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Abstract

The widespread use of radio frequency (RF) system has made the electromagnetic spectrum (EMS) a scarce
resource. Licensing and high pricing of the sub-bands are a common feat. Moreover, the EMS of the RF
wave is fundamentally limited in its data-carrying capacity. So, there is a need to explore and develop
communication technology which can cater to the need of modern developments providing sufficient
bandwidth to operate and higher data rate for better inter-connectivity. Free space optics (FSO) is one such
system which can give us access to the otherwise untouched EMS and can support a high data rate. However,
FSO link is susceptible to atmospheric turbulence and pointing error which make it necessary to back it up
by a reliable RF link. These systems are called hybrid FSO/RF systems. Hybrid FSO/RF system uses the

complementary nature of FSO and RF link to provide a reliable communication link.

In this thesis, we have analysed the outage probability and average symbol error rate (SER) of the adaptive
combining based switching scheme for space-air-ground integrated hybrid FSO/RF system considering both
up-link and down-link scenarios with and without high altitude pseudo satellite (HAPS). Adaptive
combining based switching (ACBS) uses FSO link as a primary link and RF link only as a backup link. In
ACBS, data is continuously transmitted over the FSO link while the RF link is only active when the quality
of RF link deteriorates. The outage and average SER analysis have been carried out assuming Ricean
distribution for RF channel modelling, and Gamma-Gamma distribution for FSO channel modelling. The
performance of ACBS is compared with hard switching and single link FSO system. Further, asymptotic
analysis has been carried out to obtain the diversity gain of the ACBS base hybrid FSO/RF system. From the
numerical results, it has been observed that the backup RF links and HAPS with ACBS help in improving

the performance of FSO communication.
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Chapter 1

Introduction

The ever-growing advancements in technology have made systems inter-dependent. The data gener-
ated per second today is enormous. The interdependence of the systems to analyse and to operate on
the data generated has made it a requirement for communication systems to be reliable and to work

at a higher data rate than the earlier.

High altitude pseudo satellite (HAPS) are aircraft stationed in the lower stratosphere typically at
the height of around 17 to 25 km. These act as a pseudo satellite to provide services which are gener-
ally offered by satellite. Unmanned areal vehicle (UAV), balloons and airships can be used as HAPS.
Further, HAPS find various potential applications in disaster monitoring, agricultural observation,
atmospheric observation, weather monitoring and communication relay [1]. HAPS has multiple ad-
vantages over satellite. They can provide better coverage of smaller regions as compared to satellites.
Moreover, they are easier and cheaper to deploy and maintain. HAPS, when used as a relay node [2],

can improve the performance of communication between ground station (GS) and satellite.

The systems used today for wireless communication have become synonymous to radio-frequency
(RF) technology because of the wide-scale research, development and deployment of the RF systems.
However, this large scale use of the RF systems has made the electromagnetic spectrum (EMS) a
scarce resource due to which most sub-bands are exclusively licensed and costly. Moreover, the EMS
of the RF wave is fundamentally limited in its capacity to carry the data only up to a specific rate.
To cater to the needs of the advancements, we need to explore other viable communication systems
which can operate in higher EMS, thus having a higher data rate and opening the untouched EMS to

operate.

These have fostered the development of various communication technologies, one of which is
optical wireless communication (OWC). OWC refers to the transmission of data in unguided propa-

gation medium through the use of optical carriers in visible IR and UV bands [3]. The outdoor OWC
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is generally referred to as free-space optics (FSO). It has the capability to tap in the otherwise un-
touched higher EMS providing us with higher data rate up to terabits per second which is a significant
increase as compared to the RF link which can offer data rate only up to a few hundred megabits
per seconds. FSO uses very narrow beams of laser for transmission. This spacial confinement of the
FSO beam provides immunity towards electromagnetic interference, a high reuse factor and inherent
security [3]. The FSO link provides a high data transfer rate for short-range transmission because of
its susceptibility to the different atmospheric condition such as rain, fog and atmospheric turbulence-
induced fading, which affects its reliability over the long-range transmission. Due to which it becomes
necessary to back it by a reliable RF link.

The application of the FSO link in satellite communication (SATCOM) cannot be discarded en-
tirely because of its shortcomings. FSO finds potential applications in inter-satellite, orbit to the
ground station (GS) and GS to orbit communication [4]. There have been various research and de-
velopments carried out by different space agencies [5] , [6], [7]. Near-Earth links have shown the
potential to support high data rates greater than 1 Gb/s for the space-to-ground link, and 5.6 Gb/s for
space-to-space and ground-to-space links [8]. Moreover, different techniques like aperture averaging
[9] and use of HAPS as a relay for a single link FSO system for SATCOM are proposed in various
works [10], [11], [12] to overcome some of the limitations of FSO link.

The FSO and RF link is not affected by the atmospheric and weather condition the same way.
Studies [13] have shown that the RF link has more susceptibility towards heavy rain and oxygen
absorption as compared to the FSO link, and has little or no effect from the fog. While in the case
of the FSO link, fog is seen to be the main degrading factor [3]. However, rain does not affect the
reliability of the FSO link significantly [3]. Moreover, this complimentary behaviour of FSO and RF
links has led to the development and analysis of effective switching schemes for the hybrid FSO/RF
systems. These systems exploit the high data transfer rate of FSO link but still are reliable enough for
long-distance communication which can cater to the needs of different communication environments
such as SATCOM and terrestrial communication.

One approach is to switch between the RF and FSO link to use their complementary natures.
However this approach requires constant hardware switching [14], [15]. Another approach is to con-
tinuously send data over both the links and use combining techniques at the receiver [13]. But in this
method, we are not using the FSO link at its highest data carrying capability because of simultaneous
transmission of data over the RF link which operates at a lower data rate. And due to simultaneous
transmission, the power is wasted over RF link even if the FSO link provides a good communication
link. Adaptive combining based switching (ACBS) [16] provides better utilisation of FSO link. In

ACBS FSO link is used as a primary link over which the data is transmitted continuously, while RF
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is used only as a backup link and MRC combining is used at the receiver when RF link is active.

The RF link for a SATCOM communication is believed to have a direct line of sight component
or a strong path due to the presence of fewer scattering elements as compared to the terrestrial com-
munication, where the presence of multiple scattering components, like buildings in an urban setup,
are high. Ricean fading, which is having non-zero mean, models this characteristic of SATCOM RF
link. While in the case of the FSO channel, the atmospheric turbulence caused by solar heating and
wind leads to variations in the refractive index of the air along the transmission path. This causes
random fluctuations in both the amplitude and phase of the received signal. This results in consid-
erable degradation of the system performance. The stochastic model used to model the atmospheric
turbulence-induced fading is the Gamma-Gamma distribution. The model can also incorporate the
beam wander induced pointing errors for the uplink scenario, which can be ignored in discussions of

the downlink communication [17].

1.1 Motivations

The motivations behind the proposed work are as follows:

e In prior works performance analysis of only single link FSO systems has been carried out for

satellite communication (SATCOM) [10].

e In [16], the adaptive-combining based switching scheme is analysed extensively for the single-
hop scenario of terrestrial communication. Moreover, the closed-form expressions are derived

only for the outage and not for the average symbol error rate (SER).

e There is a need to derive asymptotic expression of the system performance parameters for better

computational analysis of diversity order of the system.

e The performance of hybrid FSO/RF based SATCOM for up-link and down-link scenarios has

not been investigated in the literature to the best of our knowledge.

1.2 Contributions

The major contribution of our work are as follows:

e The application of ACBS hybrid FSO/RF system is extended to single-hop up-link, i.e. ground
station (GS) to low earth orbit (LEO), and down-link (LEO-GS) SATCOM scenario.
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e Apart from application in single-hop SATCOM, the analysis has also been extended to a dual-
hop scenario where HAPS is used as a relay between the GS and LEO link, i.e. GS-HAPS-LEO
and LEO-GS-HAPS.

e The closed-form expressions of the system performance parameters for the single-hop (SH)
and dual-hop (DH) hybrid FSO/RF system are derived considering both up-link and down-link

SATCOM scenarios and are validated using the Monte-Carlo simulation results.

e Further, asymptotic expressions of the outage and average SER are derived for both the SH and

DH hop SATCOM scenario.



Chapter 2

Single hop hybrid FSO/RF system

2.1 System model

In this system, we assume slow and flat fading, where the channel gain remains constant for at least
one transmitted symbol period and affects all frequencies and the transmitter has perfect channel state
information (CSI).

The received signal by the RF and the FSO systems are given by

yrr[k] = hk]x[k] +ni[k] 2.1)
yrsolk] = I1k|x[k] 4 na[k] (2.2)

Where y[k] is the received symbol, x[k] is the transmitted signal, h[k] and I[k] are the channel gain
of the RF and FSO systems respectively, and n[k| and n;[k] are the additive white Gaussian noise
(AWGN) of the RF and FSO links.

In the adaptive combining based switching ACBS hybrid FSO/RF system, the symbol is transmit-
ted over the single FSO link when the instantaneous signal to noise ratio (SNR) of the FSO system
(Yrso) is above the pre-determined switching threshold (7). And when Yrso < ¥r, the symbol is
transmitted over both the FSO and RF links and maximum ratio combining (MRC) is used at the

receiver. The combining rule at the receiver is given by

v/ YRF VYFSso
Ymre = YRF + G—yFSO (2.3)
ny ny

where Yzr is the instantaneous of RF link, o,, and o,, are the variances of the AWGN of the RF and

FSO links. So, based on the definition of ACBS hybrid system, the instantaneous SNR of the system
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is defined as

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

YFso, Yrso 2 Y1
To model the instantaneous SNR of the ACBS hybrid system for the analysis of system performance
parameters, first, we need to derive the expression of PDF and CDF of instantaneous SNR of the RF

and FSO links, which are given in the next section.

2.2 Channel model

2.2.1 RF channel modelling

In SATCOM the due to the presence of a strong line of sight (LOS) component and weak scattered
components between the transmitter and receiver as in SATCOM the RF signal has to go through very
minimum scattering and reflection from the environment due to which we model the norm of small
scale fading channel coefficient (|i]) of the RF channel using Ricean distribution [18, Eq. (2.16)].
Ricean distribution has non-zero mean representing the presence of strong LOS component. The

relation between Ygr and |h| is given by

Yrr = Trr |hge |, (2.5)

where Jrr is the average SNR of the RF link.
Now using Maclaurin series expansion of Bessel function of the first kind [table of integral] and

power transformation of random variables we get the pdf of the instantaneous SNR of the RF link as

(KF)'

Frer (x) = Fe™® Z Z o (2.6)
5 ()2
where K is the Ricean factor and F = %;1
The corresponding CDF of (2.6) is given by
B ( ) xn+l+1
F K 2.7
YRF Z ; ) n4+i+ 1 ( )

2.2.2 FSO channel modeling

The relation between the instantaneous SNR of the FSO system and received optical irradiance or the

normalised fading gain of the FSO system (I) is given by

Yrso = Trsoll|* 2.8)
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where Yrso is the average SNR of the FSO link.

The received optical irradience of the FSO system is modelled using Gamma-Gamma distribution
which account for moderate and strong atmospheric turbulence [3]. Now using [19] to represent the
Bessel’s function in Meijer-G form and using power transformation of random variables we get the

PDF of Yrso as
-1 —

X 2,0 1
Freso(X) = ==—=—5-Gy> | Dx2 | , (2.9)
YFso 2F(O€)F(ﬁ) 0,2 a,[S
where o and B are the small scale and large scale scattering parameters and D = a3 (7rso) /2. Refer
to [20] for the calculation of ¢ and B in uplink scenario and to [10] for downlink scenario.
The CDF of the (2.9) can be obtained as

2(X+ﬁ—2 41 sz 1

Fyo(x) = Gt | (2.10)
1T al(@)T(B) N 16 T by by by ba bs

where by = §,b, = 2H b3 =

\Sxe

by =B & bs = 0.

2.3 Performance analysis

In this section, the outage and average symbol error rate (SER) for single-hop (DH) ACBS hybrid
FSO/RF system are analysed for an uplink scenario. The closed-form expression will remain the
same for both uplink and downlink scenarios. The difference will come only in the & and 3. So, this

analysis can be extended for downlink by using o and 8 of the downlink scenario.

2.3.1 Outage analysis

The system is said to be in outage when 7. falls below a predefined outage threshold SNR (7).
When the system is in outage, it is not able to support the target bit-error-rate (BER). For outage
analysis, we need the CDF of 7., and by simply evaluating the CDF of ¥, at },,; we can get the outage
probability. Now according to the definition of the ACBS hybrid FSO/RF system the CDF of 7, can

be written as

Fy.(x) = Pr{yrso > ¥r, Yrso < x] + Pr(Yrso < YT, Yrso + YRE < X] (2.11)

Expanding (2.11) we get

Fi(x), <7r.
Fy(x) = 1) e (2.12)

Fz(x) _FYFso(yT) +FYFSO(X)’ X > 7T
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where
X
x) :/0 fYFso+YRF(t)dt (2.13)
and

Yr
9= [ Farso O s (r—1)c Q.14

Syeso+yee €an be calculated using the fact that the FSO and RF links are statistically independent of

each other. Which gives us

fYFso+YRF / fVFso fYRF( ) t (2.15)
On substituting (2.6) and (2.9) in (2.15) and using [21, Eq. (07.34.21.0084.01)] we get

20+B- 2Fe (KFx)!

Fyesovrer (X) = l(a ; Z’ (in? I(n+i+1)
D? 1
xGhL =22 : (2.16)
) 16 B

where B = (%61, B2, PBo3, PBoar Bos) = [$, 44, g, %, —n—1il.
By substituting (2.16) in (2.13) and using [21, Eq. (07.34.21.0084.01)] we get

20tB2Fxe K & (—Fx)" & (KFx)

Fi(x)= TT(a)T(B) n;) by Z_X‘é 2 C(n+i+1)
4.2 sz @7
XG2,6 F %8 s (217)

where %7 = [%71,%712] = |—n—i,1] and
By =(Bg1, By, B3 3, B 4, Bs.5, B 6) = [, 44, §, #,—n i,—n—i—1].

Similarly we can calculate F>(x) by substituting (2.7) and (2.9) in (2.14). After applying binomial
expansion and using [21, Eq. (07.34.21.0084.01)] we get

20482 FxeK = (—Fx)"

oo (KFX)Z n+i+1 <I/L+l+1) <_,},T>P
Fr(x)= - : I
2(%) xl(a)T(B) ,;) n! i_Z()(l!>2(n—|—l—|—1) 1;0 p X
2 7
Nerl R IR T
J 16 B0

where ‘@9 = [‘@971] = [1 _p] and <@10 = [‘@10717‘@10,27‘@10,37%10,47%1075] = [%7067“7%7%3_p]'
Substituting (2.17), (2.18) and (2.10) in (2.12), we obtain Fy, (x) . We can determine P4c using

Fy, (Your)-
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2.3.2 Average symbol error rate

The conditional probability of error for an M-arr PSK system is given by

P(e|x) = %erfc(\/)_cB) (2.19)

where erfc(.) is the complimetary error function, X is the instantaneous SNR of the MPSK system,

B = sin(7;) and

1, M=2.
A= (2.20)
2, M>2.
Maclaurin series of P(e|x)
(2p+1)
A o Py g2p+1)
elx 2.21
P(elx) = Z A2p 1) 221)
and Meijer-G representations of P(e|x) is
A 2.0 BZX 1
P = —=G5 | — 222

The average SER of the ACBS hybrid FSO/RF system can be calculated by averaging the condi-
tional error probability over the PDF of ¥.. So, we need to determine the PDF of ¥ (fy,(x)). fy.(x)

can be obtained by differentiating the CDF of },. On differentiating (2.12) with respect to x we get.

f X), x < Y-
f% (x) _ YFSOH’RF( ) (2.23)
G(x) + frypso (X), x> .
where
r
x) = /0 S yso (0) e (x —1)dt (2.24)
On substituting (2.9) and (2.6) in (2.24). Using binomial expansion and [21, Eq. (07.34.21.0084.01)]
we get
20+B-2F,~K & d KFx)l e\ =%\ g [ D2y P
Gx) = ( ) (_) G | (2.25)
e o 5w 5 () G,

where %11 = [%11,1] = [1 —1] and By = [B12,1,B122, P23, B12.4, PB125] = 5, “—“,%%,—l]

By definition, the average SER of the system can now be calculated as

pAC = / ) %er fe(v/xB) fy, (x)dx (2.26)
0
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substituting (2.23) in (2.26) we get

PAC = f Pl s 0+ [ Plels) o) + Gl

1 h P g (2.27)
=h+Dh
where
Yr
I = /0 erfe(v/AB) fypgp iy (X)dx (2.28)

on substituting (2.16) and (2.21) in (2.28). And using [21, Eq. (07.34.21.0084.01)] we get

3 .
2“+B—2AFYT6_K {i (—F'}’T)n i (KF,}/T)l

11=F1<’}/T)— - F(n+i+1)
2 D(a)B) L=y (i)?
nti (21+1)1 Dy B3
Z Gy | = (2.29)
= z' 21+1 o\ 16 ' 5,

where %13 = [%1371,%1372] = [(% —n—i—l), 1] and
Bra = (B4, P42, P43, Brag, Blas, Blag) = [%70‘7“,%%,—11—; —n—i—1-3].

I, can be calculated using

b= / " P(elx) fypgy (¥)dx + / " Plelx)Gx)dx (2.30)
¥r ¥r )

I3

on directly evaluating (2.30) we get a form which has convergence issues while analysing it using
MATLAB. So, we use the property of integral to change the limits of integration in (2.30) as

” Y
Izz/o P(e|x)fyFSO(x)dx—/0 P(e|x) fypgp (x)dx+ I3

-~

H

A A (2.31)
=H— EFYFSO(W) + 5/0 erf(\/)_CB)f?’Fso (x)dx+1h3
Iy DS
where erf(.), H is the average SER of FSO link. H is given as
20+ D2 B
sl it I (2.32)

" 8TT()L(B) S\ 4B g,

where 25 = [1,1] and By = [B16,1, B16.2: P63 Bro4: Pres) = [ "‘T“,% %70]
I»; 1s evaluated by using Maclaurin series expansion of the error function and by substituting (2.9)

in (2.31) and using [21, Eq. (07.34.21.0084.01)]

I — 20h1 & (—l)n(B\/W>2n+lG4,1 Dy | 2y (2.33)
22 7T3/2F((X)F(ﬁ) o n!(2n+1) 1,5 16 %18 s .
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where 217 = [ —nl and B3 = [Bis.1, P32, P33, Bisa, Bigs) = [$, 4 BB - 3]

2972 29 2
I3 is obtained by using (2.22), (2.25) in (2.30), and integrating it using [21, Eq. (07.34.21.0085.01)]
20H—[3—3F e—K © (_F ne (KF i n+i n4i
Iy="— 4 Z( TT) Z( ,,YZT) Z( )(—1)1 (2.34)
mL()T(B) 1= M (i!) o\ !
D? B B
A e e I el Ve
P2 o

whereZ19 = [B19,1, PB19,2, Bro3] =[l —n—i—1,0, 3] and Bag = [%r0,1,B02] = [1,1 —n— ]
On substituting (2.10), (2.32), (2.33) and (2.34) in (2.31) we get I, and on substituting the value
of I and (2.28) in (2.27) we can get the average SER of the single hop system.
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Chapter 3

Dual-hop hybrid FSO/RF system

Chapter 1 discussed the system model, outage and average SER analysis of single-hop ACBS hybrid
FSO/RF system. In this chapter, we will discuss the system model for dual-hop (DH) ACBS hybrid
FSO/RF system and performance analysis of ACBS hybrid FSO/RF system.

3.1 System model

In the dual-hop scenario, we add a relay between the ground station and the low earth orbit (LEO)
satellite. We use HAPS stationed at the height of around 21 Km as the relay. Addition of relay
breaks the link in two parts — first, the GS-HAPS link and second, the HAPS-LEO link. The relay
uses a decode and forward protocol. For the case of transmission between GS and HAPS, the FSO
beam is highly susceptible to the atmospheric turbulence, and this makes it necessary to back the FSO
link by a reliable RF link and use the ACBS scheme. While the HAPS-LEO link is connected using
only a single link FSO system as FSO beam has to go through minimal turbulence in this part of
communication. Using the expressions of outage and average SER of ACBS hybrid FSO/RF system
derived in the previous chapter, we can obtain the outage and average SER expressions for dual-hop

ACBS hybrid FSO RF system.

3.2 Performance analysis

In this section, the outage and average symbol error rate (SER) for single-hop (DH) ACBS hybrid
FSO/RF system are analysed for an uplink scenario. The closed-form expression will remain the
same for both uplink and downlink scenarios. The difference will come only in the o and 3. So, this
analysis can be extended for downlink by using o and 8 of the downlink scenario. Let, the o and B;

be the small scale and large scale parameters for GS-HAPS, and o, and f3; for the HAPS-LEO link.
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Using the expressions of outage and average SER of ACBS hybrid FSO/RF system derived in the
previous chapter, we can obtain the outage and average SER expressions for dual-hop ACBS hybrid

FSO RF system.

3.2.1 Outage probability

The dual-hop hybrid FSO/RF system will be in outage if either of the systems used in GS-HAPS
link or the HAPS-LEO link is in outage. In other words, the system will not be in outage if both
the systems are not in outage. Moreover, this can be evaluated using the fact that the ACBS hybrid
FSO/RF system and the single link FSO system are statistically independent of each other. So, the

probability that the system is not in outage can be written as

Z = (1—Psc)(1—Prso) 3.1

where P4c is the outage probability of the ACBS hybrid FSO/RF system and Prgp is the outage
probability of the FSO system. Prgp can be derived by substituting the 7,,,, for the single link FSO
system used for GS/HAPS link, in (2.10). The probability of outage of the DH system will be

Pop=1-Z7 (3.2)

substituting (3.1) in (3.2) we get

Ppy =1~ (1 —Pac)(1 = Prso)
= Pac +Prso — Pac X Prso (3.3)
~ Pac + Prso
here the negative term can be ignored as its value is very less as compared to the sum of the other two

terms. On substituting the value of Pyc and Prgp in (3.3), we get the outage probability of the DH
ACBS hybrid FSO/RF system.

3.2.2 Average symbol error rate

Average SER of the DH ACBS hybrid FSO/RF system ca be derived in a similar way as the outage
probability. We have to consider one system at a time and use the conditional probability of error. So,
the signal received at the destination, i.e. LEO satellite for up-link and GS for down-link, will be in
error if one of the links, i.e. GS-HAPS or HAPS-LEO is erroneous while the other is not. So, Average
SER is
PPH — (1 - H)PAC 4+ H(1 — PA°)
=P\ L H—2P\°H

(3.4)
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where PAC is the probability of error of the ACBS hybrid FSO/RF system discussed in section (2.3.2)
and H is the average bit error rate of the FSO system (2.32). Unlike outage here we cannot ignore the

negative term.
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Chapter 4
Asymptotic analysis

The asymptotic analysis is carried out to get the diversity order of the system. At higher values of
SNR, the asymptotic expression is equal to the closed-form expression. This property is used to get
the slope of the closed-form expressions at higher values of the SNR. At higher values of SNR the
closed-form expressions of the performance parameters can be expressed in the form (G.SNR) %
where G; and G, are the diversity gain and coding gain of the system. We assume Jrso tends to
infinity to derive the asymptotic expressions.

As Yrso = o, D — 0, using the expansion to Meijer-G funtion for input argument tending
to zero [21, Eq. (07.34.06.0040.01)], we get the asymptotic expressions of the system performance

parameters.

4.1 Outage probability

4.1.1 Single-hop

AS Trso = o0, Psc = Py . For Y < yr itis given by

Py — 2a+ﬁ_2FYom€_K i (—F'}/gm)n i (KF’}/OMI)i
AC al(a)T(B) = n! = (i)?

C(n+i+1)%, (4.1)

where
y T T(Bs j = By ) T T(1 = B, + B i)

. D2 » %&k
G = Z Jj7k - % ( Y z)
k=1 Hj:S F(l _%S,j‘i‘%&k) 16

and for Y, > vr,

a+p-2
asy 2 +ﬁ

AC T al(a)T(B)

— - _F%)ut)n - (KF'}/()ut)i
G — G+ Fyyue X (
{ 2 3+{ toue ,;) n! §<u>2<n+i+1>

n+i+1 n+l+1) (_,},T>p }:|
@, 42
: ,,g ( p You ) *2)
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where

2 by
_ J#k D= Your
‘fz—k; ™ < T > : 4.3)
4
4 Hﬁ}cr(bf bi) Dy b
%3_,; by ( 16 > “44)
and
A H,#}{F(@wj P10,k) Dy Hos
=), — 4.5)
k=1 p+Brok 16

4.1.2 Dual-hop
As Yrso = o, Ppy — ng. For Y, < ¥r 1s given by
P = PR+ P,

200+pr—2 20 P 2Fy, e K E (—F o) & (KF Your)! . (4.6)
= - e
nl(ap)T(B) 5+ 7l (o)T(Br) ZO Y Z(,) )2 (n+i+1)%s

n

H4 1 T(b; —by)
n #k Dz%ut bi
sl (%)

4 H‘}:l I'(%s,;— Ps ) H§:1 I(1—%7,;+ Ps k)

. 2 B3 k
b6 = Z 7k - % (D %ut)
k=1 [T;_sT(1 — %3 j+ PBs x) 16

as ap and f3, are of the order of 10* the first term i.e. the term involving %5 is ignored. So Pag 1s

approximately equal to

2a1+ﬁ1_2F)/0me_K oo (—F'}’ouz)n o (KF'}’ouz)i .

asy __
Ppi =

For Your > 7r,
asy 200+ =2 rai+pi n

AC T al(op)l (ﬁz) "2 (o)T

e_K F')/out) - (KFYOMl‘)i
(ﬁ1>[ W{FW Z X it i+ 1)

i
n+z+1 p
) ("+ H)( 1 %10}}(4.9)
p=0 p Your

where

, T Db —by) b
_ ]#k D2Y0ut k
%7_2 i < T ) , (4.10)

k=1
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s =i T —by)

2 by
j;ék D Yom‘
= 4.11
3 1;1 b ( T ) ; (4.11)
4
4 ng(bj—bk) D\
o = 4.12
9 k; b (16> (4.12)
and
A Hj#}( ['(%10,j — $rox) Fro
%10 = 4.13
10 kzl P+ Brox ( T ) (4.13)

Similarly, the term involving %5 as a, and f3; are of the order of 10%.
20u+p1—2
nl (o) (1)

asy
PAC o

o [t § 0§

n+i+1 4
) (’H H) ”T) %OH’ 4.14)
p=0 D Yout

4.2 Average SER

Similar to the outage asymptotic expression in this section, we derive the asymptotic expression of
the average SER using the fact that Jrso = o, D = 0. Using [21, Eq. (07.34.06.0040.01)] to

replace the Meijer-G with the series, we can derive the asymptotic expression of the average SER

4.2.1 Single-hop

As Jrso = oo, PIAC = PACw | —= IV, L = LY, Fi(yw) = F”(y), H = H™,

Frso(Yr) = Fpay (Y1), b = Iy, b3 = L3 . So from equation (2.27) we get
Py = [V 4 157 (4.15)
From (2.28), (2.17) and [21, Eq. (07.34.06.0040.01)] we get the asymptotic expression of /| as

3
a+p—2 5 K[ o ( n oo i
2 Are [y OOl g B piy
i=0 :

19y — Fasy(,yT) .
! ! DT(T(B) L= !

nti (_%>B(21+1)l }
X — X% (4.16)
pZO 020+ 1)
where
A H‘}:lr(«@m,j—%14,k)H§:1F(1—%1344—%14,0 D\ P14
@)
1;1 [15_sT(1 — B4 j + Brax) 16
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and

20482 Fxe K & (—Fx)" & (KFx)
F Yr)= - I'n+i+1)x %61
) al(a)T(B) = n! ;’) (i!)? ( )
where
4 T D( B j— B )T (1 — B+ P ) )\ Bey
‘512=Z J#k ><<D }’T) .
i1 TS5 T(1 — Bs j + PBs ) 16
On substituting (2.10), (2.32) in (2.31) we get
I _ Hasy o éFasy +Iasy +Iasy
2= 2" vrso(¥r) 22 23
using (2.32), (2.10),(2.33),(2.34) and [21, Eq. (07.34.06.0040.01)]
2(x+ﬁ >
H=
83T (a)T(B)
ro+f—2
F X)= ————+- X %14
'YFSO( ) nr(a)l—w(ﬁ)
2(x+ﬁ71 > (_1\"(B 2n+1
I (=1)"(Byr) < Gis,

T BAL()D(B) = nl2n+1)

2P Fpe K & (—Fy)t & (KFyr)' S (i,
= e L Ly ,;)( l )< b

P19
Gg:g Bz')/T | X 616
0

where
4 H;;}cr(%m’j — Br6) [1=1 (1 — Bis,j + Biox) —_—
% p—
N l; I(1+Piex) X( 16 )
4 4}.:1 F(b] _bk) 5 by
Gu=Y 7k <D YT)
[T T(%1s,j — Bis )T (1 — Br7 + Bisy)
4 Jf/l( X ’ ’ 2y, PBs k
g =)
=1 C(1 — %135+ Pigx) 16
[T T(B12,j — Bros)T(1 — Biy + Brog)
4 Jsllc o , , ZYT Bir
o )
=1 I(1 — %125+ Piax) 16
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4.2.2 Dual-hop

In the case of the dual-hoop scenario, as discussed earlier, the small scale and large scale parameters
are of the order 10* for the HAPS-LEO link, and this makes the asymptotic expression of average
SER for the single link FSO system between HAPS-LEO negligible as compared to the average
SER of ACBS system. So, the asymptotic expression of the average SER for dual-hop scenario
becomes equal to the single-hop case. The only difference that comes is the small scale and large
scale parameters. Here, o and 8 correspond to GS-HAPS link, which will have larger magnitude
compared to single-hop scenario. Hence, improvement in performance will be obtained for dual-hop

scenario with decrease in atmospheric turbulence.

4.3 Conclusion

The expressions derived in sections (4.1) and (4.2) give us an insight into a diversity order of the
outage and average SER expressions of the single-hop and dual-hop systems. From sections (4.1) and
(4.2) we can see that the asymptotic expressions are of the form ¥(G;SNR)%, where the dominant
values of G, are ¢ %, %, %, @ for both the outage and average SER cases as can be seen from the

expressions of 6] to €1e.
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Chapter 5

Numerical results and discussions

In this chapter, we will analyse the closed-form expressions derived in the earlier chapters. The
system parameters used for the analysis are listed in the table (5.1). Unless otherwise stated, the
system parameters will be the same as listed in (5.1). The summation limits n, and i are set to be

20 and 20 for analytical analysis. Further increment in the values of n and i does not affect the fifth

decimal figure of the outage and average SER.

Table 5.1: Simulation parameters

Outage analysis Average SER analysis
Parameter Value Parameter Value
Ricean factor (K) 1 Ricean factor (K) 1
Switching Threshold (yr) 8 dB Switching Threshold (yr) 5dB
Outage Threshold (Y,ur) 3dB Outage Threshold (Y,,;) 3dB
Lower Earth Orbit Height (H) | 620 km Lower Earth Orbit Height (H) | 620 km
HAPS height (Hgaps) 25 km HAPS height (Hgaps) 25 km
Average RF SNR (7zr) 15 dB Average RF SNR (¥zr) 27 dB
Wind Speed (w) 21 m/sec Wind Speed (w) 21 m/sec
Zenith Angle (¢ senith) 80° Zenith Angle (9 enitn) 80°
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5.1 System performance analysis
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Figure 5.1: System performance parameters vs ¥rso for up-link and down-link

Here we can see the plots of outage and average SER for up-link and down-link scenario with respect
to average SNR of FSO link. From the graph, we can observe that there is a diversity gain in case
of the up-link scenarios for the single-hop (GS/LEO) and the dual-hop (HAPS) systems while there
is no improvement in the system performance of the dual-hop as compared to the single-hop for the
downlink scenario.

In the case of downlink scenario, the data first travels through a low attenuation region. During
which it goes through less attenuation. Before it reaches the high attenuation region, approximately
the height at which the HAPS is stationed, it suffers low beam divergence. Due to low beam di-
vergence, the FSO beam of the single-hop system will have similar geometry as that transmitted by
HAPS. So, we see no gain in the system performances of the dual-hop system with respect to the
single-hop system. While for the up-link scenario we see a diversity gain in the performance parame-
ters of the dual-hop w.r.t. single-hop system. When the beam first travellers in high attenuation region
it suffers high divergence. As it reaches the low attenuation region up to the height of HAPS, the beam
divergence is high. For the single-hop system, this beam continues till LEO while the dual-hop sys-
tem sends a new FSO signal from this height effectively eliminating the beam divergence. This leads
to the better system performance of the dual-hop system for the up-link scenario. Similar trends will
be seen throughout, so the following graphs plotted for the up-link scenario for both the single-hop

and dual-hop systems.

25



K=1 " |—8—7rso = 10 db, GS/LEO
Yout = 3 dB z ——*9rso = 15 db, GS/LEO
yr= 10 dB Bha —e—’?FSO = 10 db, HAPS
Yrr = 5 dB —6—9rso = 15 db, HAPS
2 2
E RN a E
Sio! Q\ 2
e ~: 2
~ N [
5 N 5
s ~ g
= AN =
o Y o
.
\.
N
—v— FSO single link ‘\’Q
10| — @ —Hard switching scheme \’\
N
--&-— ACBS for GS/LEO ‘\.y
0 5 10 15 20 25 3 0 5 10 15
Average SNR of FSO (dB) Switching threshold
(a) Comparison with different switching schemes (b) Optimum switching threshold

Figure 5.2: Comparison of ACBS with different switching schemes based on outage performance and

outage probability vs yr for varying ¥rso

The figure (5.2a) shows the comparison of outage probability of different switching scheme for
a single-hop up-link scenario. From the plots, we can observe that single ACBS hybrid FSO/RF
performs better than the single link FSO system and hard-switching based hybrid FSO/RF system
[15]. Here we can see that ACBS outperforms the single link FSO by 17.5 dB gain and the hard-
switching-scheme [15] by 10 dB gain at outage probability of 107!,

The figure (5.2b) shows us the outage performance versus switching threshold with varying ¥rso
of single-hop and dual-hop hybrid FSO/RF systems. Note that GS/LEO represents the single-hop
scenario, while HAPS represents the dual-hop scenario. For single-hop, the outage performance is
plotted at 7,,, = 5dB while for dual-hop it is plotted at y,,, = 3dB. From the figure, we can observe
that as the switching threshold increase the outage probability of the system decreases and then it
becomes constant. For Y7 > yout the outage probability of the system is constant. The value of ¥
for which the outage probability is minimum does not change even with varying ¥rso. So, we fix

Yr > Yout for the optimum system performance.
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Figure 5.3: System performance parameters vs Yrso for varying K

Figure (5.3a) shows the effect of Ricean factor on the outage probability of SH and DH hybrid

FSO/RF system. From the plots, we can observe that with the increase in Ricean factor, the outage

performance increases. We can achieve higher a coding gain from the outage performance of both

the systems as K increases. As K decreases, we can observe a higher diversity gain in the outage

performance of DH w.r.t. SH hybrid system.

Figure (5.3b) shows the effect of Ricean factor on the average SER of SH and DH hybrid FSO/RF

system. Results are similar to the outage performance. From the plots, we can observe that with the

increase in Ricean factor, the system performance increases. We can see a coding gain in the average

SER performance of both the systems as K increases.

So we can infer from the figure (5.3) that as K increase the system performance increases. We

get a coding gain in the plots of the system performance of SH and DH hybrid system. For the lower

value of K, the DH system has higher diversity gain as compared to the higher value of K.
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Figure 5.4: System performance parameters vs ¥rso for different wind speed

In figure (5.4), we see the variation of system performance parameters with varying wind speed.
From figure (5.4a), we can observe that with the increase in wind speed the outage performance of the
SH and DH hybrid systems deteriorates. We see diversity gain in SH and DH systems as wind speed
increases. As wind speed increases, the formation of vortexes in air increases, effectively changing
the refractive index of the medium, causing pointing errors and higher randomness in the received
signal amplitude. This can cause degradation in system performance, which can be observed from the
trends.

Similar trends are observed in the case of average SER of the DH and SH hybrid systems. From
figure (5.4b), we can see that as wind speed increases the diversity order of the system decreases. And

so the average SER performance of the systems deteriorates at higher.
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Figure 5.5: System performance parameters vs ¥rso for varying ¢..pitn

In figure (5.5), we see the variation of system performance with varying zenith angle. With in-
creases in the zenith angle, the propagation distance of the FSO beam increases. This increases the
divergence of the FSO beam, thus degrading the system performance. This trend can be observed
from the figure (5.5a) and (5.5b). As zenith angle increases the diversity order of the outage and

average SNR of SH and DH hybrid system decreases.
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Figure 5.6: Plots of asymptotic expressions and closed form expressions of system performance pa-

rameters vs ¥rso

Figure 5.6 shows the plots of asymptotic expressions and closed-form expressions of system per-
formance parameters as can be observed from the figure the plots of asymptotic expressions trace the
closed-form expressions at higher values of average SNR of the FSO link. The asymptotic expres-
sions are faster to compute so are efficient to analyse the system performance parameters at higher

values of SNR values. These are also efficient for computing the diversity order of the system.
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Figure 5.7: System performance parameters vs ¥rso for up-link and down-link
The figure (5.7) shows the variation of outage probability with varying average SNR RF. The
increase in the value of average SNR RF represents a better backup RF link. A better RF link directly

translates to better system performance. This trend can be observed from the figure (5.7). As the

value of average SNR RF increases the, we see a coding gain in the SH and DH systems.
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Chapter 6

Conclusions and future works

Single link FSO systems have shown the potential to be the next step for the satellite communication
system. FSO, while having its limitations, when backed by reliable RF, can be used in hybrid FSO/RF
systems with novel switching scheme to draw out the full potential of the FSO. From figure (5.2a),
we can say that adaptive combining based switching hybrid FSO/RF system performs better than the
hard switching based hybrid FSO/RF system and single link FSO system. Building on this, we have
extended the analysis of ACBS hybrid FSO/RF system to single-hop and dual-hop SATCOM for both
the up-link and down-link scenario. Further, the closed-form expressions of the system performance
parameters are derived. The performance of the SH and DH hybrid system are simulated assuming
weak to strong atmospheric turbulence conditions for the FSO links and Ricean distribution for the

RF links.

6.1 Conclusions

6.1.1 Single-hop hybrid FSO/RF system

e Insections (2.3.1) and (2.3.2) we have derived the closed-form expression for outage probability

and average SER of single-hop adaptive combining based hybrid FSO/RF system respectively.

e We have determined the range of switching threshold for which the SH hybrid system gives the

optimum switching threshold.

e In sections (4.1.1) and (4.2.1) the asymptotic analysis of system performance parameters of the
single-hop hybrid system is carried out. The asymptotic expression provides a computationally

faster way to analyse the diversity order and coding gain of the system.
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e In chapter 5 we can see the variation of system performance parameters with different param-
eters plotted against average SNR of the FSO link. Form chapter 5, we can observe that as the
FSO beam goes through higher atmospheric turbulence, examined by varying wind speed, the

performance of the system deteriorates.

e With the increase in zenith angle, the propagation distance of the beam increases leaving it
more vulnerable to the beam wander induced pointing error and atmospheric turbulence, which

significantly affects the diversity order of the system.

e With the increase in the value of Ricean factor and average SNR of RF link, i.e. a better line of
sight component and a better RF link respectively, the system performance of SH ACBS hybrid

system improves.

6.1.2 Dual-hop hybrid FSO/RF system

e In sections (3.2.1) and (3.2.2) we have derived the closed-form expressions of system per-
formance parameters. These expressions are verified using Monte Carlo simulations and are

plotted in the chapter (5).

e In sections (4.1.2) and (4.2.2) the asymptotic expressions of the outage probability and average
SER of DH ACBS hybrid FSO/RF system are discussed. Plots of the asymptotic expressions

are shown in the chapter (5).
e We have derived an optimum switching threshold for best outage performance of the system.

e DH ACBS hybrid FSO/RF system performs better than the SH ACBS hybrid FSO/RF system
in the case of the uplink scenario. While the system performance of DH and SH remains the

same in the downlink scenario.

e The trend observed in the system performance parameters of DH hybrid system is similar to the
SH hybrid system. With the increase in zenith angle or wind speed, the system performance of
the system degrades. The higher value of Ricean factor and average SNR of the RF link result

in better system performance.

6.2 Future works

In this thesis, we have only analysed outage probability and average SER of the ACBS hybrid FSO/RF
system. This report discusses SISO hybrid FSO/RF system, assuming no shadowing for RF link.
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There is a scope for a more detailed analysis of the system. Carrying out ergodic capacity analysis,
extending the discussion to MIMO hybrid FSO/RF system and using a more generalised Malaga and

o — N — K — U distribution for channel modeling will be the future work direction.
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