEK, Ammar
Yiiksek Lisans, Elektronik ve Haberlesme Miihendisligi Anabilim Dali

Tez Yoneticisi: Prof. Dr. Yahya Kemal BAYKAL

Es- Tez Yéneticisi: Dog. Dr. Orhan GAZI

Agustos 2014, 33 sayfa

Ortalama gii¢ kayb1 ve kanal sonlimlemesi, tiirbiilansli atmosferden dolay1 bit hata
orani (BER) performansinin bozulmasi, hatta haberlesme link kesintisine neden
olmasi, serbest uzay optik (FSO) haberlesmelerinin baslica zorluklar1 arasinda yer
almaktadir. Aynm1 ortalama optik sinyal giicii i¢in, BER performansindaki bozulma
sonlimleme istatistiklerine baghdir. Bu tez, atmosferik tiirbiilansi azaltarak FSO
haberlesme sistemi performansini ve haberlesme mesafesini gelistirmek i¢in kanal
kodlamasinin performansini incelemektedir. Yakin zamanda tanmitilmis gamma-
gamma tlirbiilans modelini degerlendiren ikili hata olasilig1 (PEP) ifadesinden yola
cikarak ve sonrasinda gamma-gamma modelini ele alarak, atmosferik tlrbilans

kanallar1 araciligiyla blok kodlari igin st sinir bit-hata olasiligi kullanilmistir. Ayni

Vi



zamanda, Reed- Solomon (RS), Bose, Chaudhuri, and Hocquenghem (BCH) ve
Hamming gibi farkli kodlar ve farkl tiirbiilans kosullar1 (zayif, orta, gii¢lii) i¢in bit

hata oran1 performansinin sayisal sonuglari sunulmustur.

Anahtar kelimeler: FSO Haberlesmesi, Kanal Kodlamasi, Atmosferik Tiirbiilans

Kanali, PEP.
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CHAPTER 1

INTRODUCTION

1.1. Motivation

A Free Space Optical (FSO) communication system is a form of Optical
Communication Technology, it is able to wirelessly function (using propagating light
in free-space) in order to transmit data for computer networking or

telecommunications.

FSO is known for its variety of uses that are associated with a wide range of
applications, these include for example safety addons for vital fibre networks, space
communications, temporary network installations, the last-mile solutions, LAN-to-
LAN connections, aircraft-to-aircraft communication and military applications [1-6].
There are many advantages to the FSO communication systems when compared to
fibre optics and other wireless communication systems such as radio frequency (RF),

these are:

e Greater bandwidth

e Advanced antenna gain

e Improved privacy

e Slighter antenna component sizes
e No digging

e Mobility possible

e The lasers used are eye safe

e Easy to install,

e Setup a link in a short time



e No interference

e Immunity to interference between links operating in different rooms
e High security

e Inexpensive component

e License-free operation [7-8].

However, there are many challenges associated with free space optical
communications, this involves the light that propagates through the free-space of the
unsettled atmosphere, because when this occurs it causes the wandering of the laser
beam and eventually it will face refractive indexes that will randomly fluctuate along
its path. These fluctuations will cause the beam to broaden and scintillation, will also
result in unplanned distortions in the wave-front and the stern line-of-sight is required

to have exact directing and occasionally a receiver at the tracking mechanisms [9-16].

There is an optical link to the weather conditions that is known to be susceptible
making it a highly important issue to be considered, especially the effects of aerosol
scattering that occurs as a result of all the seasons involving rain, fog, sand storm and
snow. These effects can cause a reduction in the range of linkage that is associated with
the loss of propagation in a non-clear atmosphere. In clear atmospheric conditions,
variations can be found along the transmission pathway of the air refractive index
because of the occurrence of solar heat and wind from the pressure and temperature of

inhomogeneities.

Both power loss that is received averagely (known as channel fading at the receiver
aperture) and power fluctuation that is received instantaneously are a result of all these
effects. Bit Error Rate (BER) system is increased with a decrease in reliability and
channel capacity are caused by power loss incorporation with fading. In addition to

this, intense communication outages may occur from deep power fades.

There are many solutions to power loss and moderate fading issues, one of these
solutions is dependent on the optical propagation domain by developing the FSO

communication channel. These are achieved by employing, for example, adaptive



optics, multiple aperture receiver, larger receiver aperture sizes and multiple aperture

transmitter [17-19].

A beam that is diverged slightly may be possibly used to decrease the deep fades for
beam wander induced optical power fading, though a disadvantage of using a diverged
beam is that it will consequence in a loss of the average received power significantly.
If the coherent radius is smaller than the diameter of the receiver aperture then the
fading level is reduced, since a larger aperture decreases the level of fading. This
process of optical scintillation is defined as aperture averaging, hence it is a vital reason
out of many when handling receiver apertures of large sizes for the application of direct
detection systems. Generally, larger receiver apertures have the ability of collecting
more optical signals with the reduction of channel fading, in addition to this further
background noise is collected. For that reason, the use of a receiver aperture of a large
size that is greater than or approximate to the size of the long term laser spot is
beneficial, because the loss of performance as a result of increased noise may not be

balanced.

A further solution is the application of channel coding for the achievement of reliable
and effective communication through the FSO fading channel. The channel capacity
is a number that is associated with every communication channel, its properties include
having the highest rate for transmitting information that can be achieved through the
channel with reliable communication. The channel coding is a necessary aspect in
order to approach the capacity of the channel ensured by the information theory, also
for the achievement of reliable information transmission for systems of modern
communication [20-22]. The improvement of the error rate performance can be
accomplished by the use of diversity techniques in corporation to error control coding

over FSO links.

The simplicity of the Log-normal distribution model allows it to be used for the
probability density function (PDF) of the irradiance, hence it is the most widely used
model for this purpose although it only applies to weak turbulence conditions [11].
Numerous scattering effects are to be considered with the increasing strength of

turbulence, where in some cases log-normal statistics can be found to display large
3



deviations when compared to experimental data. In addition, log-normal PDF has
shown to underestimate the behaviour of the tails in comparison to the results of the
measurement. The probabilities of fading and detection are based on the foundation of
the tails of the pdf, if this area is underestimated then the accuracy of the performance
analysis is affected significantly as a result. A variety of turbulence conditions can be
associated with the description of atmospheric turbulence channels, these have been
suggested over the years as statistical models along with many others because of the
limits that the log-normal model proposes. The log-normal channel, the I-K
distribution and the K distribution are the turbulence conditions that are involved [4].
Several researchers are known to use the gamma-gamma pdf for the modelling of
atmospheric turbulence as a manageable mathematical model [23-26]. The gamma-
gamma pdf model has suitability that designates both turbulence regimes, strong and
weak. This is a model with a two parameter distribution that is dependent on a doubly
stochastic theory of scintillation, while assuming that fluctuations of large-scale
irradiance control fluctuations of small-scale irradiance of the propagating wave, since
both of these are directed by independent gamma distributions. The gamma-gamma
pdf is directly linked to the conditions associated with the atmosphere proving a well

fitting for experimental data.

In this thesis, we consider the gamma-gamma pdf model and the (OOK) on-off keying
modulation, assuming that the receiver and transmitter alignment is perfect and
without the consideration of other effects for example the building sway. Furthermore,
the atmospheric loss that is related to the visibility is neglected, focusing on the
mitigation of the channel fading ascending from the scintillation. We study three kind

of codes, Reed-Solomon, Hamming and BCH codes.

1.2. Previous Work

Diversity technique in addition to error control coding are applied for the improvement
of the performance of the error rate. Error control coding has the ability to assist in
mitigating turbulence induced signal fading in the FSO communication system
through atmospheric turbulence. In [18], [27], the coded FSO links performance is

studied by the assumption of a log-normal channel model for the atmospheric
4



turbulence. This is specific to an approximate upper bound that is resultant for the PEP
for the coded FSO links with the intensity modulation/direct direction (IM/DD), this
provides the bit error rate (BER) with upper bounds on it with the use of the transfer
function technique. In [23]-[25], attention is focused on the gamma-gamma pdf
distribution for its exceptional fit with the measurement data of turbulence conditions
of a wide range of weak to strong. In [28], an investigation into the error performance
of coded FSO links by the assumption that OOK is controlled by the fading process
with gamma-gamma pdf distribution, convolutional encoding, Viterbi decoding and
the channel distortion by the addictive white Gaussian noise. An estimated PEP is
resultant for the coded FSO links with IM/DD. In this paper [28], a description can be
found on the obtainment of BER performance with the application of the transfer

function technique together with the resultant PEP expression.

In this thesis, we investigate the error performance of coded FSO links with the
assumption of OOK modulation and gamma-gamma pdf model. We derived an
approximate PEP for the coded FSO links and obtained the BER performance for block
codes (Reed-Solomon, Hamming and BCH codes) by using the transfer function
technique.

1.3. Aim of Thesis

The aim of this thesis is to evaluate the performance of channel coding in an FSO
communication system experiencing atmospheric turbulence. Three very popular
channel codings are to be considered for the aspect of this purpose that are regularly
active in optical communication systems: Reed-Solomon (RS) codes, Hamming codes,
and BCH code. We reflect on a realistic statistical channel model that has lately been
suggested for the optical wireless systems, including the gamma-gamma model. A
comparison will be undergone on the performance of the system depending on the

average BER for the various coding schemes and various turbulence conditions.

1.4. Thesis Outline

The organization of the thesis is as follows:



In Chapter 1, The Introduction, Motivation, Previous Work and the

Aim of thesis is provided.

In Chapter 2, Background review and channel characteristics are

presented.

In Chapter 3, PEP derivation for FSO communication systems with

OOK are presented.

In Chapter 4, The derivation of the upper bounds on the bit-error
probability of the codes are presented and a brief analysis of the three
channel coding techniques that are considered in this thesis (RS, BCH

and Hamming) are given
In Chapter 5, Numerical results and BER performance to compare the
performances of the suggested coding schemes under various codes and

different turbulence conditions are presented.

In Chapter 6, Conclusion and future work are given.



CHAPTER 2

BACKGROUND REVIEW

FSO communication system is the transmission and the reception of information
through free space medium. There are three basic components that comprise all
communication systems which are the receiver, the channel and the transmitter. The
transmitter is comprised of an encoder and a modulator. Its function is to encode the
information bits, often with an error-correction code, and convey that information with
an optical wave. FSO systems are capable of transmitting several gigabits of
information per second along line of sight paths through the turbulent atmosphere.
Other attractive attributes of FSO communication systems include lower mass, power,
and volume compared with conventional radio frequency (RF) systems, and a narrow-

beam with high gain, which means a more secure channel.

2.1. Optoelectronic Components

FSO communication system component contains light emitting devices such as lasers

and light emitting diode (LED) in the transmitter and photodetectors in the receiver.

2.1.1. In the Transmitter

They are two kinds of light emitting devices, these are light emitting diodes and laser
diodes. A laser diode (LD) is a semi-conductor that is electrically pumped, the active
medium is produced by a p-n junction of the semiconductor diode. An LD is a more
modern form of technology which has developed from underlying LED fabrication
techniques. LED is a two lead semi-conductor light source that is similar to a simple
pn-junction diode, hence when activated this property enables it to emit light. The

speed of operation between LED and LD is the key advantage of LD over LED. The
7



modulation bandwidth of LD is up to tens of GHz and for LED the modulation
bandwidth is up to hundreds of MHz but the LD must be rendered eye safe, and is

more expensive than LED.

2.1.2. In the Receiver

Solid-state devices that undergo the inverse operation of the light emitting devices are
called photodetectors and may also be known as photodiodes. They have the ability to
convert electrical current from incident radiant light. There are two kinds of
photodetectors, p-i-n photodiode and avalanche photodiode. Avalanche photodiode is
a popular and widely used detector because of its small portable size, relatively low
cost, good responsivity and high accuracy. A p-i-n photodiode works by mostly
generating one electron-hole pair per photon while avalanche photodiodes function by
providing a gain that is associated with the generated photocurrent. The modulation
bandwidth of avalanche photodiode is from hundreds of MHz up to tens of GHz, and
for p-i-n photodiode it is from tens of MHz up to tens of GHz. Also p-i-n photodiode
is lower cost when compared with the avalanche photodiode [29].

2.2. Free Space Optical Channel Topologies:

There are three popular FSO channel topologies:

2.2.1. Point-to-Point Links

When there is an unobstructed hence direct path between a receiver and transmitter
then the point-to-point FSO link is operated. The link is recognised when the
transmitter is leaning towards the receiver. The point-to-point topology is known as
low complexity, this means that in order for it to accomplish high data rate links there
are pointing requirements and the expense of mobility. Therefore, pointing is an
essential requirement of this link topology, and also it has blocking and shadowing
sensitivity, these are the main limitation associated with this link topology. Point-to-
point wireless optical links have been employed in an extensive variety of long-range

and short-range applications. Point-to-point link can be employed in the long range
8



outdoor optical link, where a multi-gigabit per second transmission is possible over
4km [29]. There has been a consideration of ultra-long range point-to-point links for

earth-to-space communications.

2.2.2. Diffuse Links

Pointing and shadowing problems of point-to-point links can be eased by diffuse
transmitters that radiate optical power above a varied solid angle. The radiant optical
power is presumed to reflect from the room surfaces, therefore the transmitter is not
required to be pointed at the receiver. This makes it affordable for user terminals to
have an extensive amount of mobility at the cost of a path loss that is high [29]. Diffuse
links encounter a high path loss however they provide a large level of robustness and

mobility.

2.2.3. Quasi-Diffuse Links

Quasi-diffuse links are made up of features of both diffuse links and point-to-point
links. The transmitter lightens up the ceiling with a sequence of beam sources
diverging slowly, this illumination on the ceiling creates a grid of spots [29]. They are
responsible for higher data rates by making it necessary for users to point their
receivers to the ceiling, although this causes the encountering of greater implantation

cost as a result of the multi-beam transmitter.

2.3. Wavelength Choice

A large number of FSO users have been using the 780-850 nm near infrared spectrum
because of reasons due to cost. Nonetheless, the fibre-optic telecommunication
industry has chosen the 1550nm band, since it is of a higher suitability for optical
wireless. Compared to the 780 nm band the 1550 nm band can transmit more power
and is safer for human eyes because of the properties of the human eye. Another
difference is that the 1550nm band has a power density that is approximately fifty
times safer than the 780nm band [30].



2.4. Intensity Modulated Direct Detection (IM/DD) Systems

The most frequently used system in free space optical communication system is the
IM/DD. In free space optical systems, the intensity of an optical source is modulated
to transmit the signals. The intensity of the light wave is modulated based on the
information signal. This technique is simple because the intensity modulation (IM) can
be accomplished via the variations of the bias current of an LD or LED. The simplest
configuration that can function for the detection of an intensity modulated signal is
known as direct detection (DD). A photocurrent is generated by a photodetector in a
DD receiver that is proportional to the rapid optical power received. The most well-
known scheme used in free space optical communication systems is the OOK scheme
[29-30]. An advantage of this scheme is that they usually have inexpensive

implementations and simple. We only present a brief review of OOK.

2.4.1. On-Off Keying

OOK is a common modulation scheme in free space optical communication system.
Also OOK is the simplest type of binary modulation. In an active high OOK encoding,

a “1”is coded as a pulse, while a “0” is coded as no pulse or off field, as shown in Fig.
1.

- 0 | o | 10 | 1

(On-Off Keying ) L _H H_ H

Figure 1: Basic OOK signal

OOK is an appropriate modulation scheme for high bit rate FSO systems [32] due to
its simplicity and the ability of LD/LED to switch on and off at rates into Gbit/s.

10



2.5. Probability Density Function (PDF) System Models

The performance of free optical communication system can be severely degraded by
turbulence induced fluctuations in the received signal, known as scintillation.
Scintillation can result in the loss of the received power or fading of the signal under
a prescribed threshold [30]. The reliability of an FSO system can be deduced from a
mathematical model for the pdf of the fluctuating signal [30].

Many pdfs have been suggested as models for the function of distribution for the
irradiance fluctuations. Here we present a brief review of two pdf models that are seen
as the models with the broadest acceptance in the gamma-gamma pdf, the lognormal

pdf and the literature.
2.5.1. Lognormal PDF Model

The lognormal pdf is usually approved as a representative model for irradiance
fluctuations in the scintillation regime that is weak. The expression for the lognormal

distribution is used in this study, it can be found in [31].

2

1
l I A 21
P(I) = ———exp —[n( ) +70h] , >0  (21)

2
I 2naf, 20(n;

where of,; is the log-irradiance variance. In the weak scintillation regime the

scintillation index a7 is approximately equal to o7, , where

ofr = In(af +1) (2.2)

2.5.2. Gamma-Gamma PDF Model

The PDF model gamma-gamma appropriately describes weak and strong turbulence

regimes [24-26]. In this model, the scintillation that induces the intensity fluctuation
11



is modelled is a process where the small scale (also known as diffractive) intensity
fluctuations are multiplicatively controlled by large scale (also known as refractive)
fluctuations [24-26]. Let us denote the large- and small-scale irradiance fluctuations
by I and I, in turn. I, and I, are expected to be statistically independent and
designated by a gamma distribution. Depending on these expectations, the intensity
fluctuation / = I, 1,, has a gamma-gamma pdf with the probability density function as

follows

(at+p)
2 a+p
f() = %IT*M — B(2+/apI) (2.3)

where K, (.) is the modified Bessel function of the second kind of order a. Here, a and

p are the effective number of large scale and small scale eddies of the scattering

environment.
-1
0.49x2
a = |exp — 1 (2.4)
(1 +0.18d2 + 0.56x /s)
12\ /s -
0.51x2 (1 +0.69x /s)
B =|exp -1 (2.5)

5/
(1 +0.9d2 + 0.62d2x12/5) 6

2\ Y/
where x2 = 0.5C2k"/sL""/6 and d = (%) ’ Here, k = ZTTT is the optical wave

number, 4 is the wavelength, D is the diameter of the receiver that collects the lens
aperture and L is the link distance in meters. CZ Represents the index of refraction
structure parameter and is altitude-dependent. Numerous C2 profile models are present

in the literature, one of which is given as

C2 = 0.00594(v/27)2(10~5h) exp(h/1000) + 2.7 X 10~¢ exp(—h/1500) +
Aexp(—h/1000) (2.6)

12



where v is the rms wind speed in meters per second (m/sec), 4 is the altitude in meters
(m) and 4 is a nominal value of C2 (0) at the ground in m ™ */3. For FSO links near
the ground, C? can be taken at an approximate of 1.7 X 10~ 4m™%/3 during daytime
and 8.4 x 1075m /3 at night. Overall, C2varies from 10~5m /3 for strong

turbulence to 10~17m /3 for weak turbulence with 10~15m~*/3 often defined as a

typical average value [26].

13



CHAPTER 3

DERIVATION OF PAIRWISE ERROR PROBABILITY (PEP)

The pairwise (PEP) represents the probability of detecting the coded sequence € =
(6,65, ..., Ey) when C = (¢4, €3, ..., €y) indeed was transmitted. We consider IM/DD
links using OOK. Following [27], we assume that the noise can be modeled as additive
white Gaussian noise (AWGN) with zero mean and variance N,/2 , independent of
the on/off state of the received bit. Under the assumption of perfect channel state

information (CSI), the conditional PEP with respect to fading coefficients is given as

[27].

e(C,0)
2N,

P(c,C) = jo OOF(I) Q dal (3.1)

where € (C,() is the energy difference between two codewords and Q(.) is the
Gaussian-Q function. Since OOK is used, the receiver would only receive signal light

subjected to fading during on-state transmission. Thus, we have

. o E;
P(C,C)zfo F(DQ Z_NOZI’% dl (3.2)

ken

where Q is the set of bit intervals’ locations where C and € differ from each other and

E is the total transmitted energy. Defining the signal-to-noise ratio as T = E5/N, and

—x2

using the alternative form for Gaussian-Q function, Q = (i) ) 0211 exp ( ) do we

sin2 @

obtain
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2]

P(c,C) = ) f(I)dI] ae (3.3)

A~
\Nl:l

[

F () is the pdf for the gamma-gamma channel given by Eq. (2.3). Direct use Eq. (2.3)
in Eq. (3.3), yields an expression which does not have a closed form solution
unfortunately. To get around with this, we exploit the fact that the underlying
distribution is a conditional gamma distribution with its mean u following again a

gamma distribution, and rewrite Eq. (3.3) as

HURETS P

The inner expectation in Eq. (3.4) for the gamma-gamma channel gives

o 1
P(c,C) ==

o — iy

£ fexp (=) = Iﬁ rorp (=T 2P\ 4 (3.5)
/u 4 sin26 uﬁl"(ﬁ) 4sin20 u '

Using the result from [28, Eq. 3.462.1, p. 382], i.e.

joz"‘lexp(—az2 — bz)dz = (2a)™V/*T' (v)exp <b_2> D (L> (3.6)
) 8a) V\\V2a

where Dp () is the parabolic cylinder function, we obtain

-B

T I? BF( 11 \?2 B?sin?6 J2B
EI/ [e p( 4m> _,u_ﬁ<2 Sin2> exp<W>D_ﬁ <ﬁsm0> (37)

Since the operation of expectation over u required in Eq. (3.4) does not yield a closed

form, we resort to the asymptotic expansion of the parabolic cylinder function given
as [29, Eq.19.9, p.689].
15



( )(Z) = ﬁf(%%)exp (— (\/5 + 1—16a_%>z — 0(22)> (3.8)

where 0(z™) represents the terms with power equal or higher than n. The above holds
for z? < a and this condition is easily satisfied in our case for high SNR values.

Replacing the asymptotic expression in Eq. (3.7) and using the resulting expression in

Eq. (3.4), we have Eq. (3.9).

T
2 o0
o1 B \2sinf
P(c,C) == cl‘i'eﬁj a~6-1gp | — g — 2 1
()nf[f(sm)u exp| —au = 2 —=—u
0 0
12|
— 02 |du| de (3.9)
where
v a®ph
cl= B+ 1
rer (852

3
’ 1 1 1\ 2
c2=p ﬁ_E+E('B_E) (3.10)

The inner integral can be solved with the help of [32, Eq. 3.471.9, p. 384]
r 1 NG
f zV " texp (—az — b;) dz =2 (a) K, (2Vab) (3.11)
0

a > 0, b > 0. This yields the final form for PEP as Eq. (3.12), It should be emphasized
that Eq. (3.12) is an approximation since the higher order components in the

asymptotic expansion of the parabolic cylinder function are neglected.
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% a-f a+f 2]
P(C,C) =~ f 25 1(C2) : (Sine) K| 2% [ZON 4 312
) - T c a \/? a—ﬁ \/; ( . )
0

We plot in Fig. 2, the approximate derived PEP given by Eq. (3.12) for an error event
of length 3, i.e. |Q2|=3, using different links distances L1= 3000, L2= 4000, L3= 5000
which correspond to x? = 1.031, x5 = 1.747, x3 = 2.63, respectively. at

wavelength A = 1550 and C2 = 1.7 X 10714,

- —6— L= 3000m
U —— L= 4000m [
| —— L= 5000m |

0 5 10 15 20 25 30
SAR (dB)

Figure 2: Comparison of the derived PEP in different link distances
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CHAPTER 4

ERROR-PROBABILITY BOUNDS FOR CODING SCHEME

By using the approximate derived PEP codeword-error, we can compute the error
probability for coding scheme. In this chapter, we consider block codes. We derive
upper bounds on the bit-error probability of RS codes, BCH codes and Hamming
codes. For block code (n, k) with a set of codewords {Co, Ci, ...,Czk_l}, where C,

denotes the all-zero codeword, the average bit-error probability upper bound is, [27].

2k_q

1
E[P,] < o Z B;E[P.(C;, Co)] (4.1)
j=0

where B; is weight distribution of MDS codes of the information sequence

corresponding to codeword (;,

r—=dmin

B; = (7) ZO (—1)"(][:) (q/~dmint1=t — 1) (4.2)

By using Eq. (4.2) in Eq. (4.1), we have final Eq. (4.3).

2k_1 r=dmin _
sel =5 () Z ! (1) (gtmni- 1) E[R(G,C)] (43)
j=1 1=

4.1. Review of Channel Coding Techniques

This section presents the three channel coding techniques that are considered in this

18



thesis, RS code, BCH code, and Hamming code. Since they are popular and traditional

channel coding techniques then a brief analysis is presented.

4.1.1. Reed-Solomon Codes

Reed—Solomon (RS) code are non-binary cyclic error-correcting codes, RS codes are
associated to the family of linear block codes and one of the most important class of
MDS codes [31]. They are generally applied in data transmission systems that are
submitted to destroy errors such as satellite communications. Furthermore, RS code

differs from Hamming code in that it encodes groups of bits instead of one bit at a time.

Block length: n=q-—1
Information length: k=n—-r=n-2t
Minimum distance: Adpin=n—k+1=2t+1

4.1.2. BCH Codes

The BCH codes are binary cyclic error-correcting codes. An essential property of BCH
codes is that in code design there is specific control on the number of symbol errors
that are correctable by the code, this is specific to the possibility of the designing of
binary BCH codes that are able to correct multiple bit errors. The facilitation of the
decoding of BCH codes is an advantage, since they are named by syndrome decoding
which is an algebraic naming method. The use of low-power and small electronic
hardware enable the simplicity of the design of the decoder for these codes [31]. BCH
codes are applied in applications such as satellite communications making it applicable

to random signal errors.

Block length: n=2m-1
Information length: k=2"—-1—-r=n—-mt
Minimum distance: Amin = 2t + 1
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4.1.3. Hamming Codes

Hamming codes are still widely used in computing, telecommunication, and other
applications including data compression. The hamming codes are associated as a
family of linear block error-correcting codes, these are able to correct one-bit errors or
detect a maximum of two-bit errors minus the detection of uncorrected errors [31].
When contrasting, the parity code and its simplicity is unable to correct errors and may
only sense and odd number of bits in error. Hamming codes are known as flawless
codes, since they are able to accomplish the highest rate possible for codes with their

minimum distance and block length available.

Block length: n=2Mm-1
Information length: k=2"—-1-m
Minimum distance: Adpin =2t+1=3
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CHAPTER 5

NUMERICAL RESULTS

In this chapter, we present the numerical results we obtained from the derived
approximate error probability upper bounds given by Eq. (4.3) to evaluate the
performance of some practical codes and compare the error probability with and
without codes. Also we show results to compare the performances of the error
probability under different codes and different code length (Hamming, Reed-Solomon

and BCH) and turbulence schemes (weak, moderate and strong).

We study each code separately, starting from Hamming, Reed-Solomon to BCH codes.
We consider FSO communication system operating over the gamma-gamma
distribution at the wavelength 2 = 1550 and C2 = 1.7 x 101*, which is a typical
value of refractive index structure constant for FSO links near the ground during
daytime. Therefore we evaluate for each code (Hamming, Reed-Solomon and BCH)
the BER performance over different link distances L1 = 3000m, L2 = 4000m, L3 =
5000m and different which correspond to xZ = 1.031, x% = 1.747, x5 = 2.63,
respectively. After that we plot all codes (Hamming, Reed-Solomon, BCH) in one

figure for each atmosphere turbulence (weak, moderate, strong).

5.1. BER Performance for Different Channel Coding

5.1.1. Hamming Code

First we study the Hamming (7, 4, 3) code as provided in Fig. 3. Here, we plot Upper
bounds BER performance versus average SNR over different link distances of 3000
m, 4000 m and 5000 m. Comparing with the no-coding case, we notice that the BER

performance with coding is improved for each link distance.
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In Fig. 4, we plot the Upper bounds BER performance for different Hamming code
length, namely (7, 4, 3) and (15, 11, 3) with A = 1550 ,x% = 1.747 and C2 = 1.7 X
10* in order to compare with the no-coding case. It is seen that the BER performance

is improved much better when the code length is increases to (15, 11, 3).

—¥—Hamming {7 4 3), L=5000
10" § —%—Hamming (7 4,3), L=4000
—HB—Hamming (7 4 3), L=3000
1™ | ——Without Code, L=5000
—+—Without Code, L=4000
o] —9— Without Code, L=3000

0 2 4 B 8 10 12 14 16 18 20
SNR{dB)

Figure 3: Upper bounds on BER performance for Hamming (7, 4, 3) code over

different link distances compared without code case.
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—¥—Harnming (7 4.3)
—G— Hamming (15,11,3)
— Without Code
] 10 15 2 2
SNR(dB)

-25

Figure 4: Upper bounds on BER performance for Hamming code in different code

lengths (15, 11, 3) and (7, 4, 3) compared with no-coding case.

5.1.2. Reed-Solomon Code

In Fig. 5, we plot Upper bounds BER performance for Reed-Solomon (7, 5, 3) code as
compared to the no-coding case over different link distances. We notice that the
performance started getting better than the no-coding case at SNR >18dB for
L=3000m, >19dB for L=4000m and >20dB for L=5000m. Also we plot the BER
performance for different Reed-Solomon code length (15, 9, 7) and (7, 5, 3) and
compared them with the no-coding case in Fig. 6. Here our aim is to show the effect
of the increases in the code code length on the BER performance. It is seen that the
BER performance increases much better in (15, 9, 7) as compared to the (7, 5, 3) case.

In Fig. 6, A = 1550 ,x% = 1.747 and C2 = 1.7 x 101* .
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10 ! ! ! . i

' ' © | —+—Rs[ 53, L=5000
\ . = : - | ——R3F53), L=40m
0 F ; TR e ag 69 (=300

——Without Code, L=5000
—B—Without Code, L=4000 |

5 10 15 0 5 k]
SNR{dB)

Figure 5: Upper bounds on BER performance for Reed-Solomon code (7, 5, 3)

over different link distances compared with no-coding case.
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Figure 6: Upper bounds on BER performance for Reed-Solomon code (15, 9, 7) and

(7, 5, 3) compared with no-coding case.

5.1.3. BCH Code

In Fig. 7. we plot the average BER performance for BCH (7, 4, 3) code over different
link distances and compare these results with the no-coding case. Our purpose is to
show the effect of BCH code on the BER performance. We find that the BER
performance becomes much better as compared to the no-coding case. We show in Fig.
8, the effect of the increases in the code length on the BER performance. It is seen that
the BER performance increases much better in BCH (15, 7, 5) as compared to (7, 4,
3). InFig. 8, 2 = 1550,x% = 1.747 and C2 = 1.7 x 10%*,
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—¥—BCH (7 4,3), L=5000
10" § —#—BCH {7 4,3), L=4000
—HB—BCH (7 4,.3), L=3000
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—+—Without Code, [=4000
0] —©— Without Code, L=3000

0 2 4 B 8 10 12 14 16 18 2
SNR(dB)
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Figure 7: Upper bounds on BER performance for BCH code (7, 4, 3) over different

link distances compared with no-coding case.
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——BCH (157 5)
—Without Code

0 5 10 15 20 2%
SNR({dB)

Figure 8: Upper bounds on BER performance for BCH (15, 7, 5) and (7, 4, 3)

compared with no-coding case.

5.2. BER Performance for Different Turbulence Conditions

In section one of this chapter, we study the BER performance for each code separately
in different link distances and different code values. In this section we plot the BER
performance for all codes on different turbulence conditions to compare the

performance of BER values for codes with different turbulence conditions.

We consider three typical cases of turbulence conditions, weak, moderate and strong.
For this purpose, we set x5 = 0.5, C2 =8.6 X 10715 |0 =4.62, f = 4.24 for weak
turbulence, x? = 1.727,C2 = 1.7 x 107* a =4, B = 2.56 for moderate turbulence
and x3 = 5.3,C2 =89 x 107 a=2.14, B = 1.21 for strong turbulence. Also, we
took the wavelength to be A = 1550, the link distance as 3000 m and the code lengths

for the Hamming (15, 11, 3), RS (15, 9, 7) and BCH (15, 7,5).
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In Fig. 9, we plot upper bounds on BER performance for all codes on weak turbulence
condition. The values chosen in Fig. 14 are A = 1550, x2 = 0.5 , C2 =8.6 x 107 %°
, L=3000 m , a =4.62, [ = 4.24. Here, a and S are the effective number of small
scale and large scale eddies of the scattering environment. It is seen that the coding
channel increases the BER performance as compared to no-coding case, and the
performance of the Hamming code is found to be better than the performances of the

BCH and Reed-Solomon codes.

In Fig. 10, we plot upper bounds on BER performance for all the codes in moderate
turbulence condition. Here, 1 = 1550, x5 = 1.727, C2 = 1.7 x 1071* | L= 3000
m,a=4, f =2.56are used. It is seen that the coding channel increases the BER
performance when compared to the no-coding case. It is also observed that the
performance of the Hamming code is better than the BCH and the Reed-Solomon
codes. The performance of BER in moderate turbulence is worse than the performance

in weak turbulence.

In Fig. 11, we plot upper bounds on BER performance for all the codes in strong
turbulence condition. Here , A = 1550, x5 = 5.3,C2 =8.9 x 107, L=3000, 0. =
2.14, p = 1.21 are used. Again, it is observed that the coding channel increases the
BER performance as compared to the no-coding channel, and the performance of the
Hamming code is found to be better than the BCH and the Reed-Solomon codes. The
performance of BER is further decreased when compared to the BER performance in
weak and moderate turbulence. To summarize, the performance of BER changes with
the turbulence conditions, and whenever the turbulence strength becomes stronger, the

BER performance become smaller.
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Figure 9: Upper bounds on BER performance on weak turbulence condition.
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Figure 10: Upper bounds on BER performance on moderate turbulence condition
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1. Conclusion

In this thesis, we have studied the coding channel performance on FSO communication
systems operating over atmospheric turbulence channels. The turbulence is modeled
with gamma-gamma pdf. Unlike the classically used log-normal pdf which is only
accurate for modeling the weak turbulence, the gamma-gamma channel model works

for a variety of turbulence conditions, weak, moderate and strong.

We first derived the pairwise (PEP) codeword-error probability for atmospheric
turbulence channels with OOK. Then we derived the error performance bounds for
various coding schemes through atmospheric turbulence channels, including the Reed-
Solomon code, the Hamming code and the BCH code. We performed a comparative

study of the performances of different channel coding techniques.

We plot the BER performance for each code separately in different link distances and
different code lengths. We found that the BER performance gets much better when
compared to no-coding case. Also we observe that the BER performance is improved
when the code length is increased. Another conclusion is that the Hamming code shows

better BER performance as compared to the BCH and the Reed-Solomon codes.

We then plot the BER performance for all the codes at different turbulence strengths,
namely weak, moderate, strong regimes. The performances of BER when there is
coding are compared with different turbulence conditions. The performance of BER is
found to change with the turbulence conditions so that as the turbulence strength is
increased, BER performance becomes less.
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6.2. Future Work

In this thesis, we have investigated the channel coding performance on FSO
communication system by using block codes (Reed-Solomon, BCH, and Hamming).
Our future work is to study the channel coding error rate performances by using other
kinds of codes and different techniques such as the multiple-input multiple-output
(MIMO) systems in FSO and underwater optical communication systems. In addition,

we intend to investigate the error rate performance over hyper RF-FSO links.
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