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Abstract

Due to its unique characteristics, free space optics (FSO) communication has gained major

importance in providing gigabit capacity links. However, detrimental effects of the transmis-

sion medium, such as air turbulence-induced fading, wind, and so on, limit its performance.

To improve the performance of FSO communication, it is important to backup with stable

radio frequency (RF) links. Future satellite communication (SATCOM) systems could ben-

efit from the integration of FSO and RF technologies. In this respect, the current research

provides two unique system models for high-altitude platform station (HAPS)-based uplink

and downlink relaying using both FSO and RF links. Further, the obtained closed-form

expressions for average symbol error rate (SER) and outage probability are validated using

Monte Carlo simulation results. Finally, various interesting inferences have been reported

using the obtained performance metrics.
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Chapter 1

Introduction

1.1 Introduction

According to the natural catastrophe report, 396 natural disasters struck the world in 2019,

affecting more than 95 million people. Furthermore, it has been reported that Asia has been

the site of more than 40% of all natural disasters. As a result, installing more satellites and

increasing the monitoring frequency, observation area, and resolution of satellite pictures is

vital for India and other Asian countries to avoid disasters. This necessitates large commu-

nication capacities and reliable communication links in satellite communication (SATCOM)

systems, ushering in a new era for SAGIN and optical-space-based communication [8].

The HAPS (High-Altitude Platform Station) or HAPS (High-Altitude Pseudo-Satellite)

is an aerial vehicle that flies above the clouds, often at altitudes of 17 to 25 kilometres, where

atmospheric influence on an optical beam is less severe than directly above ground. HAPS

has several advantages over satellites, including being easier and faster to install, having

lower operational costs, and requiring less maintenance. HAPS can act as a relay station be-

tween the satellite and the ground station, increasing the performance of satellite-to-ground

station and ground station-to-satellite communication links. The majority of SATCOM sys-

tems presently use radio frequency (RF) lines with limited data rates of a few hundred

megabits per second (Mbps). There has been a surge of interest in research and develop-

ment of free space optics (FSO) communications between GS and satellites in recent years,

which can give significantly faster data rates, up to terabits per second [13].

Because FSO only allows for high data rates for short-range transmission, the ground-

station to satellite FSO link’s performance is limited by fading induced by atmospheric tur-
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bulence. The FSO system uses a relaying strategy to mitigate atmospheric turbulence, which

results in a little boost in system performance. Because the ground station to HAPS link is

more susceptible to atmospheric turbulence, it is necessary to back up the high capacity FSO

link with a dependable RF link to provide a smooth hybrid FSO/RF communication. How-

ever, only FSO link is used for satellite-to-HAPS link as HAPS are located in a cloud-free

atmospheric altitude and reliability is not a major concern [19].

1.2 Literature Review

The space-air-ground integrated network (SAGIN) has gained a lot of interest from aca-

demics and industry because it uses modern information network technology to connect

space, air, and ground network elements. More and more organisations, such as the Global

Information Grid (GIG) Oneweb and SpaceX, have started initiatives on SAGIN in recent

years [10]. SAGIN can be utilised in a variety of practical domains, including earth ob-

servation and mapping, intelligent transportation systems (ITS), military missions, disaster

relief, and so on, due to its inherent benefits in terms of vast coverage, high throughput, and

great durability. Satellites, in particular, can provide seamless connectivity to rural, ocean,

and mountain areas, while air segment networks can boost capacity in covered areas with

high service demands and densely distributed ground segment systems can provide high data

rate access. Integration of these network segments would provide numerous advantages for

future 6G wireless communication. In [22] and [18], the performance of dual-hop (DH)

relay-assisted FSO and hybrid FSO/RF communication was investigated for terrestrial com-

munication. [12] examined the performance of a hybrid satellite-terrestrial FSO cooperative

link using a satellite RF link and a terrestrial FSO link. In the SATCOM context, however,

there are just a few publications that look into single-hop (SH) FSO communication be-

tween the satellite and the ground station. A performance study of an FSO-based downlink

SATCOM system with spatial diversity was carried out in [15] over fading channels caused

by Gamma-Gamma turbulence. Closed-form expressions were only available for the outage

probability and not the average bit error rate (BER). In addition, the BER of numerous mod-

ulation schemes for SH FSO-based uplink and downlink SATCOM systems was assessed in

[8]. To our knowledge, performance analysis of DH HAPS-based SATCOM system has not

been provided considering multiple-HAPS and end-to-end uplink and downlink scenarios
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over generalized FSO and RF channel distributions.

1.3 Motivations and Contributions

1.3.1 Chapter 2

The motivations behind the work in Chapter 2 are summarized as follows:

• In the case of uplink scenario, the performance of FSO link over Malaga fading chan-

nel for decode-and-forward (DF) relaying in the presence of both direct link and relay

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

• Furthermore, performance analysis of the system model consisting of multiple HAPS

has not been done studied yet.

• In particular, the performance analysis in [15] was reported considering Gamma-

Gamma distribution. Therefore, there is a need to analyze the performance of the

channel considering Malaga distribution.

The contributions of the work in Chapter 2 are summarized as follows:

• The closed-form expressions for performance metrics such as outage probability and

symbol error rate (SER) of the proposed system model are derived.

• The Monte Carlo simulations are also carried out to validate the derived closed-form

expressions.

1.3.2 Chapter 3

The motivations behind the work in Chapter 3 are summarized as follows:

• In the case of uplink scenario, the performance of hybrid FSO/RF link over Malaga

fading channel for DF relaying in the presence of both direct link and relay link has

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

• Furthermore, performance analysis of the system model consisting of multiple HAPS

has not been done studied yet.
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• There is a need to derive the closed-form expressions for the outage probability and

SER in order to perform exact analysis.

The contributions of the work in Chapter 3 are summarized as follows:

• The closed-form expressions for performance metrics such as outage probability and

SER of the proposed system model over Malaga fading channels are derived.

• Finally, Monte Carlo simulations are performed to validate the derived performance

metrics.

1.3.3 Chapter 4

The motivations behind the work in Chapter 4 are summarized as follows:

• The existing literature lacks in deriving the exact outage probability and SER expres-

sions for end-to-end communication i.e from ground station to satellite (uplink) and

thereby to ground station (downlink).

• The existing literature also lacks performance analysis of system model consisting of

multiple HAPS for end-to-end communication scenario.

The contributions of the work in Chapter 4 are summarized as follows:

• The closed-form expressions for performance metrics such as outage probability and

SER of the proposed system model are derived.

• The Monte Carlo simulations are also carried out to validate the derived closed-form

expressions.

1.4 Organization of the Thesis

The rest of this thesis is organized as follows: In Chapter 2, the system model for uplink

scenario using FSO link along with HAPS as relay is discussed. Further, in chapter 3, the

performance analysis of the system model for uplink scenario using hybrid FSO/RF link

with HAPS acting as relay is discussed. Chapter 4 shows the performance analysis of the

end to end system model i.e combination of both uplink and downlink scenarios is discussed.

Finally, chapter 5 includes the conclusion and scope of the future work of this thesis.
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Chapter 2

Performance Analysis of multiple

HAPS-based Uplink FSO

Communication

2.1 Introduction

This chapter describes a dual-hop (DH) uplink communication i.e from ground station (S)

to satellite (D) as system model with HAPS (R) acting as relay between S and D. In the

proposed system model, we employed one ground station, relays, and one satellite. Further,

we assume all receiver nodes know the full channel state information (CSI) of all the links.

Out of multiple relays, one is selected based on the relay selection scheme. Here, partial

relay selection (PRS) is considered in our work. In the PRS scheme, only CSI between

source-to-relay links are required. One relay is selected out of multiple relays based on the

instantaneous signal-to-noise ratio (SNR) between source-to-relay links. The performance

of this proposed system is analyzed by deriving the exact outage probability and symbol

error rate (SER) expressions over Malaga fading channels [12].

2.2 Organisation of chapter

The rest of the chapter is organized as follows: The system model for uplink communica-

tion using FSO link and HAPS as a relay has been discussed in Section 2.3. Section 2.4

provides the closed-form expressions for outage probability and SER over Malaga fading
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channels. Furthermore, numerical results and inferences are given in Section 2.5. Finally,

the concluding remarks are given in Section 2.6.

2.3 System Model

Let us consider an uplink model as shown in Figure 2.1, where a ground station (S) intends

to transmit the signal to satellite with the help of a single relay, which is selected out of N

number of relays based on PRS scheme. Here out of N relays, one relay is selected based

on the instantaneous SNR between S (Source) → Rn(Relay) links, where, n = 1,2, ....N.

Here the data transmission takes place in two phases, and we assume symbol by symbol

transmission [14]. Let hi, j represents the independent Malaga fading channel coefficient

between nodes i and j where, i ̸= j, i ∈ {S,Rn}, j ∈ {Rn,D}. At the beginning of the

transmission, the source node selects one relay based on the instantaneous SNR of source-

to-relay links.

Figure 2.1: System Model

Two-phase orthogonal transmission is used in the considered system model. During the

first phase of the uplink scenario, S transmits the information signal to R across the FSO

link. R delivers the decoded information signal to D over the FSO link during the second or

orthogonal phase transmission. One relay is chosen based on the value of the instantaneous
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SNR of S-R links [5]. It is not necessary to check the SNR of the FSO link at regular

intervals because the FSO channel varies on the order of millions of symbol intervals [1]. In

addition, a sub-carrier intensity modulation based M-ary phase-shift-keying (SIM-MPSK)

scheme is assumed.

First Phase:

The received signals at HAPS relay R1,R2...Rn are given by

y1 = hSR1 x1 +n1 (2.1)

y2 = hSR2 x1 +n1 (2.2)

.

.

.

yn = hSRn x1 +n1 (2.3)

where n1 denote the additive white Gaussian noise (AWGN) with zero mean and variance

σ2, and hSR1 ,hSR2 ....hSRn are the fading channel coefficients for S-R link.

Second phase:

The received signal at D in the second phase can be expressed as

yD = hRnD x2 +n2 (2.4)

where n2 represent the AWGN at D with zero mean and variance σ2, and hRnD is the fading

channel coefficient for R-D link and index n value can be any value from 1 to n depending

upon which relay is selected.

2.3.1 FSO channel model

According to the Malaga distribution, three components of the detected field at the receiver

are statistically accounted for: (a) dictates the LOS component (b) denotes the coupled to

LOS component that is scattered by the eddies on the propagation axis (c) the third compo-

nent, which is scattered to the receiver by off-axis eddies. The probability density function

(PDF) of irradiance Ia FSO link is modeled using Malaga distribution and is given by,

fIa(Ia) = A
β

∑
m=1

amI
α+m

2 −1
a Kα−m

(
2

√
αβ Ia

ρβ +Ω1

)
(2.5)
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where bm = am(
αβ

ρβ+Ω1 )
−(α+m)/2 , am =

(
β−1
m−1

) (ρβ+Ω1)1−m/2

m! (Ω1

ρ
)m−1(α

β
)m/2,

A = 2αα/2

(ρ1+α/2)Γ(α)
( ρβ

ρβ+Ω1 )
β+α/2, α is a positive parameter related to the effective number

of large-scale cells of the scattering process, and β is the amount of fading parameter and is

a natural number. The radial displacement ρ between the beam center and detector center,

which induces pointing error, has been modeled using Rayleigh distribution. The amount of

the received power collected at the receiver aperture of radius a can be expressed in Gaussian

form as

Ip = Ao exp
(
− 2ρ2

wleq

)
(2.6)

where Ao = er f 2(v), v =
√

πa√
2wL

and wleq =
w2

L
√

πer f (v)
2vexp(−v2)

. Here a is radius of detector aperture,

wl is beam waist and er f (.) is the error function. It is to be noted that the radial displacement

ρ follows the Rayleigh distribution and using the random variable transformation, the PDF

of pointing error is expressed as [2]

fIp(Ip) =
g2

Ag2
o

I(
g2−1)

p (2.7)

where g =
wleq
2σs

, represents the pointing error coefficient and σs is the jitter standard de-

viation. Beers Lambert Law [15] defines the atmospheric path loss of an optical link as

Il = exp(−α jL) where α j is the attenuation coefficient which depends on weather condi-

tions and link distance L. The combined atmospheric channel state of FSO link includes

irradiance, pointing errors and path loss and is written as I = IaIpIl . The combined channel

PDF is given by

fI(I) =
∫

∞

I/IlA0

fIa(Ia) fI/Ia(I/Ia) dIa (2.8)

=
∫

∞

I/IlA0

fIa(Ia)
1

IaIl
fp(

I
IaIl

) dIa (2.9)

By substituting (2.5) and (2.7) in (2.9) the integral gives

fI(I) =
Aρ2

2I

β

∑
m=1

bmG3,0
1,3

 αβ I
(ρβ +Ω1)IlA0

∣∣∣∣∣∣ g2 +1

g2,α,m

 (2.10)

Instanteneous SNR is given by, γ= neI
N0

and average SNR is obtained by E[γ] and it is given

by γavg= neE[I]
N0

. Here E[I] represents expectation of I, ne is effective photoelectric conversion

rate and N0 is noise power(AWGN). Average SNR can also be written as γavg =
IlA0(ρ+Ω1)g2

(1+g2)N0
.

By using random variable transformation, the PDF of instantaneous SNR of FSO link un-
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dergoing Malaga fading considering both IM/DD and HD technique is obtained as

f
γ

f
ii
(γii) = D1

β

∑
m=1

bm

γii
G3,0

1,3

B1

(
γii

γavg

) 1
r

∣∣∣∣∣∣ g2 +1

g2,αii,mii

 dγii (2.11)

where D1 = Aρ2

2r , B1 = αβ (ρ+Ω1)g2

(ρβ+Ω1)(g2+1) , r denotes the unifying parameter which takes value

r=1 for HD detection, and r=2 for IM/DD detection and ii={SR,RD}.

2.4 Performance Analysis

2.4.1 Outage probability of a FSO link

The CDF is obtained by integrating PDF over limits 0 and γ , which is given by

F
γ

f
ii
(γii) =

∫
γii

0
f
γ

f
ii
(t)dt (2.12)

After substituting (2.11) in (2.12), we get

F
γ

f
ii
(γii) =

∫
γii

0
D1

β

∑
m=1

bm

t
G3,0

1,3

B1

(
t

γavg

) 1
r

∣∣∣∣∣∣ g2 +1

g2,αii,mii

 dt (2.13)

Simplifying above expression using the [11, eq.(07.34.21.0084.01)], final outage probability

expression for FSO link can be written as

F
γ

f
ii
(γth) = D1

β

∑
m=1

cmG3r,1
r+1,3r+1

Eγth

γavg

∣∣∣∣∣∣ 1,k1

k2,0

 (2.14)

where E =
Br

1
2r , k1 = [g2+1

r .....g2+r
r ], k2 = [g2

r .....
g2+r−1

r , α

r ....
α+r−1

α
, m

r ...
m+r−1

r ], and

cm = bmrα+m−1.

2.4.2 Outage probability analysis of uplink using single HAPS

The outage probability of DH link is given by

PDH
0 = 1−{(1−PSR

0 )(1−PRD
0 )}

= PSR
0 +PRD

0 −PSR
0 PRD

0 (2.15)

where PSR
0 = F

γ
f

SR
(γSR) and PRD

0 = F
γ

f
RD
(γRD).

From the (2.14) PSR
0 can be obtained, i.e.

PSR
0 = D1

β

∑
m=1

cmG3r,1
r+1,3r+1

Eγth

γavg

∣∣∣∣∣∣ 1,k1

k2,0

 (2.16)
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PRD
0 is almost negligible due to negligible atmospheric affects in relay to destination region.

The final expression for DH outage probability with single HAPS is majorly dependent

on S-R link outage probability. After substituting PSR
0 and PRD

0 values in (2.16) the final

expression will be

PDH
0 = D1

β

∑
m=1

cmG3r,1
r+1,3r+1

Eγth

γavg

∣∣∣∣∣∣ 1,k1

k2,0

 (2.17)

2.4.3 Outage probability analysis of uplink using multiple HAPS

The outage probability of DH link with multiple HAPS is obtained when all the N links

i.e. SR1 and SR2....SRn are in outage along with the R−D link and it is mathematically

represented as

PDH
1 = P(max(γSR1 ,γSR2....γSRn)< γth ∩ γRD < γth) (2.18)

This can also be written as

PDH
1 = 1−{(1−PSR

1 )(1−PRD
1 )}

PDH
1 = PSR

1 +PRD
1 −PSR

1 PRD
1 (2.19)

where PSR
1 = [F

γ
f

SR1
(γSR1)Fγ

f
SR2

(γSR2)....Fγ
f

SRn
(γSRn)] and PRD

1 = F
γ

f
RD
(γRD). From the (2.16),

PSR
1 can be obtained as

PSR
1 =

D1

β

∑
m=1

cmG3r,1
r+1,3r+1

Eγth

γavg

∣∣∣∣∣∣ 1,k1

k2,0

N

(2.20)

PRD
1 is negligible (almost zero). The final expression for DH outage probability with multi-

ple HAPS is majorly dependent on S-R link outage probability. After substituting PSR
1 and

PRD
1 values in (2.19). The final expression will be

PDH
1 =

D1

β

∑
m=1

cmG3r,1
r+1,3r+1

Eγth

γavg

∣∣∣∣∣∣ 1,k1

k2,0

N

(2.21)

2.4.4 Symbol error rate of a FSO link

The conditional SER of MPSK signalling based on the instantaneous SNR of given link is

p(e/γii) =
A
2

erfc(
√

γiiB) (2.22)
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where A=1 when modulation order M = 2 i.e. binary phase-shift keying (BPSK), A=2 when

M > 2, B = sin(π/M), and erfc(·) denotes the complementary error function. Using the

relation between erfc(·) and Meijer G-function [11, eq.(07.34.03.0619.01)], the conditional

SER can also be written in terms of Meijer G-function and is given by

p(e/γii)=
A

2
√

π
G2,0

1,2

B2
γii

∣∣∣∣∣∣ 1

α,β

 . (2.23)

The conditional SER can also be expressed in terms of Maclaurin series expansion and is

given by

p(e/γii) =
A
2

{
1− 2√

π

∞

∑
k=0

(−1)k(γii)
2k+1

2 B2k+1

k!(2k+1)

}
(2.24)

The average SER of FSO link is obtained by integrating the conditional SER over the PDF

of instantaneous SNR of FSO link i.e.

Pe =
∫

∞

0
p(e/γii) f

γ
f

ii
(γii)dγii (2.25)

After substituting the corresponding terms in (2.25), the average SER is given by

Pe =
∫

∞

0

A
2
√

π
G2,0

1,2

B2
γii

∣∣∣∣∣∣ 1

α,β

D1

β

∑
m=1

bm

γii
G3,0

1,3

B1

(
γii

γavg

) 1
r

∣∣∣∣∣∣ g2 +1

g2,αii,mii

dγii

(2.26)

Using [11, eq. 07.34.21.0013.01] and simplifying above integral gives average SER of FSO

link, which is given by

PFSO
e = D2

β

∑
m=1

cmG3r,2
r+2,3r+1

 E
γavg

∣∣∣∣∣∣ 1,0.5,k1

k2,0

 (2.27)

where D2 =
Aρ2

2r(2π)r−1 .

2.4.5 Average SER of DH uplink FSO communication with single HAPS

The conditional SER of S-R-D link during uplink can be written as

PeSRD(γSR,γRD) = Pe(γSR) + Pe(γRD) − Pe(γSR) Pe(γRD) (2.28)

11



After averaging (2.28) over the PDFs of the instantaneous SNR of FSO link, the average

SER is given by

PSRD
e = PSR

e +PRD
e −PSR

e PRD
e (2.29)

where PSR
e denotes the average SER of FSO link, which is given in (2.27)

PSR
e = D2

β

∑
m=1

cmG3r,2
r+2,3r+1

 E
γavg

∣∣∣∣∣∣ 1,0.5,k1

k2,0

 (2.30)

Since R-D link behaves as an AWGN channel due to negligible distortions, the average SER

expression can be written as

pRD
e =

A
2

erfc
(√

γavgB
)

(2.31)

The final expression for SER is obtained by substituting (2.30) and (2.31) in (2.29).

2.4.6 Average SER of uplink using FSO link with multiple HAPS

While calculating average SER for multiple HAPS scenario, the only thing that changes

from single HAPS scenario is S-R part. In multiple HAPS case with N links, the PDF

calculation is quite different.

The CDF in the case of N links is given by

Fγ(γ) = P(max(γSR1,γSR2....γSRn)< γth) (2.32)

Fγ(γ) = P(γSR1 < γth)P(γSR2 < γth).....P(γSRn < γth) (2.33)

Fγ(γ) = FγSR1
(γ)FγSR2

(γ).....FγSRn
(γ) (2.34)

Now PDF is obtained by differentiating the CDF expression

fγ(γ) =[ fγSR1
(γ)FγSR2

(γ)...FγSRn
(γ)]+ [ fγSR2

(γ)FγSR1
(γ)...FγSRn

(γ)]+ ...

[ fγSRn
(γ)FγSR1

(γ)...FγSRn−1
(γ)] (2.35)

We have assumed that all these links are identical, so fγSR1
(γ) = fγSR2

(γ) = fγSRn
(γ) = fγSR(γ)

and FγSR1
(γ) = FγSR2

(γ) = FγSRn
(γ) = FγSR(γ)

Finally, PDF in the case of multiple HAPS with N links can be written as

fγ(γ) = N × fγSR(γSR)[FγSR(γSR)]
N−1 (2.36)

The average SER of this system model is given by

PSR
e = N ×

∫
∞

0
P(e/γSR) fγSR(γSR)[FγSR(γSR)]

N−1 dγSR (2.37)
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Because of the constraints in the calculation of average SER of generalized N links case, we

are considering the special case of N = 2 and it is given by

PSR
e =

∫
∞

0
2P(e/γSR) fγSR(γSR)FγSR(γSR) dγSR (2.38)

By substituting the (2.11),(2.14) and (2.23) in (2.41), we get

PSR
e =

∫
∞

0

A
2
√

π
G2,0

1,2

B2
γSR

∣∣∣∣∣∣ 1

α,β

D1

β

∑
m=1

bm

γSR
G3,0

1,3

B1

(
γSR

γavg

) 1
r

∣∣∣∣∣∣ g2 +1

g2,αii,mii


×D1

β

∑
m=1

cmG3r,1
r+1,3r+1

EγSR

γavg

∣∣∣∣∣∣ 1,k1

k2,0

 dγSR (2.39)

From equation [11, eq. 07.34.17.0013.01], fγSR(γSR) can also written as

fγSR(γSR) = D1

β

∑
m1=1

cm1

γSR
G3r,0

r,3r

EγSR

γavg

∣∣∣∣∣∣ k1

k2

 (2.40)

where cm1 = bmrα+m−1 . Now replacing the expression of fγSR(γSR) in (2.39) with (2.40)

gives

PSR
e =

∫
∞

0

A
2
√

π
G2,0

1,2

B2
γSR

∣∣∣∣∣∣ 1

α,β

 D1

β

∑
m1=1

cm1

γSR
G3r,0

r,3r

EγSR

γavg

∣∣∣∣∣∣ k1

k2


×D1

β

∑
m=1

cmG3r,1
r+1,3r+1

EγSR

γavg

∣∣∣∣∣∣ 1,k1

k2,0

 dγSR (2.41)

Simplifying the above equation based on [22, eq.07.34.21.0081.01] gives the following ex-

pression in terms of bi-variate Meijer G-function

PSR
e =

β

∑
m=1

β

∑
m1=1

cmcm1

AD1
2

2
√

π
G0,2:3r,0:3r,1

2,1:r,3r:r+1,3r+1

 1,0.5

0

∣∣∣∣∣∣ k1

k2m1

∣∣∣∣∣∣ 1,k1

k2m,0

∣∣∣∣∣∣ E
B2γavg

,
E

B2γavg


(2.42)

2.5 Numerical Results and Discussions

We will look at the derived closed-form expressions in this section. We also show how

different parameters affect outage probability (OP), average SER for the proposed system

model. For numerical investigation, we set threshold SNR γth = 5 dB, height at which HAPS

is located at 20 km, λ = 1.55µm, αSR = 2.89, βSR = 2, αRD = 801.6, βRD = 1024 and the
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parameters considered for making conclusions are pointing error coefficient, wind velocity

and zenith angle.
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Figure 2.2: OP vs Avg. SNR of FSO link for different values of N

Figure 2.2 the impact of the number of relays N on the outage probability. We can see

from the graph that as the value of N increases, the outage performance improves. Because

more relays are used in this system, the best relay out of N relays can be chosen. The SNRs

necessary for the system with N=1, N=2, and N=3 to achieve the outage probability of 10−1

are 25 dB, 15 dB, and 10 dB, respectively. Hence, the SNR gains achieved by the system

with N=2, N=3 w.r.t system with N=1 are 5 dB, 15 dB. As a result, it has been deduced that

as the value of N increases, there is much improvement in SNR gain. The outage probability

tends to decrease when SNR increases. The reason for this is that as the SNR rises, the signal

becomes considerably stronger than the noise.
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Figure 2.3: OP vs. Avg. SNR of FSO link for different values of ζSR

Figure 2.3 shows the impact of value of ζSR pointing error coefficient on the outage

probability of the system model. From the plot, we can observe that with the increase ζSR,

the outage performance improves.Because, increase in pointing error coefficient implies

decrease in pointing error. The SNRs required to achieve the outage probability of 10−1, for

the system with ζSR = 1, ζSR = 1.7, ζSR = 5 are 30 dB, 25 dB, 24 dB respectively. Thus, the

SNR gains achieved by the system with ζSR = 1 w.r.t system with ζSR = 1.7, ζSR = 5 are 5

dB, 6 dB respectively. Thus, it has been deduced that with the increase in value of ζSR above

1.7, there is not much of a difference in SNR gain.
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Figure 2.4: OP vs Avg. SNR of FSO link for different values of w
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Figure 2.5: OP vs Avg. SNR of FSO link for different values of θp

Figure 2.4 and 2.5 shows the effect of the wind velocity and zenith angle on system

model w.r.t outage probability. We can see from both graphs that as the value of w increases,

outage probability increases. Similarly, when θp rises, outage performance decreases. The
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reason in case of wind velocity is that as wind velocity increases the irradiance fluctuations

increases and therefore, the performance degrades. While in the case of zenith angle, it is

directly proportional to link distance i.e. greater the zenith angle, greater the link distance

and hence, probability for system in outage increases.
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Figure 2.6: SER vs Avg. SNR of FSO link for N links

Figure 2.6 shows the impact of the number of relays in system N on average SER. We

can see from the graph that as the value of N increases, the SER performance improves.

Because more relays are used in this system, the best relay out of N relays can be chosen.

The SNRs necessary for the system with N=1, N=2, and N=3 to achieve the SER of 10−2

are 24 dB, 12.5 dB, 7.5 dB, respectively. So, the SNR gains achieved by the system with

N=2, N=3 w.r.t system with N=1 are 11.5 dB, 16.5 dB, respectively. As a result, it has been

deduced that as the value of N increases, the SNR gain improves significantly. When SNR

increases, the SER tends to decrease. The reason for this is that as the SNR increases, the

signal becomes considerably stronger than the noise.
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Figure 2.7: SER vs. Avg. SNR of FSO link for different values of ζSR

Figure 2.7 shows the effect of value of pointing error coefficient ζSR on the average SER.

From the plot, we can observe that with the increase in ζSR, the SER performance improves.

Because, increase in pointing error coefficient implies decrease in pointing error. The SNRs

required to achieve the average SER of 10−1, for the system with ζSR=1, ζSR=1.7, ζSR=5,

are 10 dB,7 dB ,6.5 dB respectively. So, the SNR gains achieved by the system with ζSR=1

w.r.t system with ζSR=1.7,ζSR=5 are 3 dB, 3.5 dB respectively. From this it has been inferred

that with the increase in value of ζSR above 1.7, there is not much of a difference in the SNR

gain.
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Figure 2.8: SER vs Avg. SNR of FSO link for different values of θp
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Figure 2.9: SER vs Avg. SNR of FSO link for different values of w

Figure 2.8 and 2.9 show the effect of the wind velocity and zenith angle on average SER.

We can see from both graphs that as the value of w and θp increases, the SER performance

deteriorates. The reason in case of wind velocity is that as wind velocity increases, the
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disturbance in atmosphere increases and hence, link performance degrades. While in the

case of zenith angle, it is directly proportional to link distance i.e. greater the zenith angle,

greater the link distance and thereby, greater the chances for symbol error.

2.6 Conclusions

The performance of DH uplink system with HAPS as relay is investigated in this chapter by

deriving the accurate outage probability and average SER expressions in closed-form over

Malaga fading channels. In addition, MATLAB is used to compute the derived closed-form

expressions for performance metrics [20]. The outage performance of the suggested system

model improves as the value of N increases. Furthermore, the system with relay has superior

outage performance than the system without relay. Finally, the theoretical outage probability

and SER values accord well with the simulated outage probability and SER values obtained

from Monte Carlo simulations. As a result, the derived expressions are validated.
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Chapter 3

Performance Analysis of multiple

HAPS-based Uplink Hybrid FSO/RF

Communication

3.1 Introduction

The exact expressions for dual-hop uplink communication using FSO over Malaga fading

channels are derived in chapter 2. With that the system performance has been improved

compared to the scenario without relay, but there is a scope for further improvement in the

system performance. FSO link gets be affected by atmospheric effects such as fog, smog and

dust, whereas RF link gets more effected by rain and snow. This complementary behaviour

of the two links led to new system model. Therefore, in first phase of communication from

S to HAPS, hybrid FSO/RF is implemented and for second phase of communication only

FSO is implemented because of negligible atmospheric affects on R-D link [17].

3.2 Organisation of Chapter

The rest of the chapter is organized as follows: The system model for DH hyrbid FSO/RF

system has been discussed in Section 3.3. Section 3.4 provides the closed-form expressions

for the outage probability and average SER. Furthermore, numerical results and inferences

are given in Section 3.5. Finally, the concluding remarks are given in Section 3.6.
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3.3 System Model

Let us consider an uplink model as shown in Figure 3.1, where a ground station (S) intends

to transmit the signal to satellite S with the help of a single DF relay, which is selected out

of N number of relays based on PRS scheme. Here out of N relays, one relay is selected

based on the instantaneous SNR between S → Rn links, where, n = 1,2, ....N. Here the data

transmission takes place in two phases and we assume symbol by symbol transmission. Let

hi, j represents the independent Malaga fading channel coefficient between nodes i and j,

where i ̸= j, i ∈ {S,Rn}, j ∈ {Rn,D}. At the beginning of the transmission, the source node

selects one relay based on the CSI.

Figure 3.1: System Model

Two-phase orthogonal transmission is used in the suggested system model. During the

first phase of the uplink scenario, S transmits the information signal to R across the hybrid

FSO/RF link. R delivers the decoded information signal to D over the FSO link during the

second or orthogonal phase transmission. One relay is chosen on the value of the instanta-

neous SNR of S-R FSO links. If the instantaneous SNR of the selected relay is less than the

threshold SNR γth, then the RF link will be activated using a 1-bit feedback signal [16].
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First Phase:

The received signals at HAPS relay R1,R2...Rn are given by

y1 = hSR1 x1 +n1 (3.1)

y2 = hSR2 x1 +n1 (3.2)

.

.

.

yn = hSRn x1 +n1 (3.3)

where n1 denote the (AWGN) with zero mean and variance σ2, hSR1 , hSR2 ...hSRn are the

fading channel coefficients for source to relay link.

Second phase:

The received signal at D in the second phase can be expressed as

yD = hRnD x2 +n2 (3.4)

where n2 represent the AWGN at D with zero mean and variance σ2, and hRD is the fading

channel coefficient for relay to destination link and n value can be any value from 1 to n

depending upon which relay is selected.

3.3.1 RF Channel model

Our RF channel is modelled using shadowed kappa-mu (κ − µ) distribution. This distri-

bution mainly based on parameters κ,µ,m where ratio between dominant components and

scattered waves, µ denotes the fluctuation level due to shadowing in the dominant compo-

nent and m is the number of clusters, which is a non-negative real number resulting in a

more general and flexible distribution. It is to be noted that large value of κ implies more

power in the dominant component with respect to scattered waves and large value of m im-

plies that the dominant component is quite stable due to less shadowing [15]. The PDF of

instantaneous SNR of RF link undergoing shadowed κ −µ is given by

fγr f (γ) = ∑
∞

q=0R1,qγ
q+µ−1e−µ(1+κ)γ/γavg (3.5)
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where R1,q =
µ2q+µ (1+k)µ+q

(µk+m)m+qγ
µ+q
avg

.

The CDF is obtained from integrating PDF over limits 0 and γ , which is given by

Fγ f (γ) =
∫

γ

0
fγr f (t)dt (3.6)

By substituting (3.30) in (3.31) Fγ f (γ) is given by

Fγ f (γ) =
∫

γ

0
∑

∞

q=0R1,qγ
q+µ−1exp(−µ(1+κ)γ/γavg)dt (3.7)

Also we have the formula from [7], which is given by

∫ u

0
xv−1e−bx dx = b−v

γ(v,bu) (3.8)

By comparing the equations (3.8) and (3.9), the final expression for CDF will be

Fγr f (γth) = ∑
∞

q=0R1,q

[
µ(1+ k)

γavg

]−(µ+q)

γ

(
µ +q,

µ(1+ k)γth

γavg

)
(3.9)

3.4 Performance Analysis

3.4.1 Outage probability analysis of RF link

The outage probability of the RF link is given by

Pout
r f = P(γ < γth) (3.10)

where γth is SNR threshold and expression for outage probability is obtained at γth in CDF

and it is given by

Pout
r f =

∞

∑
q=0

R1,q

[
µ(1+ k)

γr f

]−(µ+q)

γ

(
µ +q,

µ(1+ k)γth

γavg

)
(3.11)

3.4.2 Outage probability analysis of hybrid FSO/RF link with one HAPS

The outage probability of DH hybrid link is given by

PDH
0 = 1−{(1−PSR

0 )(1−PRD
0 )} (3.12)

= PSR
0 +PRD

0 −PSR
0 PRD

0 (3.13)
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where PSR
0 = F

γ
f

SR
(γSR)Fγ

r f
SR
(γSR) and PRD

0 = F
γ

f
RD
(γRD). Note that F

γ
f

SR
(γSR) is given by (2.13)

and F
γ

r f
SR
(γSR) is taken from (3.11)

F
γ

f
SR
(γSR) = D1

β

∑
m=1

cmG3r,1
r+1,3r+1

EγSR

γ

∣∣∣∣∣∣ 1,k1

k2,0

 (3.14)

F
γ

r f
SR
(γSR) =

∞

∑
q=0

R1,q

[
µ(1+ k)

γavg

]−(µ+q)

γ

(
µ +q,

µ(1+ k)γSR

γavg

)
(3.15)

PRD
0 is negligible (almost zero) due to negligible atmospheric affects in relay to destina-

tion region. The final expression for DH outage probability with single HAPS is majorly

dependent on S-R link outage probability i.e. the product of (3.14) and (3.15).

3.4.3 Outage probability analysis of hybrid FSO/RF link with multiple

HAPS

The outage probability of DH link with multiple HAPS is obtained when SR1, SR2, ...SRn

links are in outage along with the RD link and it is mathematically represented as

PDH
1 = P(max(γSR1,γSR2....γSRn)< γth ∩ γRD < γth) (3.16)

This can also be written as

PDH
1 = 1−{(1−PSR

1 )(1−PRD
1 )} (3.17)

= PSR
1 +PRD

1 −PSR
1 PRD

1 (3.18)

where PSR
1 = [F

γ
f

SR1
(γSR1)Fγ

f
SR2

(γSR2)..Fγ
f

SRn
(γSRn)]×F

γ
r f
SR
(γSR) and PRD

1 = F
γ

f
RD
(γRD). By sub-

stituting the corresponding expressions, the final expression for PSR
1 is obtained as (we have

assumed that all links are identical)

PSR
1 =

D1

β

∑
m=1

cmG3r,1
r+1,3r+1

EγSR

γavg

∣∣∣∣∣∣ 1,k1

k2,0

N

×
∞

∑
q=0

R1,q

[
µ(1+ k)

γavg

]−(µ+q)

γ

(
µ +q,

µ(1+ k)γSR

γavg

)
(3.19)

PRD
1 is almost negligible (almost zero). The final expression for DH outage probability with

multiple HAPS is majorly dependent on S-R link outage probability. After substituting PSR
1
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and PRD
1 values in (3.18). The final expression will be

PDH
1 =

D1

β

∑
m=1

cmG3r,1
r+1,3r+1

EγSR

γavg

∣∣∣∣∣∣ 1,k1

k2,0

N

×
∞

∑
q=0

R1,q

[
µ(1+ k)

γavg

]−(µ+q)

γ

(
µ +q,

µ(1+ k)γSR

γavg

)
(3.20)

3.4.4 Symbol error rate of a RF link

The average SER of RF link is obtained by integrating the product of conditional SER and

instantaneous SNR of RF link, which is given by

Pr f
e =

∫
∞

0
p(e/γii) f

γ
r f
ii
(γii)dγii (3.21)

After substituting the corresponding terms in (3.21), the average SER is given by

Pr f
e =

∫
∞

0

A
2
√

π
G2,0

1,2

B2
γ

∣∣∣∣∣∣ 1

α,β

 ∞

∑
q=0

R1,qγ
q+µ−1e−µ(1+κ)γ/γavgdγ (3.22)

Using [11, eq.7.34.21.0088.01] and simplifying above integral gives average SER of RF link

and it is given by

Pr f
e =

∞

∑
q=0

R1,q

[
µ(1+ k)

γavg

]−µ+q

G2,1
2,2

 B2γavg

µ(1+κ)

∣∣∣∣∣∣ 1−q−µ,1

0,0.5,−

 (3.23)

3.4.5 Average SER of uplink hybrid FSO/RF with single HAPS

The conditional SER of S-R-D link during uplink can be written as

PeSRD(γSR,γRD) = Pe(γSR) + Pe(γRD) − Pe(γSR) Pe(γRD) . (3.24)

After averaging (3.24) over the PDFs of the instantaneous SNR values of FSO link, the

average SER is given by

PSRD
e = PSR

e +PRD
e −PSR

e PRD
e (3.25)

where PSR
e = P f

SR(γth)+FγSR(γth)P
r f
SR and here, P f

SR(γth) represents average SER of FSO link

during non outage period, Pr f
SR represents average SER of RF link and FγSR(γth) represents

outage probability of FSO link. Note that FγSR(γth) and P f
SR(γth) are, respectively, given by

FγSR(γth) = D1

β

∑
m=1

cmG3r,1
r+1,3r+1

Eγth

γavg

∣∣∣∣∣∣ 1,k1

k2,0

 (3.26)
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Pr f
SR =

∞

∑
q=0

R1,q

[
µ(1+ k)

γavg

]−µ+q

G2,1
2,2

 B2γavg

µ(1+κ)

∣∣∣∣∣∣ 1−q−µ,1

0,0.5,−

 (3.27)

P f
SR(γth) can be obtained by solving below integral

P f
SR(γth) =

∫
∞

γth

p(e/γii) f
γ

f
ii
(γii)dγii (3.28)

P f
SR(γth) =

∫
∞

0
p(e/γii) f

γ
f

ii
(γii)dγii −

∫
γth

0
p(e/γii) f

γ
f

ii
(γii)dγii︸ ︷︷ ︸

I

(3.29)

First integral term has already been derived and it was given in (2.27), whereas second

integral term is given by

I =
∫

γth

0

A
2
√

π
G2,0

1,2

B2
γii

∣∣∣∣∣∣ 1

α,β

 D1

β

∑
m=1

bm

γii
G3,0

1,3

B1

(
γii

γavg

) 1
r

∣∣∣∣∣∣ g2 +1

g2,αii,mii

 dγii

(3.30)

Simplifying the equation by writing Meijer-G function in summation series, we get

I =
∫

γth

0

A
2

{
1− 2√

π

∞

∑
k=0

(−1)k(γii)
2k+1

2 B2k+1

k!(2k+1)

}
D1

×
β

∑
m=1

bm

γii
G3,0

1,3

B1

(
γii

γavg

) 1
r

∣∣∣∣∣∣ g2 +1

g2,αii,mii

dγii (3.31)

After separating above expression into two integral terms, we obtain

I =
∫

γth

0

AD1

2

β

∑
m=1

bm

γii
G3,0

1,3

B1

(
γii

γavg

) 1
r

∣∣∣∣∣∣ g2 +1

g2,αii,mii

dγii︸ ︷︷ ︸
I1

−
∫

γth

0

2√
π

∞

∑
k=0

(−1)k(γii)
2k+1

2 B2k+1

k!(2k+1)
D1

β

∑
m=1

bm

γii
G3,0

1,3

B1

(
γii

γavg

) 1
r

∣∣∣∣∣∣ g2 +1

g2,αii,mii

dγii︸ ︷︷ ︸
I2

(3.32)

Here I1 is the CDF of FSO link and I2 is simplified using [11, eq.7.34.21.0084.01] and it is

given by

I2 =C2

β

∑
m=1

Cm

∞

∑
n=0

DnG3r,1
r+1,3r+1

E
(

γii

γ

)∣∣∣∣∣∣ −n+0.5,k1

k2,−n−0.5

 (3.33)

where C2 =
AA1ρ2

22rπr−0.5 and Dn =
2(−1)nB2n+1γ

n+0.5
th

n!(2n+1)! . For R-D part, the link acts as AWGN channel

and hence, the average SER is given by

pRD
e =

A
2

erfc
(√

γavgB
)

(3.34)
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3.4.6 Average SER of uplink hybrid FSO/RF with multiple HAPS

While calculating average SER for multiple HAPS scenario, the only thing that changes

from single HAPS scenario is S-R part, which is given by

PSR
e = P f

SR(γth)+FγSR(γth)P
r f
SR (3.35)

where Pr f
SR = ∑

∞

q=0R1,q

[
µ(1+ k)

γavg

]−µ+q

G2,1
2,2

 B2γavg

µ(1+κ)

∣∣∣∣∣∣ 1−q−µ,1

0,0.5,−

 (3.36)

In the case of hybrid link with multiple HAPS, gamma-gamma distribution has been con-

sidered for the FSO channel modelling [4] and in particular, for calculation of average SER

[3]. In this case, the PDF of instantaneous SNR of FSO link is given by

fγii(γii) =
g2

2Γ(α)Γ(β )γii
G3,0

1,3

αβk
(

γii

γavg

) 1
2

∣∣∣∣∣∣ g2 +1

g2,α,β

 (3.37)

The CDF is given by

Fγii(γii) =
g2

Γ(α)Γ(β )γii
G3,1

2,4

αβk
(

γii

γavg

) 1
2

∣∣∣∣∣∣ 1,g2 +1

g2,α,β

 (3.38)

While calculating average SER in order to solve the integral, we have to modify the CDF

expression. It can also be written as

Fγii(γii) =
g2

Γ(α)Γ(β )

β

∑
p=1

Xp (3.39)

where X1 = zg2
C1 ∑

∞
t=0

Γ(g2+t)zt

Γ(t+g2−α+1)Γ(t+g2−β+1)Γ(t+g2+1)Γ(g2)

X2 = zαC2 ∑
∞
t=0

Γ(α+t)Γ(t−g2+α)zt

Γ(t−g2+α+1)Γ(t+α−β+1)Γ(t+α+1)Γ(α)Γ(α−g2)

X3 = zβC3 ∑
∞
t=0

Γ(β+t)Γ(t−g2+β )zt

Γ(t−g2+β+1)Γ(t−α+β+1)Γ(t+β+1)Γ(β )Γ(β−g2)

and z = αβkγ
1/2
ii

γ1/2

C1 = csc(π(α−ρ2))csc(π(β−ρ2))
1 , C2 = csc(π(ρ2−α))csc(π(β−α))

(ρ2+1−α)
, C3 = csc(π(ρ2−β ))csc(π(α−β ))

(ρ2+1−β )

The PDF of FSO link in the case of multiple HAPS is given by

fγ(γ) = N × fγSR(γSR)[FγSR(γSR)]
N−1 (3.40)

The Average SER of FSO link in the case of multiple HAPS is given by

P f
SR(γth) =

∫
∞

γth

P(e/γSR) fγSR(γSR)[FγSR(γSR)]
N−1 dγSR (3.41)
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Because of the constraints in the calculation of average SER of generalized N links case, we

are considering the special case of N = 2 and the average SER is given by

P f
SR(γth) = 2×

∫
∞

γth

P(e/γSR) fγSR(γSR)FγSR(γSR) dγSR (3.42)

=
∫

∞

0
2P(e/γSR) fγSR(γSR)FγSR(γSR) dγSR︸ ︷︷ ︸

I

−
∫

γth

0
2P(e/γSR) fγSR(γSR)FγSR(γSR) dγSR︸ ︷︷ ︸

J

(3.43)

I in (3.43) can be simplified by substituting corresponding expressions and using

[11, eq.7.34.21.0013.01]

I =C0

[
ρ2

Γ(α)Γ(β )

]2 2α+β−1

2π
Bρ2+kG6,2

4,7

 (αβk)2

16B2γavg

∣∣∣∣∣∣ 1− τ,0.5− τ,κ1

κ2,−τ

 (3.44)

J in (3.43) can be simplified by substituting corresponding expressions and using

[11, eq.7.34.21.0084.01]

J =
AC0

2

[
ρ2

Γ(α)Γ(β )

]2 2α+β−1

2πγ
−τ

th
G6,1

3,7

(αβk)2γth

16γavg

∣∣∣∣∣∣ 1− τ,κ1

κ2,−τ


− AC0

2
√

π

∞

∑
kn=0

(−1)k
nB2kn+1

kn!(2kn +1)
2α+β−1

2πγ
−τ

th
G6,1

3,7

(αβk)2γth

16γavg

∣∣∣∣∣∣ 1− τ1,κ1

κ2,−τ1

 (3.45)

where τ1 =
2kn+1

2 + ρ2+k
2 − 1, τ = ρ2+k

2 , C0 = ∑
3
p=1

Xp
wp

and w1 = γg2+k, w2 = γα+k, w3 =

γβ+k

Finally, by substituting these obtained expressions in (3.35), PSR
e is obtained. For R-D link

scenario, the link acts as AWGN channel and hence, the average SER is given by

pRD
e =

A
2

erfc
(√

γavgB
)

(3.46)

3.5 Numerical Results and Discussions

In this section, we will analyze the derived closed-form expressions. We also demonstrate

the effects of various parameters on outage probability (OP) and average SER for the pro-

posed system model. For numerical investigation, we set threshold SNR γth = 5 dB, height

at which HAPS is located at 20km, λ = 1.55µm, αSR = 2.89,βSR = 2,αRD = 801.6,βRD =

1024 and parameters considered for making conclusions are pointing error coefficient, wind

velocity and zenith angle.
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Figure 3.2: OP vs Avg. SNR of FSO link for different values of N

Figure 3.2 shows the effect of number of relays in system (N) on the outage probability.

From the plot, we can observe that outage performance improves with the increase in value

of N. Because if more relays are employed in this system, then the best relay can be selected

out of N relays. The SNRs required for the system to achieve the outage probability of 10−2,

with N=1, N=2, and N=3 are 14 dB, 13 dB, 11 dB, respectively. So, the SNR gains achieved

by the system with N=2, N=3 w.r.t system with N=1 are 1 dB, 2 dB, respectively. From this

we can conclude that with the increase in value of N, and there isn’t much improvement in

the SNR gain. The outage probability tends to decrease, when SNR increases. Because as

SNR increases, the signal becomes much stronger than the noise.
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Figure 3.3: OP vs Avg. SNR of FSO link for different values of ξsr

Figure 3.3 shows the effect of value of pointing error coefficient ζSR on the outage proba-

bility. From the plot, we can observe that the outage performance improves with the increase

in ζSR. Because, increase in pointing error coefficient implies decrease in pointing errors.

To achieve the outage probability of 10−2, the SNRs required for the system with ζSR=1,

ζSR=1.7, ζSR=5, are 14 dB, 13 dB, 8 dB, 12.5 dB, respectively. Thus, the SNR gains achieved

by the system with ζSR=1 w.r.t system with ζSR=1.7,ζSR=5 are 1 dB, 0.5 dB respectively. We

can conclude that with the increase in value of ζSR, there is not much improvement in SNR

gain.
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Figure 3.4: OP vs. Avg. SNR of FSO link for different values of θp
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Figure 3.5: OP vs. Avg. SNR of FSO link for different values of w

Figure 3.4 and 3.5 show the effect of the wind velocity and zenith angle on system model

w.r.t to outage probability. From both figures, we can observe that outage performance

decreases with the increase in value of w and θp. The reason in case of wind velocity is
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that as wind velocity increases the disturbance in atmosphere increases and thus, the link

performance degrades. While in the case of zenith angle, it is directly proportional to link

distance i.e. greater the zenith angle, greater the link distance and hence, probability for

system in outage increases.
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Figure 3.6: SER vs. Avg. SNR of FSO link for different system models

Figure 3.6 shows the comparison between two system models i.e. DH FSO and DH

hybrid on the basis of average SER. We can clearly see that to achieve SER of 10−2, hybrid

system requires average SNR of 14 dB and FSO system requires 24 dB. The SNR gain

is 10 dB. Thus, we can conclude that hybrid system has better average SER performance

compared to FSO system .

33



0 5 10 15 20 25 30

Average SNR of FSO link(dB)

10
-2

10
-1

S
y
m

b
o
l 
e
rr

o
r 

R
a
te

 (
S

E
R

)

Simulation

Simulation

Simulation

Figure 3.7: SER vs Avg. SNR of FSO link for different values of ζSR

Figure 3.7 shows the effect of value of pointing error coefficient ζSR on the average SER.

From the plot, we can observe that with the increase in ζSR, the SER performance improves.

Because, increase in pointing error coefficient implies decrease in pointing errors. The SNRs

required to achieve the SER of 10−1 for the system with ζSR=1, ζSR=1.7, ζSR=5 are 11 dB,

7 dB, and 6.5 dB respectively. So, the SNR gains achieved by the system with ζSR=1 w.r.t

system with ζSR=1.7, ζSR=5 are 4 dB and 4.5 dB, respectively. We can conclude that with

the increase in value of ζSR above 1.7, there is not much improvement in SNR gain.
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Figure 3.8: SER vs. Avg SNR of FSO link for different values of w
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Figure 3.9: SER vs. Average SNR of FSO link for different values of θp

Figure 3.8 and 3.9 shows effect of the wind velocity and zenith angle on average SER.

From both figures, we can observe that SER performance decreases with increase in value

of w and θp due to the reasons which are mentioned previously.
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3.6 Conclusions

The performance of the DH hybrid FSO/RF system model is examined in this chapter by

deriving outage probability and average SER expressions in closed-form over Malaga and

shadowed κ − µ fading channels. In addition, MATLAB is used to compute the closed-

form expressions. The outage performance of the proposed system model improves as the

value of N increases and the outage performance of the system with relay is better than

the system without relay. Furthermore, it has been discovered that the DH hybrid system

outperforms the DH FSO system. Finally, the theoretical outage probability and SER values

accord well with the simulated outage probability and SER values acquired from Monte

Carlo simulations, which validate the derived expressions.
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Chapter 4

End-to-End Performance Analysis of

multiple HAPS-based Hybrid FSO/RF

Communication

4.1 Introduction

The exact expressions for DH hybrid FSO/RF system model are derived over Malaga fad-

ing channels in Chapter 3. The proposed system model in Chapter 3 has achieved good

performance for uplink communication. Now we work on performance analysis of end-to-

end system considering both uplink and downlink scenarios. This system model consists of

ground station, uplink and downlink HAPS-based relays, and satellite. In the first phase of

downlink communication i.e. from satellite to relay, FSO link is used and in second phase

i.e. relay to ground station, RF link is used. The performance of this proposed system is

analyzed by deriving the exact outage probability and average SER expressions over Malaga

and shadowed κ −µ fading channels.

4.2 Organisation of chapter

The rest of the chapter is organized as follows: The system model for end-to-end communi-

cation has been discussed in Section 4.3. Section 4.4 provides the closed-form expressions

for outage probability and SER over Malaga fading channels. Furthermore, numerical re-

sults and inferences are given in Section 4.5. Finally, the concluding remarks are given in
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Section 4.6.

4.3 System Model

In this chapter, end-to-end performance analysis will be done in four stages. In uplink during

the first phase of the transmission, S transmits the information signal to R across the hybrid

FSO/RF link (Fig.4.1) or FSO link (Fig.4.2). After that R delivers the decoded information

signal to D over the FSO link during the second or orthogonal phase transmission. One relay

is chosen from two relay nodes based on the value of the instantaneous SNR of S-R links.

After that FSO link is used for transmission from HAPS to satellite. For downlink, FSO link

is used for transmission from satellite to HAPS and finally, RF link is used for transmission

between HAPS and GS [21].

In the first stage, the signal is transmitted from GS to HAPS and then HAPS will decode

and forward the received signal to satellite. Further, satellite again decodes and forwards the

signal to HAPS and finally, HAPS decodes the signal and transmits to GS [6].

Figure 4.1: System Model I
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Figure 4.2: System Model II

First Phase: The received signals at HAPS relays R1,R2 are given by (assuming two

relays)

y1 = hSR1x1 +n1 (4.1)

y2 = hSR2x1 +n1 (4.2)

where n1 represents the additive white gaussian noise (AWGN) with zero mean and variance

σ2, hSR1 and hSR2 are the fading channel coefficients.

Second phase: The received signal at D in the second phase can be expressed as

y3 = hRDx2 +n2 (4.3)

where n2 represents the AWGN at D with zero-mean and variance σ2.

Third phase: The received signal at R1 from satellite S1 in the third phase can be expressed

as

y4 = hS1R1x3 +n2 (4.4)

Fourth phase: The received signal at D1 during the fourth phase can be expressed as

y5 = hR1D1x4 +n3 (4.5)

where n3 represents the AWGN at D1 with zero mean and variance σ2.
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4.4 Performance Analysis

4.4.1 Outage probability analysis of End-to-End Communication with

Single HAPS

The outage probability of the proposed system model is given by

Pout = PUL +PDL −PULPDL (4.6)

where

PUL = PSR +PRD −PSRPRD (4.7)

and

PDL = PS1R1 +PR1D1 −PS1R1PR1D1 (4.8)

PUL has already been derived in Chapter 2 i.e. F
γ

f
SR
(γSR) and now we have to calculate

for PDL. PS1R1 is the outage probability of satellite to HAPS link, for which the outage

probability is negligible or almost zero due to negligible atmospheric affects in this link [9].

PR1D1 is outage probability of HAPS to GS in downlink. In this part, RF link is used for

communication. Therefore, outage probability of RF link is given by

PR1D1 = Pout
r f =

∞

∑
q=0

R1,q

[
µ(1+ k)

γavg

]−(µ+q)

γ

(
µ +q,

µ(1+ k)γth

γavg

)
(4.9)

Finally, PDL ≈ PR1D1 , as PS1R1 ≈ 0. By substituting corresponding values of PUL and PDL in

(4.33), outage probability is obtained.

4.4.2 Outage probability analysis of End-to-End FSO Communication

with multiple HAPS

The outage probability of this system model is given by

Pout = PUL +PDL −PULPDL (4.10)

where

PUL = PSR +PRD −PSRPRD (4.11)

and

PDL = PS1R1 +PR1D1 −PS1R1PR1D1 (4.12)
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PUL has already been derived in Chapter 2 i.e. [F
γ

f
SR
(γSR)]

N . Now we have to calculate for

PDL. PS1R1 is the outage probability of satellite to HAPS link for which outage probability

is negligible or almost zero due to negligible atmospheric affects in this region. PR1D1 is

the outage probability of HAPS to GS in downlink. In this region, RF link is used for

communication. Therefore, outage probability of RF link is given by

PR1D1 = Pout
r f = ∑

∞

q=0R1,q

[
µ(1+ k)

γavg

]−(µ+q)

γ

(
µ +q,

µ(1+ k)γth

γavg

)
(4.13)

Finally, PDL ≈ PR1D1 , since PS1R1 ≈ 0. By substituting corresponding values of PUL and PDL

in (4.10), outage probability is obtained. The only change we can observe here compared to

4.4.1 is PUL part, especially PSR.

4.4.3 Outage analysis of End-to-End Communication using Hybrid Link

The outage probability of this system model is given by

Pout = PUL +PDL −PULPDL (4.14)

where

PUL = PSR +PRD −PSRPRD (4.15)

and

PDL = PS1R1 +PR1D1 −PS1R1PR1D1 (4.16)

PUL has already been derived in Chapter 3 i.e. product of F
γ

f
SR
(γSR) and F

γ
r f
SR
(γSR). Now we

have to calculate for PDL. PS1R1 is outage probability of satellite to HAPS link for which

outage probability is negligible or almost zero due to negligible atmospheric affects in this

region. PR1D1 is outage probability of HAPS to GS in downlink. In this region, RF link

is used for communication and its outage probability is given by (4.13). Finally , PDL is

nothing but PR1D1 because PS1R1 ≈ 0 By substituting corresponding values of PUL and PDL

in (4.13), outage probability is obtained. The only change we can observe here compared to

4.4.1 is PUL part, especially PSR.

4.4.4 SER analysis of End-to-End Communication using FSO link with

Single HAPS

The average SER of this system model is given by

Pe = Pe
UL +Pe

DL −Pe
ULPe

DL (4.17)
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where

Pe
UL = Pe

SR +Pe
RD −Pe

SRPe
RD (4.18)

and

Pe
DL = Pe

S1R1
+Pe

R1D1
−Pe

S1R1
Pe

R1D1
(4.19)

Pe
UL has already been derived in Chapter 2 and we have to calculate for downlink part i.e.

Pe
DL. Pe

S1R1
is the average SER of satellite to HAPS link, which is average SER of AWGN

channel due to reasons mentioned before and is given by

Pe
S1R1

=
A
2

erfc
(√

γavgB
)

(4.20)

Pe
R1D1

is average SER for HAPS to GS link in which communication is done using RF link.

Therefore, average SER of RF link is given by

Pe
R1D1

= Pr f
e = ∑

∞

q=0R1,q

[
µ(1+ k)

γavg

]−(µ+q)

G2,1
2,2

 B2γavg

µ(1+κ)

∣∣∣∣∣∣ 1−q−µ,1

0,0.5,−

 (4.21)

4.4.5 SER analysis of End-to-End Communication using FSO link with

Multiple HAPS

The average SER of this system model is given by

Pe = Pe
UL +Pe

DL −Pe
ULPe

DL (4.22)

where

Pe
UL = Pe

SR +Pe
RD −Pe

SRPe
RD (4.23)

and

Pe
DL = Pe

S1R1
+Pe

R1D1
−Pe

S1R1
Pe

R1D1
(4.24)

Pe
UL has already been derived in Chapter 2 and here, we have to calculate for downlink

part i.e. Pe
DL . Pe

S1R1
is average SER of satellite to HAPS link, which is average SER of

AWGN channel. Because of the atmospheric conditions in that region, FSO link acts as

AWGN channel and it is given in (4.20). Pe
R1D1

is average SER of HAPS to GS link in which

communication is done using RF link. Therefore, average SER of this link is average SER

of RF link, which is given by (4.21).
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4.4.6 SER analysis of End-to-End Communication using Hybrid Link

The average SER of this system model is given by

Pe = Pe
UL +Pe

DL −Pe
ULPe

DL (4.25)

where average SER for uplink is given by

Pe
UL = Pe

SR +Pe
RD −Pe

SRPe
RD (4.26)

and average SER for downlink is given by

Pe
DL = Pe

S1R1
+Pe

R1D1
−Pe

S1R1
Pe

R1D1
(4.27)

Pe
UL has already been derived in Chapter 3 and here, we have to calculate for downlink part

i.e. Pe
DL. Pe

S1R1
is the average SER of satellite to HAPS link, which is the average SER of

AWGN channel and is given by (4.20). Pe
R1D1

is the average SER of HAPS to GS link in

which communication is done using RF link. Therefore, average SER of RF link is given by

(4.26).

4.5 Numerical Results and Discussions

In this section, we will analyze the derived closed-form expressions. We also demonstrate

the effects of various parameters on outage probability and average SER. For numerical in-

vestigation, we set threshold SNR as γth = 5 dB, height of HAPS = 20km, λ = 1.55µm,

αSR = 2.89,βSR = 2,αRD = 801.6,βRD = 1024 and parameters considered for making con-

clusions are pointing error coefficient, wind velocity and zenith angle. It is to be noted that

E2E refers to end-to-end.
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Figure 4.3: OP vs Avg SNR of FSO link for different system models

Figure 4.3 shows the comparison between two system models i.e. DH FSO and DH

hybrid. We can clearly see that to achieve outage probability value of 10−1, hybrid system

requires average SNR of 12 dB and FSO system requires 24 dB. The SNR gain is 12 dB. We

can conclude that hybrid system has better outage performance compared to FSO system .
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Figure 4.4: OP vs Avg SNR of FSO link for different values of ζSR

Figure 4.4 shows the effect of value of ζSR pointing error coefficient on the outage prob-

ability of the system model. From the plot, we can observe that the outage performance

improves with increase in ζSR. Because, increase in pointing error coefficient implies de-

crease in pointing error. The SNRs required to achieve the outage probability of 10−2 for

the system with ζSR=1, ζSR=1.7, ζSR=5, are 30 dB, 25 dB, 24 dB, respectively. So, the SNR

gains achieved by the system with ζSR=1 w.r.t system with ζSR=1.7, ζSR=5 are 5 dB, 1 dB,

respectively. Therefore, we can conclude that with the increase in value of ζSR, there is not

much improvement in SNR gain.
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Figure 4.5: OP vs Avg SNR of FSO link for different values of θp
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Figure 4.6: OP vs Avg SNR of FSO link for different values of w

Figure 4.5 and Figure 4.6 show the effect of the wind velocity and zenith angle on system

model w.r.t outage probability. From both figures, we can observe that outage performance

decreases with the increase in value of w and θp due to reasons mentioned before.
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Figure 4.7: SER vs. Avg SNR of FSO link for different system models

Figure 4.7 shows the comparison between two system models i.e. DH FSO and DH

hybrid based on SER. We can clearly see that to achieve SER value of 0.05, hybrid system

requires average SNR of 5 dB and FSO system requires 18 dB. The SNR gain is 13 dB. We

can conclude that hybrid system has better SER performance compared to FSO system.
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Figure 4.8: SER vs. Avg SNR of FSO link for different values of ξsr

Figure 4.8 shows the effect of value of pointing error coefficient ζSR on the SER per-

formance. From the plot, we can observe that the SER improves with increase in ζSR. The

SNRs required to achieve SER of 10−1 for the system with ζSR=1, ζSR=1.7, ζSR=5 are 15

dB, 10 dB, 9 dB respectively. So, the SNR gains achieved by the system with ζSR=1 w.r.t

system with ζSR=1.7, ζSR=5 are 5 dB, 0.5 dB respectively. Therefore, we can conclude that

with the increase in value of ζSR , there is not much improvement in SNR gain.
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Figure 4.9: SER vs Avg SNR of FSO link for different values of θp

0 5 10 15 20 25 30

Average SNR of FSO link(dB)

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

0.22

S
y
m

b
o
l 
e
rr

o
r 

ra
te

 (
S

E
R

)

E2E FSO w=11m/s

Simulation

w= 21m/s

Simulation

w= 31m/s

Simulation

Figure 4.10: SER vs Avg SNR of FSO link for different values of w

Figure 4.9 and Figure 4.10 show the effect of the wind velocity and zenith angle on

system model w.r.t SER. From both figures, we can observe that SER decreases with the

increase in value of w and θp due to the reasons mentioned before.
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4.6 Conclusions

The performance of the end-to-end system model is examined in this chapter by deriving

outage probability and SER expressions in closed-form over Malaga and shadowed κ − µ

fading channels. In addition, MATLAB is used to compute the derived closed-form expres-

sions. The outage performance of the proposed system model improves as the value of N

increases, and the outage performance of the system with relay is better than the system

without relay according to simulation results. Furthermore, it has been discovered that the

hybrid system outperforms the FSO system. Finally, the theoretical outage probability and

SER values accord well with the simulated outage probability and SER values acquired from

Monte Carlo simulations.
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Chapter 5

Conclusions and Future Work

This thesis examines the performance of the following three system models: uplink satellite

communication using FSO link with HAPS as relay, uplink satellite communication using

hybrid FSO/RF link between GS and HAPS, and end-to-end uplink and downlink satellite

communication using HAPS. The analytical framework in this thesis has been carried out

over Malaga fading channels for FSO link with pointing errors and shadowed κ −µ fading

for RF link. The derived closed-form expressions for performance metrics are validated

using Monte Carlo simulations.

5.1 Conclusions

In Chapter 2, we investigated the performance of the proposed satellite communication sys-

tem model using FSO link with HAPS as relay. We considered multiple relays and employed

PRS scheme to select the relay nodes. The closed-form expressions for performance mea-

sures like outage probability and average SER are derived and computed using MATLAB.

The effect of the number of relays and other vital RF and FSO link parameters on the per-

formance of the proposed system was revealed by numerical findings. In terms of outage

probability and average SER, the proposed system outperforms the system without relay.

In Chapter 3, we investigated the performance of the proposed satellite communication

system model using hybrid FSO/RF link for communication from GS to HAPS and FSO link

for HAPS to satellite. We considered multiple relays and employed PRS scheme to select

the relay nodes. Similarly, closed-form expressions for outage probability and average SER

are derived and implemented using MATLAB. The effect of the number of relays and other
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vital FSO and RF link parameters on the performance of the proposed system was revealed

by numerical findings. In terms of outage probability and SER, system model in Chapter 3

outperforms the system model proposed in Chapter 2.

In Chapter 4, we investigated the performance of the end-to-end communication con-

sidering both uplink and downlink scenarios with multiple HAPS as relay nodes and we

employ PRS scheme to select the best relay. In the first system model, FSO link is used for

communication from GS to HAPS and in the second system model, hybrid FSO/RF link is

used for communication from GS to HAPS. In the downlink scenario, we emply FSO link

between satellite and HAPS as well as RF link between HAPS and GS. For both the sys-

tem models, closed-form expressions for performance measures like outage probability and

SER are derived and computed using MATLAB. In terms of outage probability and SER,

our suggested hybrid system outperforms the FSO system. Also, the effect of the number

of relays and other vital parameters on the performance of the proposed system models was

revealed by numerical findings.

5.2 Future Works

The scope for the future work can be summarized as follows:

• Asymptotic expressions for average SER and ergodic capacity will be derived to gain

more insights in terms of achievable capacity and diversity gain.

• Computation of ergodic capacity and outage capacity for multiple HAPS scenario.

• Generalization of SER expressions for N HAPS scenario considering FSO channel

modelled using Malaga distribution.

• Computation of ergodic capacity and outage capacity for end-to-end system model.
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