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Preface

This report on “Stochastic modelling and analysis of hybrid FSO/RF terrestrial communication systems" is

prepared under the guidance of Dr. Swaminathan R..

In this report, 1 have written elaborately about the analysis of terrestrial hybrid FSO/RF system using various
performance metrics like outage probability and average symbol error rate. In particular, the switching
scheme of the hybrid FSO/RF system, namely, adaptive combining, has been analysed in this report. | have
also included the asymptotic analysis of this scheme. Finally, | have also written about the results obtained
from the derived expressions using various plots and figures. | have tried my best to explain the content in a

concise yet profound manner.
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Abstract

Radio frequency (RF) is predominantly used in most of today’s wireless communication systems. But this
frequency band will not be able to meet the growing demand for higher data rates and bandwidth. Free space
optics (FSO) systems can serve as a good alternative to RF systems as they offer high data rates and are
easily deployable. But, these systems are vulnerable to fog and haze. This drawback is rectified using a back-
up RF link. Such FSO systems with a back-up RF link are called hybrid FSO/RF systems, which provide
better performance than single-link FSO systems. FSO links are also susceptible to pointing errors. These
systems are characterized by the switching schemes they employ. Some of the switching schemes include

hard-switching and adaptive combining.

This thesis is concerned about the analysis of adaptive combining using performance metrics like outage
probability and average symbol error rate (SER). The theoretical closed form expressions of outage and
average SER of adaptive combining are derived with and without pointing errors. These expressions are
validated using Monte-Carlo simulations. Asymptotic analysis of the derived expressions has also been
carried out along with the determination of diversity order. The performance of adaptive combining has been
compared with that of hard-switching and single-link FSO systems. The results show that adaptive
combining provides better performance compared to hard-switching and single-link FSO.
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Chapter 1

Introduction

The advent of wireless communication systems is one of the most important advancements in modern
technology. It has found uses in many sectors, owing to its sophistication, at an unprecedented rate.
Most of the wireless systems used today are at their core RF (Radio-Frequency) technologies. But
the RF band of the electromagnetic spectrum has limited capacity. The rate at which data is being
consumed around the world is increasing. This means that the supply of sub-bands of RF will fall

short in the near future.

Optical Wireless Communication (OWC) refers to transmission in unguided propagation media
through the use of optical carriers [1] in visible, infrared (IR) and ultraviolet (UV) frequency band.
One of the categories of OWC is the outdoor terrestrial OWC. This has been called Free Space Op-
tical (FSO) communication in the literature. One of the advantages FSO offers over RF is that it
doesn’t require any license fees because it operates at a frequency of the order of 300 GHz, which
is unlicensed. Furthermore, FSO offers higher data rates as well as bandwidth compared to RF. In
comparision to fibre optic cables, FSO offers greater immunity to electromagnetic interference due
to spatial confinement using narrow laser beams [1]. Also, the costs of installation of FSO are lesser

than that of fibre optic networks [2].

An FSO communication system transmits information by modulating the data onto an optical
carrier. The data bits are first encoded then modulated. The carrier passes through an amplifier to
enhance its optical intensity. The optical carrier is then radiated through the atmosphere to the target
destination. At the reception, a photo-detector senses changes in the optical intensity of the received
beam to decode information. Such systems are called Intensity Modulation Direct-Detection (IM/DD)

systems. The received beam consists of several noises like transmitter noise, thermal noise and photo-
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current shot-noise. The received noise is modelled as additive white Gaussian noise (AWGN).

The reliability of FSO links depends on atmospheric conditions. These are particularly vulnerable
to fog, haze and scintillation; in the presence of which their performance declines [2]. An innovative
solution to this shortcoming is the utilisation of another RF link as a back-up link to the FSO link.
Under fog and haze, RF can be activated as per a switching scheme to ensure optimum performance.
Under rain and snow, FSO can be used as usual. Such a system that uses RF link to enhance and
preserve the performance of FSO link is called a hybrid FSO/RF system. A hybrid system enables in
saving costs when compared to an only-FSO based system [2] and is easier to integrate in the existing

communication infrastructure.

1.1 Literature survey

The basic channel modelling of FSO link begins by taking into account atmospheric-turbulence-
induced fading, which happens when the optical power of the FSO link is affected due to solar heating
and wind [2]. This has been modelled using Gamma-Gamma distribution [3]. The small scale fading
in case of RF link has been modelled using Nakagami-m distribution [4]. The channel modelling of
FSO can be extended to take into consideration effects like pointing errors and atmospheric losses.
Pointing errors crop up due to divergence of the beam while propagating through atmosphere. These
errors become particularly important in long link distances. Atmospheric losses occur when pollu-

tants, dust, aerosol etc. scatter the optical beam and hence attenuate the optical power.

The switching scheme of a hybrid system is an important aspect that decides the system perfor-
mance. One of the proposed switching schemes involves switching between FSO and RF in a com-
plementary fashion, wherein only one of the links is active at any point of time depending upon the
atmospheric conditions [5]. However, this scheme involves frequent hardware switching. In [6], the
performance analysis of various diversity-combining-based FSO/RF systems has been investigated.
Here, both FSO and RF links transmit simultaneously all the time. The drawback here is that RF stays
active even when the FSO link has good transmission quality which means that the RF trasmission
power is wasted in this scenario. In addition, the data rate of FSO link is also reduced to that of RF

link due to diversity combining employed at destination.

A promising switching scheme has been proposed by Tamer et al. [7]. According to the scheme,
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only the FSO link stays active as long as its instantaneous Signal-to-Noise Ratio (SNR) is above a
switching threshold. When the instantaneous SNR of FSO link drops below the switching threshold,
the RF link is also activated and both the links are then combined at the reception through Maximal
Ratio Combining (MRC). This technique is called adaptive combining. This scheme circumvents all

the drawbacks of the previously discussed switching schemes.

1.2 Motivations

The motivations behind the proposed work are as follows:

e The analysis of adaptive combining is restricted only to outage probability [7] to the best of our
knowledge. Also, the final expressions derived for outage probability are complex and there is

a scope for simplification.

e To the best of our knowledge, no research has been done on the average symbol error rate
(SER) of adaptive combining. Average SER analysis of MRC-based FSO/RF system has been
investigated [6], but only an approximate expression for average SER has been derived. Also,
there are no prior works on outage & SER analysis of adaptive combining taking pointing errors

& atmospheric losses into account.

e This project aims to carry out rigorous analysis of a hybrid FSO/RF system which employs
adaptive combining and derive exact expresssions for average SER and outage probability with
and without pointing errors & atmospheric losses. In addition, asymptotic analysis has also

been carried out to obtain the diversity gain of the proposed system.

e There is also a need to determine a range for switching threshold for optimum performance of

the hybrid FSO/RF system.

1.3 Contributions
The contributions of the proposed work are given as follows:

e A part of the outage probability expression derived in [7] has been simplified to an expression
involving single summation as opposed to the expression involving triple summation in [7].
Using single link FSO system and the switching scheme in [5] as benchmarks, the system

performance under adaptive combining is also studied.
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Exact expressions of outage probability and average SER have been derived for adaptive com-

bining scheme with and without pointing errors.

Asymptotic analysis has been carried out for expressions of both outage and average SER and
diversity gain has been obtained for both the cases of adaptive combining, i.e. with and without

pointing errors.

A constraint on setting an optimal switching threshold with respect to outage probability has
also been worked out. This has been achieved by plotting outage probability as a function of

switching threshold.

The effect of atmospheric attenuation due to different weather conditions on the system perfor-

mance has also been investigated.



Chapter 2

System model of hybrid FSO/RF system with

adaptive combining

In this chapter, we look at the system and channel models that will be used to derive the outage

probability and average SER expressions in the coming chapters.

2.1 System model
For RF and FSO we use the following expressions, respectively, for the received baseband signal

y1[k] = hlk|x[k] + n1[k], (2.1

y2[k] = I[k|x[k] + na K], (2.2)

where x is the input signal, n| & ny are additive white Gaussian noises, y; & y; are the received
signals, & is RF channel gain and / is FSO channel gain. Here, we assume both the links to be slow
flat fading links and also that we have the channel state information (CSI) of the links. In the hybrid
system, we use FSO and RF links that are activated according to adaptive combining scheme. In this
switching scheme, we keep the FSO link active throughout but the RF link is activated only when
the instantaneous SNR of FSO link (Yrso) is less than a switching threshold (7). In this case, the
activated RF link is combined with the FSO link using maximal ratio combining (MRC) (as shown in

Fig. 2.1). The combining rule for MRC is given by

1 2
YMRC = \/YRF RS +V/VFso 22 (2.3)
On, On,

where yyre 1s the output signal after MRC, yzr is the instantaneous SNR of RF and ¢, & o,, are

the standard deviations of n; & nj, respectively.



Transmitter Receiver Transmitter Receiver
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Figure 2.1: Hybrid FSO/RF system model where Yrso is the instantaneous SNR of FSO link and 7

is the switching threshold

We consider 7, to be the instantaneous SNR at the receiver and based on the definition of adaptive

combining, we can define ¥, as

Yrso + YrF, Yrso < Yr-
Ye = (2.4)

Yrsos Yeso = Yr-

where the first case is the resultant SNR after the links are combined using MRC. Using this definition,

we can derive the cumulative distribution function (CDF)

Fy.(x) = Pr{Yrso > 71, Yrso < x|+ Pr{Yrso < 7T, ¥rso + YRF < X] (2.5)

After evaluating and expanding the terms, we get the following

Fow=d e i 2.6)
'yc — .
F(x) _FYFSO(YT) +FYFso(x)7 X >Yr.

where Fy,. ., is the CDF of yrgso and

Fi(x) = /()foF50+YRF (t)dt (2.7

and

F2(x) = /OWfYFSOO)FYRF(x_t)dt (2.8)

where fy,.s,+yr (t) is the probability distribution function (PDF) of ¥rso + YrF» fyes (t) is the PDF of
Yrso and Fy,, (t) is the CDF of yYgr. We can derive fy,,, 1y (t) using the fact that both the links are

statistically independent

S yesovrer (x) = /OfoFso (t)fpr (x—1t)dt (2.9)
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where fy,.(t) is the PDF of yzr.
We obtain the PDF of 7. by derivating its CDF

< vyr.
fu (x) = Sveso+ver (x), XS (2.10)

f?’Fso(x) +G(x), x>7r.

where

G(x) = /0 oo (O) fop (x— 1)t @2.11)

2.2 RF channel model

The envelope of RF channel gain / can be characterised using a Nakagami-m distribution which is

given by

zmmx2m7 1 w2

W@ o, (212)

fin (x) =

where m is the fading severity parameter and o is the standard deviation (¢ = \/E[|h|?]). We assume
|h| to remain constant for at least one symbol duration (slow fading). Now, the relation between Yrr

and |h| is
Yrr = Yrr|h)?, (2.13)
where Yrr is the average SNR of the RF link. Taking expectation on both sides we get

Eyr] = trr = TrrE[|h)?],
E[n] =1 (2.14)

Using power transformation of random variables, we obtain the PDF of yzr as

m . m—1
C"x —Cx

Frer () = T ¢ (2.15)
where C = m/ygr. To derive the CDF of yzr, we integrate its PDF
y(m,Cx)
Fyr () = ) (2.16)

where ¥(-) is the lower incomplete Gamma function.
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2.3 FSO channel model

Similar to RF channel model, we start with the envelope of FSO channel gain / which is characterised

by Gamma-Gamma distribution
2(ap) 57!
['(a)l'(B)

where or & 3 are small and large scale scattering parameters and K, (+) is the modified Bessel function

fin(x) = Ko (2 apx), 2.17)

of the second kind. Now, a & B are determined by link distance (L) and air refractive index (C2) and

are given by [8]

B 0.49y> -
o= {CXP((1+1.11112/5)7/6) —1] , (2.18)

0.51> -1
b= {CXP <(1 +0.69x12/5)5/6> - 1} ) (2.19)

where y2 = 0.5C2k’/°L'1/% is the Rytov variance, k =27 /A and A = 1550 x 10~?m is the wavelength

of the optical beam. The relation between Yrso and |I| is given by

Yrso = Trsoll|*, (2.20)

where Yrso is the average SNR of the FSO link. Using the Meijer G representation of K,,(-) and power

transformation of random variables we can derive the PDF of yrso as

X 2 1 -

,0 5
= ————5-G,, | Dx2 2.21
fYFSO (x) 2F((X)F(ﬁ) 0,2 X | o ﬁ ) ( )
where D = o8 ()_/FSO)_]/ 2. We can also derive the CDF of Yrso by integrating its PDF, which gives
us
Py = D2 (P 222)
50 = im0 | 16 -
e nl(a)l'(B) 16 " b by, b3, by, bs

where by = §,b) = “T“,b3 =

\She

by =B & bs = 0.



Chapter 3

Performance analysis of hybrid FSO/RF

system without pointing errors

In this chapter, we look at the outage and average symbol error rate (SER) analysis of hybrid FSO/RF
system without pointing errors using the adaptive combining scheme. We also look at the asymptotic

expressions of outage & average SER and derive the diversity order.

3.1 Outage probability

In adaptive combining, the system is said to be in outage when 7, is less than an outage threshold,

Your» Which can be expressed as
PAC = Pi’[’}’c < %ut] (31)
where Py is the outage probability. This expression can be further simplified to

PAC = F}’C(Y()ut) (3-2)

To obtain Fy, (x), we start with fy.. 1., (x) as given in (2.9). After substituting (2.15) and (2.21) in

(2.9), we get

— cr - 2,0 % o _ \ym—1_,-C(x—t)
fVFS0+YRF(x)_2l—~(a)1—~(ﬁ)l—~(m)/0 |:t G0,2 Dt | (X’B :||:(X t) e dt (3.3)

Using the series expansion of ¢* and expanding e 1) we get

x 2,0 !
/z—l(x—t)”m—l(;ojz Dt? | dt (3.4)
0 ’ a,p

cm =
fVF50+YRF(x) = 2F(a)F(B)F(m) Z

n=0

(-1yc

n!




Using [9, Eq. (07.34.21.0084.01)] we obtain

20H—ﬁ—2cmxm—1 oo cr il D2x 1
= -1)'—r "G —_— 3.5
fYFSO+?’RF (X) nF(a)F(B)F(m) n:()( ) n! (m+n)x 1,5 16 | ) ( )
where #1= %11, %12, %13, P14, P15 =15, % % P+t ,1 —n —m]. To obtain Fj (x), we substitute
(3.5) in (2.7) and use [9, Eq. (07.34.21.0084.01)] to obtain
p04B=2cm = c" 42 [ D*x | %2
Fi(x)= —1)"=T(m+n)xX""Gy: | =—= , (3.6)
(x) al(a)T(B)T(m) Z;)( ) n! ( x 2\ 16 g,
where %, = (%51, %2 =1 —n—m, 1] and B3 = [B31, P32, B33, B34, B3 5. B36) = %, %5, ‘%, %,
1 —n—m,—n—m|. Now, we derive F>(x) by substituting (2.21) & (2.16) in (2.8), which gives us
" ! 2,0 I ] {}/(m,C(x—t))}
F(x :/ — Gy, | Dt2 —— 2\ dt 3.7
W=} er@rE @2\, T(m)

We expand y(m,C(x —t)) using the series expansion in [10, Eq. (8.352.1)] along with binomial

expansion and series expansion of exponential. After carrying out these steps we get

HonClx=) = n- 11— 3 T if > ()] G8)

n=0

Now we substitute (3.8) in (3.7) and use the relation I'(m) = (m — 1)! to obtain

- 1 20 % - e—Cx oo (C)nmilck
{/ 2 (a)L(B) Dt | o dt}—[zr(a)r(ﬁ)zb ! kZO—,
Lk ; o L -
—J(_1)/ n+j—1,~2,0 3
j;o(])x" ( 1)/0 t Gy | D17 | s dt} (3.9)

On observation, we can see that the first term is the integral of PDF of yrso, which is its CDF. The

integral in the second term can be solved using [9, Eq. (07.34.21.0084.01)]

-t [ £ P € (1) 2

k=0 =0
D> B
G lé’T | } , (3.10)
B

where %4 = [Bu1] = [1 —n— j] and Bs = [Bs 1, Bs 2, PBs 3, Bs 4, PBs 5] = [, 4 BB ).
Now to obtain Pyc we substitute (2.22), (3.6) and (3.10) in (2.6) and plug in ¥, in Fy, (x).
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3.2 Average SER

Average SER is the mean number of symbols that are received erroneously at the reception. It is
obtained by averaging the conditional error probability for a particular modulation scheme (MPSK in

this case) over the PDF of the instantaneous SNR of the link. So

P = /O " P(elx) £y, (¥)dx 3.11)

where P, is the average SER and P(elx) is the conditional error probability for the MPSK modulation

scheme. We have

A
P(e|x) = Eerfc(\/)_cB) (3.12)
where
1, M=2
A= (3.13)
2, M>2

B =ysin (1\%) and erfc(-) is the complementary error function. From (2.10), we have f, (x) but we need

to determine G(x) to completely obtain fy, (x). Substituting (2.21) and (2.15) in (2.11), we get

o ¢! 20 [ d |~ C"x=0)"" e
G(x)—/o [WGO’Z Di? | » Hwe =) gy (3.14)

We expand e~ €~ using the series expansion of the exponential, apply binomial expansion on pow-

ers of (x —¢) and use [9, Eq. (07.34.21.0084.01)] to solve the resultant integral. After these steps, we

get
G(x) = 28 2(Cx i Cx)l "y ) (m+i_ 1)64’1 D | (3.15)
7[1—‘( = =0 x]+1 .] 1,5 16 : .
where 936 = [%6,1] = [ ] and 937 = [937 15 %7 2,@7 3,@7 4,%7 5] _[g a—_H, g, @, —]] We can
now start from (3.11) and based on the definition of fy, (x), divide it into two integrals
P.= / P(Eb) e (O + / P(elx) (fyso () + G(x))dx (3.16)

J

v~

I1 12

We start solving for P, from I;. Using the relation erfc(x) = 1 — erf(x), where erf(-) is the error

function, and substituting (3.12) in I, we get

L= /OYT %(1 — erf(\V/xB)) fyeso+yer (X)dx (3.17)

11



‘We have

A T Yr
) <\/0 Tresotme (X)dx—\/o erf(\/)_CB>fYFso+YRF (x)dx) (3.18)

J/

Iy Lo
We can easily see that 111 = Fy (). To solve for I}, we substitute (3.5) in I}», use the series expansion

of the error function and apply [9, Eq. (07.34.21.0084.01)] to obtain

2 e G Chn)

I = I'(m-+k
27 B ) )&= alenrl) A= K (m+k)
D>y %
[ At (3.19)
) 16 By
where By = (B 1, By 2] =[5 —n—m—k, 1] and By = By 1, B9 2, Bo 3, Bo.4, Bo 5, Bo 6| = £, %1, B BL
k—m,—n—k—m— —] From I;; and I, we get I;.
To solve I, we first express it as a sum of two integrals giving us
- / P(elx) gy (x)dx + / P(e|x)G(x)dx (3.20)
r r

-

In3
Here we can start solving the integral />3 directly but the first integral needs to be broken down into
two integrals (as shown below) before we start simplifying it. This is because if we solve the first
integral directly, we run into convergence problems while extracting the theoretical results of the

resultant expression after coding it into softwares like MATLAB. So, we get

o T
b :/O P(e|x)f}’Fso(x)dx_/0 P(e|x) fyrso (X)dx + I (32D

-~

H

Here H is the average SER of single-link FSO system which has been determined in [2] and is given

by the following expression

Lt S (D)Z‘ PBro
wPC(a)r(B) >\ \4B) | 4

where %10 = [$10,1,B102] =1, 3] and By = [B11.1, P12, P11 3, Brias B s| =[5, 2 B BLL .
The second term in (3.21) can be simplified in the same way as that of /1. So we first express the com-

plementary error function in terms of the error function and obtain

A A
b= H=SFyo(1r)+5 /0 erf(VAB) s, (X)dx+ 13 (3.23)
I I

12



We can solve I, by using the series expansion of the error function and [9, Eq. (07.34.21.0084.01)].

So, we have
by — 2oc+B—1 ') (_1)n(B\/W)2n+1 G4’1 DZ,},T B> 24
T(a)C(B) = n!(2n+1) I R R '

where %15 = [$12,1] =[5 —n] and B3 =[B13.1, P32, B133, Bi3.4, Bz 5) =[5, 2, % %, —n—3).
We can determine />3 using [9, Eq. (07.34.21.0085.01)] which gives us

H0o+B— 3(CYT mA i Y[,)lﬂH’ifl <m+i_l>(—1)jG4’1 Dy . %

S/ZF( ) i=0 j=0 J b6 P
B4

Ggg By | % (3.25)
15

where B4 = [B1a1,PB1ap) =[1,1 —m—i+ j] and Bis = [B1s5.1, P52, PBis3) =[-m—i+ j,0,5].
Combining I, I»; and I3 we get I>. Finally, we get P, by adding I; and I>.

3.3 Asymptotic analysis

Asymptotic expressions of outage and average SER can be used to understand their behaviour at high
SNRs. To derive asymptotic expressions, we take the limit of outage and average SER expressions
when Jrso tends to infinity. For the expressions of outage and average SER derived, ¥rso occurs only
in the denominator of the input of Meijer-G functions. So Yrso — oo implies the input of Meijer-
G tending to 0. Hence, we look at expansion of Meijer-G function when its input is zero [9, Eq.
(07.34.06.0040.01)]. After expanding all the Meijer-G functions in an expression, we obtain a Taylor
series of the form Y 7> ,a;(¥rso) . This can be used to determine the diversity order of the system

which is the minimum value of ¢ for a non-zero a;.

3.3.1 Outage probability

For outage probability, when 7,,; < yr, the asymptotic expression is

20+B—-2cm oo n

= — ”C_ +n
AC T 20(o)T(B)T(m) n;o( DL m+1)You "€ You < ¥r (3.26)

where

y DB = B30T T~ o+ Ba)

. Bk
“@=Y J#k . D ’Youz) (3.27)
k=1 [T;_sT(1 = %5+ B ) 16
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When v,,; > vr, we have

20452 (Crr)" R (Crour) o (K (1)
Pasy — (g _e*CY(mt out (> < T) Cf], (328)
AC = 7T ()T (p) | ,?;0 ! kgo e 2\ ) @
where
H ( bk) b
. ]#k DZYout ¢
%z_kgl ™ ( T > (3.29)
4
4 H]::}{F(@S,j—r%)s,k) DzyT PBs i
G=Y ) (3.30)
— n+]+9357k 16

3.3.2 Average SER

We start deriving the asymptotic expression of average SER with the asymptotic expression of [

2a+ﬁ72cm oo cn
asy 1\ +n
Iy ~ al(a)C(B)T(m) nzb( b Ly, 43D

where
4 H‘J‘.;}CF(:@?”J—(@lk) H3:1F(1 _‘%27]'_'_‘%3,]() ) By
G=) — ( ) (3.32)
L [15_sT(1 — %5+ #3,) 16

Now, we have asymptotic expression of /1

204~ 1<CYT = mml = (—DH(Cr)*
oY= r 1907 3.33
2 = (e ZO 1) kZO , (m+K)%s,  (333)
where
A szlr(@w—:%’qk)rﬁﬂr(l—%8,j+=95’9,k) D B
R Y — ( ”T) (3.34)
k=1 [T;_s (1 — %o, + Box) 16
Next we have asymptotic expression of o
2(X+ﬁ—3A 206+[3—3A
LY =—— 6 ————— % 3.35
2= PP (a)r(p) . A(@r(B) G
where
A Hg;ir(@ll,j_e%)ll,k)r(%“f‘f%)lhk) 2\ B
o = k; i (1 632> (3.36)
H 1 (b —bi)
DZ,},T by
% = i ( ) (3.37)
k; by 16
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We have asymptotic expression of I,

asy po+p—1 oo (_1)n(B\/W)2n+l
2 T pRT(ar(B) 5 nl2n+1)

where

A [} D( %13, — PBris)

2 B3k
_ 7k D yr ’
(58 o Z 1 ( 16 >

=1 ntat+ Pz

Finally, we have asymptotic expression of /53

po+p— 3(C,YT mA oo C’}’T)lm_H 1 m—|—1 1 ) 30
1 = (") et
where

, D%~ 52)

P
=Y (DZYT) :
& it Pu 16

(3.38)

(3.39)

B4

(3.40)
15

(3.41)

We get the asymptotic expression of average SER by combining all the asymptotic expressions in this

sub-section.

From the asymptotic expressions of both outage and average SER, we can observe that the diver-

sity gain is given by min{ %, 5 }

15



Chapter 4

Performance analysis of hybrid FSO/RF

system with pointing errors

This chapter deals with outage and average SER analysis of hybrid FSO/RF system using adaptive
combining taking pointing errors into account. Also included is the asymptotic analysis of the outage

and average SER expressions derived.

4.1 FSO channel model with pointing errors

Pointing errors effect the quality of data transmission due to misalignment between the transmitting
and receiving apertures. These errors primarily occur due to beam wander and building sway [11].
The PDF of yrso taking into account pointing errors is given by [12][13]

£2+1

Gy | PDVx | 4.1)
’ &2 a,B

52
Freso (%) = 22T (a)T(B)

2
&2+

where & is the pointing errors parameter [14] and p =

PDF [12], which gives us

We can derive its CDF by integrating the

_2mher o1 [ (pD)x | P
FyFso(x)—W 370 16 | - (4.2)

2 2
where %16 = [%16,1, B16,2:P163) = [1, %, ‘):TH] and B17=[%17,1, %112, $173, PB17.4, %115, P11.6, %171

2 2
= [%, %, %, O‘T“, %, [%, 0]. In the derivations presented in the subsequent sections only the PDF

and CDF of yrso change while the PDF and CDF of ygr remain the same.

16



4.2 Outage probability

We derive the outage probability for hybrid FSO/RF system taking pointing errors into account in the
same way as done for the case without pointing errors in the previous chapter. For fy,¢,yer (¥), we
substitute (4.1) and (2.15) in (2.9)

2a+ﬁ—3§2cmxm—1 oo C (PD)2x B3

2C" 6.1
fYFSO"'VRF(x) = nF(a)F(B)F(m) n;()(_l) Fr(m+n)an37 16 ’ %19 ’

4.3)

2 2
where #13 = (#1381, B18.2, B183] =1, éTH, 52—”] and HB19=[%19,1,$B19,2, %5193, PB19.4, %195, B19.6, %19,

2 2
= [%7 %, g, O‘T“, %, %, 1 —m —n]. Integrating fy,q,+y(*), we can obtain Fj(x) using [9, Eq.

(07.34.21.0084.01)]

patp-3g2em c" D)?x P
Fi(x) = : Y (—1)"=T(m+n)x""Ggg (p 16> |% ,

— al(a)T(B)(m) =, n! )

(4.4)

2 2
where %og = [%0,1, P02, %203, $r04]=[1—n—m,]1, %, §T+2] and %y = [Ba1,1, %212, $21 3, P21 4,

2 £+ 1 +1 .
9321,579321,679321,779321,8] = [%,fT L4 %,%,BT,l—n—m, —n—m]. For Fz(x) we substitute

(4.1) and (2.16) in (2.8) to obtain

0P 382 & (Cyr)” ’"i (Cx)*
al()C(B) = n! = &

Fa(x) = FVFSO(YT) -

ol [ PDVrr | # } 4.5)

37 |
16 By

2 2
where %y = (B, B, B3l =[1—n—j, éTH’ #] and %oz = (D231, %232, $23 3, B3 4
B35, %236, %237] = [%2,#, g ot %, %,—n—j]. Fy,(x) can be determined by substituting
(4.4), (4.5) and (2.22) in (2.6), which gives us the outage probability of the system by plugging in ¥,

n F%.

4.3 Average SER

Similar to outage, all the expressions of average SER for this case can be derived in the same manner
as done in the case without pointing errors. We start by obtaining G(x) by substituting (4.1) and (2.15)

in (2.11) and using the series expansion of the exponential and binomial expansion, which gives us

G(x) (4.6)

2B (Cox)mE? i"(—Cx)"’"*"—1 (—yr)! (m-l-i_l)G@l (PD)*yr | Poa

— al(a)T(B)T(m) = i e it j 3,7 16 |

j PBs
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2 2
where By = [Bra1, P$rap, $Bra3) =1 — jaé s 2] and Bos = [Bas 1, Bas .2, Pas 3, Bas
2 2 —
Brs 5, P56, PBs5.7] = [%, %, 7, O‘T“, %, %, —Jj]- Now, we start solving for average SER, P,, by

solving /. Similar to the previous case, we have 1] = Fi () and we can evaluate I}, using the series

expansion of the error function, (4.3) and [9, Eq.(07.34.21.0084.01)]

I, =

po+f— 25 ( oo \/W) oo CYT)k
7-[3/21"( nzb 2n+1) ; I'(m+k)

, 4.7)

where B = [Bae,1, Br62: P63, Pl = s —n—m— k,lyé H,é +2]and@ﬂ—[e@zﬂ,@zn,@zm,
2 2
:@2774,%2775,%27’6,%2777,%2778]:[%,%,%,%ﬂ,%,%,l—k m,—n— k— m——] In order to

derive H in this scenario, we use the Meijer-G representation of complementary error function and

the result of integrating two Meijer-G functions as given in [15] which gives us

B 2a+ﬁf452A 62 (pD>2| Bog

C BPr()r(B) T \\4B) " g, | @9

2 2
+1 242
where %3 = [Bag.1, %Brs 2, Bos 3, PBosa) = (1.5, L& > ,é | and g = [H29,1, %292, %293, %29 4,
P$B29.5,%29.6, %27 = [%5,>5,5, 5,5, 75,0]. Next, we derive I, using series expansion of error

function, (4.1) and [9, Eq.(07.34.21.0084.01)]

oo 2P & ()" By 6 (PDVyr | P 4.9)
2T BRr()(B) = n!(2n+1) 37 16 By | '
here P = il §2+1 +2
where %3 = [%30,1, B30.2, PB303] =[5 —n, 2= and B3| = [B31,1,PB31,2, PB31,3, P31 4,
B315,P31.6,PB317] = [52 5“,%,“7“,%,@,—71——] Finally, we obtain 3 using
[9, Eq. (07.34.21.0085.01)]
20HFE2(Cyr)mA & (—Cyr) RE (mti— 1 : (pD)*yr | P
123: 32 Z T Z ( . )(—1)](;2:% T’
w2 (a)D(B)C(m) = i =0 J PBrs
PB4
Gy | BPrr | (4.10)
Pis

Combining the above expressions we obtain /; and I, which in turn give us the average SER of the

hybrid FSO/RF system taking pointing errors into account.
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4.4 Asymptotic analysis

We derive asymptotic expressions for outage and average SER in the same manner as done in the

previous chapter.

4.4.1 Outage probability

The asymptotic expression of outage probability when 7,,, < ¥ is given by

2&+ﬁ—3€2cm o0 o
i = -"—r +n
AC = T (BT &V STl ) Yo " Gh0.

where

. 15 T(%a1,j — B21.4)T (%1 k)

Go=Y j#k ((pD)ZYom)%”‘
ST (B0, — B i) T(1+m+n+ Py i) 16

We have asymptotic expression of outage probability when ¥,,; > ¥r

205—!—!3—352

i = a0 5 S G () (GF) )

n=0 k=0 j=0 J out

where

6 H?:l I(%$h17,j— PBi7x)

Gy = j#k (PD)*Yous )%””‘
11 — Z 3
im1 [T T (Phe,j — $i7.k) P14 16

[15_ D(%23,j — Pz i)

G = i ik ((PD)ZYT ) =
ST U (Banj — Bos ) (n+ j+ B3 ) 16

4.4.2 Average SER

We have the asymptotic expression for [

us 2(x+ﬁ73§2cm oo ncn i
lly _ CRIINC) nzb<_l) mr(m—i—n)}/T'H' 613,

where

15 T(%a1,j — 21 0)T (%21 1)

B
G — 26: j#k ((pD)27T> 2
=1 ‘}:3 F(%m,j_e@Zl,k)r(l —|—m+n+<%’217k) 16

Next, we look at the asymptotic expression of 1,

i AR JETRN, il JEINE)
asy

i’l
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(4.16)

4.17)
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where

6 H?:l (a7, j — PBo7.1)T ($27 1)

; 2 P71 k
Ca=Y ——I2* (pD) VT) (4.19)
=1 [T =3 T(Pae,j — Bag j)U(k+m+ B 1) 16

Now, we have the asymptotic expression of I

asy 2a+ﬁ74§2A 2a+/37452A

21 = A0 (o)1 () 15— W%s (4.20)

where

. 10 T(Ba9,j — 204 )T (3 + P20 i)

, 2\ %29k
5=y 75 ((pD)2 ) 4.21)
imt =D (Pas,j — P k) B9k 168

o I D(Pi;— By

i 2 B17 i
Gro=Y ——I2k ((pD ) YT> (4.22)
o1 [T T (%6, — Brrx)Zrrx N 16

We have the asymptotic expression of I,

asy 2a+ﬁ—2§2 oo (—l)n(B\/W)szrl
2 " BAr(a)r(B) & nl2n+ 1)

€17, (4.23)

where

6 1%, T(%31, — B31.4)

i 2 P31 k
it [T T (B30, — $a1x) (n+ 5 + B31.4) 16

Finally, we have the asymptotic expression of /53

; B4
)(—1)"518G§§ By | (4.25)

B

asy _ 206+ﬁ74€2(C},T)mA i (—Cyp)i mEic! <m+i—1
2 mlr(er(Brm s i S j

where

6 10, T(as.j — s i)

2
Cs=Y j#k ((pD)ZYT) 5k 426
S T U (B j — Bos ) (j + Pas ) 16

We can obtain the asymptotic expression for average SER by substituting the derived asymptotic

expressions in /1 and /. In this scenario, we can see that the diversity order of the system is given by

. 2
min{5..2).
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Chapter 5

Numerical results and discussions

This chapter looks at the results obtained by plotting the derived expressions of outage and average
SER. The system parameters used to obtain the plots are specified in the captions of the figures. The

list of summation limits (for infinite summations) used to evaluate the expressions are as follows:
1. For Fi(x), in (3.6) and (4.4), we set the upper limit of n to 50.
2. For F>(x), in (3.10) and (4.5), we set the upper limit of n to 30.
3. For 115, 1n (3.19) and (4.7), we set the upper limit of n to 10 and that of k to 10.
4. For Iy, in (3.24) and (4.9), we set the upper limit of n to 50.
5. For I3, in (3.25) and (4.10), we set the upper limit of i to 20.

All these upper limits are for both the cases of adaptive combining with and without pointing errors.
If we take higher values for upper limits than the ones listed, it would have no effect on the fifth

decimal of the final value.
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Figure 5.1: Outage performance comparison (without pointing errors) of adaptive combining, hard

switching and single-link FSO system

Fig. 5.1 shows the outage performance (without pointing errors) comparison of adaptive combin-
ing, hard switching [5] and single-link FSO system. We can observe that adaptive combining provides
better performance over hard-switching and single-link FSO.

To achieve an outage of 1072, adaptive combining scheme requires ¥rso to be set to 14 dB,
whereas hard-switching and single-link FSO require 23 dB and 17 dB respectively. Here, adaptive

combining provides a coding gain of 9 dB on hard-switching and 3 dB on single-link FSO system.
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Figure 5.2: Outage probability coding gain comparison of adaptive combining with and without point-

ing errors. YJgr =5 dB, ¥y =10dB, Y,y =3dB,m=1and £ = 1.1170

Fig. 5.2 is to illustrate the coding gains offered by adaptive combining with and without pointing
errors over single-link FSO systems with and without pointing errors respectively.

For the case without pointing errors, in the given plot, to achieve an outage of 1072, we need ¥rso
= 18 dB for a hybrid FSO/RF system and 24 dB for a single-link FSO system. So, in this case, the
hybrid system offers a coding gain of 6 dB on the single-link FSO system.

In the case involving pointing errors, an outage of 1072 is obtained with Jrso = 28 dB for hybrid
FSO/RF system and 36 dB for single-link FSO system. Thus, the hybrid system provides a coding
gain of 8 dB on single-link FSO.

Hence, we can conclude that the back-up RF link provided better performance enhancement in

worst-case scenarios.
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Figure 5.3: Outage performance (with pointing errors) at different values of zr. C2 = 5x 10714, v =

10dB, Yoy =3 dB,m=1and § =1.1170

Fig. 5.3 shows the variation in outage performance (with pointing errors) at different Yrr. We
also have an asymptotic curve plotted for Yrr = 5 dB. We can see that as ygr increases the outage
performance also increases.

At ¥gr = 5 dB, we need rso = 28 dB to get an outage of 1072, For ¥zr = 10 dB, we require ¥rso
to be 21 dB for an outage of 1072, Finally, for 7z = 15 dB, we need average SNR of 13 dB to get an
outage of 1072. So, for ¥zr = 15 dB, we have SNR gains of 8 dB and 15 dB on Jzr = 10 dB and 5 dB
respectively.

As Yrr increases, the quality of the RF link increases, due to which the RF link acts as a better

back-up link to the FSO link which increases the overall performance of the system.
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Figure 5.4: Outage performance (without pointing errors) at different values of link distance. Yz =5

dB, C2=5x10" 9 =10dB, Y,y =3 dBand m = 1

Fig. 5.4 illustrates outage performance (without pointing errors) at various link distances along
with an asymptotic curve at L = 1000 m. We can observe that as link distance increases, the outage
performance of the system decreases.

For a target outage probability of 1073, we need ¥rso to be 20 dB for L = 1000 m. Similarly for
L = 1500 m, we need ¥rso = 26 dB. For L = 2000 m, we set Yrso to 34 dB to achieve an outage
probability of 1073, So, for L = 1000 m, we have SNR gains of 6 dB and 14 dB on L = 1500 m and
2000 m respectively.

This behaviour can be explained by the fact that as link distance increases, the small and large
scale scattering parameters decrease, thereby decreasing the diversity gain of the system. This leads

to deterioration of outage performance of the system.
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Figure 5.5: Outage performance (without pointing errors) at different values of m. ygr = 5 dB, C? =

5x10'* yr =10 dB and },,; =3 dB

Fig. 5.5 shows outage probability plots (without pointing errors) at various fading severity pa-
rameters (m) of the RF link. Clearly, as m is increasing, we can see that outage performance is also
increasing.

To achieve an outage probability of 1073, at m = 1, we need Jrso to be 26 dB. Similarly, for m =
3, ¥rso has to be 24 dB. For m = 5, we have ¥rso = 21 dB to obtain an outage probability of 1073,
Here, for m = 5, we have coding gains of 5 dB and 3 dB on m = 1 and m = 3 respectively.

As m increases, the quality of the back-up RF link increases, as seen in the case of increasing Yrr.

Hence, the outage performance of the system increases.
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Figure 5.6: Outage probability vs yr at different ¥rso. Yrr = 5 dB, C2 = 5x 104, yr = 10 dB, Yu =
3dBandm=1

Fig. 5.6 shows outage probability vs switching threshold plots (without pointing errors) for dif-
ferent yrso values. Here, instead of yrso, the outage probability is varied w.r.t yr.

We can see that for every Jrso, the outage probability is minimum whenever the switching thresh-
old is greater than or equal to the outage threshold. In fact, the outage becomes constant when
Yr > Your- This is because from (3.6), we can see that outage probability is independent of yr under
this condition.

Hence, for optimum outage performance, we need to have ¥r > Y,u:-
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Figure 5.7: Average SER coding gain comparison of adaptive combining with and without pointing

errors. g =5 dB, C2 =5x10"%, m=1and & = 1.9335

Fig. 5.7, like Fig. 5.2, shows the coding gains (w.r.t average SER) of adaptive combining with
and without pointing errors on single-link FSO systems with and without pointing errors.

Starting with the case of adaptive combining without pointing errors, we can see that to achieve a
target average SER of 10~%, the hybrid FSO/RF system needs Jrso to be 20 dB, while the single-link
FSO system needs it to be around 23 dB. For the case of adaptive combining with pointing errors,
the hybrid system requires Yrso = 22 dB while the single-link FSO system requires ¥rso = 26 dB to
obtain an average SER of 1074,

Hence we get a coding gain of 3 dB in the scenario without pointing errors and 4 dB in the scenario
with pointing error over the single-link FSO counterparts. So, similar to outage probability, we can

infer that the RF link provides better improvement of performance under worst-case conditions.
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Figure 5.8: Average SER (with pointing errors) at different values of link distance. Jgr = 5 dB, C? =
5x10, yr =5dBand m=1

Fig. 5.8 shows the average SER performance of hybrid FSO/RF system (with pointing errors) at

varying link distance along with an asymptotic plot of average SER at L = 1500 m. We can see that

as link distance increases, the performance of the system decreases.

To achieve an average SER of 1072, we need Yrso =5 dB for L = 1000 m, ¥rso = 11 dB for L =

1500 m, and ¥rso = 16 dB for L = 2000 m. This implies that at L = 1000 m, we get coding gains of 6

dB and 11 dB on L = 1500 m and 2000 m respectively. We can also observe that the asymptotic plot

perfectly coincides with the average SER plot in the high SNR region.

This behaviour can be attributed to the decrease in diversity gain due to increase in the link dis-

tance, which lowers the performance of the system.

29



E T T T T T T T 3
b AN :
102%& E
104 J
o r N ]
L N
n E N i
> Y = 10 dB, Hybrid FSO/RF -Theo N ]
S 10| ——— g = 5 dB, Hybrid FSO/RF -Theo .
< X ng =5 dB, Hybrid FSO/RF - Sim ]
X 7pe = 10 dB, Hybrid FSO/RF - Sim e
Y = 15 dB, Hybrid FSO/RF -Theo %
8 N
1071« .. = 15dB, Hybrid FSO/RF - Sim
— — —Yge = 5 dB, Hybrid FSO/RF -Asymptotic ]
10-10 | | | | | | |
0 5 10 15 20 25 30 35 40

Average SNR of FSO (dB)

Figure 5.9: Average SER (without pointing errors) at different values of ¥zr. L = 1000m, C? =
5x10%, yr =5dBand m=1

Fig. 5.9 illustrates the variation of average SER performance (without pointing errors) at varying
Yrr as well as the asymptotic average SER plot for ¥z = 5 dB. The performance of the system
increases upon increasing ygr.

For an average SER of 1073, at Jgr = 5 dB, we need ¥rso to be around 14 dB. Similarly for fgrr
= 10 dB, we need to have Yrso = 11 dB. Finally, for ¥rso = 15 dB, we need ¥rso = 7 dB to obtain
an average SER of 1073, So, ¥zr = 15 dB offers SNR gains of 7 dB and 4 dB on Jzr = 5 dB and 10
dB respectively. Also, the asymptotic curve matches with the exact average SER plot in high SNR
region.

As Yrr increases, the quality of the back-up RF link increases, due to which the average SER

performance, like the outage performance, increases.
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40

In Fig. 5.10, we have average SER plots (without pointing errors) at varying fading severity

parameter (/). We can see that there is only a marginal improvement in the average SER performance

of the system.

For a target average SER of 10~#, for m = 1, we need ¥rso = 17 dB. For m = 3 and m = 5, the

Yrso needed is practically the same, which is around 16 dB. So the coding gains offered by m =5 on

m=1and m =3 are 1 dB and O dB respectively.

So, the SNR gain is meagre when RF link is subjected to varying fading scenarios. The low

switching threshold contributes to this, as its low value ensures that only the FSO link is active most

of the time.
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Chapter 6

Conclusion & future works

In this project, we derived the outage and average SER expressions of adaptive combining with and
without pointing errors. We established the fact that adding a back-up RF link significantly increases
the performance of an FSO system. We have seen that the back-up RF link offers better performance
enhancement in worst-case scenarios. Also, it was illustrated that adaptive combining provides better
performance in both outage as well as average SER than hard-switching and single-link FSO system.
Several plots illustrating the effects of various parameters on the performance of the system have been
shown in the previous chapter. From those plots, we can infer that outage and average performances
increase upon increasing Ygr, increasing m and decreasing the link distance. For optimum outage
performance, we need to set the switching threshold greater than or equal to the outage threshold as the
outage probability function is constant and minimum in the range of switching threshold. Asymptotic
expressions have also been derived from which the diversity gains of the hybrid systems with and
without pointing errors have been determined. Also, the asymptotic plots of outage and average SER
coincide with the plots of their exact expressions.

The analysis carried out in this project evaluates only outage probability and average SER as
performance metrics. But, further work can be done on the analysis of adaptive combining scheme
using ergodic capacity analysis. Also, the analysis can be extended to non-line of sight scenarios such
as relay-based cooperative systems and also MIMO scenarios. In order to obtain a more general
mathematical model for the hybrid FSO/RF system discussed in this report, we can explore and
formulate the expressions of performance metrics using the more general distributions like Malaga

and a-1n-k-u distributions.
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