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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.



* 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) — R,(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 h; ; represents the independent Malaga fading channel coefficient
between nodes i and j where, i # j, i € {S,R,}, j € {R,,D}. At the beginning of the
transmission, the source node selects one relay based on the instantaneous SNR of source-

to-relay links.

&
Q?g/ Satellite
T —  —ESEEE
HAPS1 == HAPS2 ——
f
‘ | o~
/
AN /
\ /

— FSO link

Ground station

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 Ry, R;...R, are given by

y1 = hsg, x1 +my 2.1)
y2 = hsg, x1 +ny (2.2)
Yn = hsg, X1 +n1 (2.3)

where n; denote the additive white Gaussian noise (AWGN) with zero mean and variance
o2, and hsg, ,hsr,-...hsg, are the fading channel coefficients for S-R link.
Second phase:

The received signal at D in the second phase can be expressed as
yp = hg,p X2+ n2 (2.4)

where n; represent the AWGN at D with zero mean and variance o2, and hg,p 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 I, FSO link is modeled using Malaga distribution and is given by,

B am_ | opl,
ﬁa(lu):A’;IClmIa Ko—m (2 m) (2.5)



latm Ni-m/2 o1 "
pﬁafgl) (a+m)/2 am_(ﬁ 1)(Pl3+531') (%) 1(13) /2,

2 .
A= (plfg/zgr @ (p Bp f o )B+a/2 o is a positive parameter related to the effective number

of large-scale cells of the scattering process, and 3 is the amount of fading parameter and is

where b, = ap(

a natural number. The radial displacement p 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
2 2
I, = Ay exp (— P > (2.6)
Wieq
where A, = erf?(v), v = ff and wyy = gﬁe\/x;frf O )) Here a is radius of detector aperture,

wy is beam waist and er £ (.) is the error function. It is to be noted that the radial displacement
p follows the Rayleigh distribution and using the random variable transformation, the PDF

of pointing error is expressed as [2]

2 2
& (&1
fi 1) = S5 @)
AS
where g = Ylea represents the pointing error coefficient and o, 1s the jitter standard de-
20, 1P p g J

viation. Beers Lambert Law [15] defines the atmospheric path loss of an optical link as
I} = exp(—a;L) where «; 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,1,,1; . The combined channel

PDF is given by
A= [ o) (/) dl .8)
= Jy o fiulle); ,lfp< ) 2.9)

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

Ap? § aBl g +1

—_ (2.10)
= >\ (pB+QNHLAg g, a,m

Instanteneous SNR is given by, y= 3 ”61 and average SNR is obtained by E[y] and it is given

by Yavg= ”eE [I | Here E|[I] represents expectatlon of 1, n, is effective photoelectric conversion
rate and Ny is noise power(AWGN). Average SNR can also be written as ¥, = I’A((’](J’:g;?]vg

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

() =D1 Y, 2GYS | By ( Ji ) ) di (2.11)
i me1 Vi Yavg g%, Qij, my;
where D| = AzLiz, B = (pogjfgf—%, 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 7, which is given by

Yii
(%) :/O oy 2.12)
After substituting (2.11) in (2.12), we get
1
o Eob r\r| &+1
Fﬂ'(}’ii) = Dy Z —mGig B ( ) dt (2.13)
! 0 m=1 ! Yavg g2, Qi mi;

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

expression for FSO link can be written as

L Eyn| Lk
T, Yih 1
Frp)=D1 Y enGPh o | 22 (2.14)
y"{ mgl TR Yavg k2,0
B 2 2 2 24— r—1 m r—
where E = 51, ky = [SH ) jp = (£ £l o ool im mirl) ang
Cm = bpr®tm1,
2.4.2 Outage probability analysis of uplink using single HAPS
The outage probability of DH link is given by
PP =1-{(1-R")(1-F")}
— P3R4 pRP _ pSRpRD (2.15)
here Py = F, PP =F :
where Iy yé‘R(YSR) and F Yl/;D(YRD)
From the (2.14) POSR can be obtained, i.e.
SR 4 31 Eyn| Lk
R =D1 Y enGliap1 | 7 (2.16)
m=1 Yavg | ky,0



P§D 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 PsX and PRP values in (2.16) the final

expression will be

E%h 17k1
r+1,3r+1

p 3r,1
PP =Dy Y cnGl
1 Yavg | ky,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
1.e. SRy and SR»....SR, are in outage along with the R — D link and it is mathematically

represented as

PIDH = P(max(ySRl , ’}/SRz....’}/SRn) < Y%hNYrD < 'yth) (2.18)

This can also be written as
PP =1-{(1-P®)(1-P")}
pPH — pSR 4 pRD _ pSR pRD (2.19)

SR _ RD __
where P = [1'7},;R1 (YSRI)FstRZ(YSR2>""FY§R,, (Ysw,)] and P*" = FyléD(YRD). From the (2.16),

PlsR can be obtained as

N
Eyy| 1,k1

Yavg | k2,0

(2.20)

B
SR 3r1
Pl - Dl Z CmGr+l,3r+1
m=1

PIRD 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 PfR and
PfeD values in (2.19). The final expression will be

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
A
ple/ %) = Serfe (\/%iB) (2:22)

10



where A=1 when modulation order M =2 i.e. binary phase-shift keying (BPSK), A=2 when
M > 2, B =sin(w/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

A 1
p(e/%i)szfjg By s | (2.23)

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

given by

2 VaAs K(2k+1)

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

ple/v:) zé{l 2 i (_1)k(%i)2+32k+1} (2.24)

of instantaneous SNR of FSO link i.e.

Po= [ ple/m)styn)dn (225)

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

1
o A 1 B b o\ 7 2-1—1
Pe:/ L6 | By DY, "G5 | Bi ( Fi ) ’ dYi
0 2ym "t aB | w Vi o Yavg /| ¢, i, mi;
(2.26)

Using [11, eq. 07.34.21.0013.01] and simplifying above integral gives average SER of FSO
link, which is given by

B E | 1,05k
PO —p, ¥ ¢,G¥ 1 (2.27)
m=1

r+2,3r+1 o
Yag|  ky,0

Ap?

where D, = )T -

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

Pogrr (Ysrs YD) = Pe(Ysr) + Pe(YrD) — Pe(7Vsr) Pe(YrD) (2.28)

11



After averaging (2.28) over the PDFs of the instantaneous SNR of FSO link, the average
SER is given by
PSRD _ pSK | pkD __ pSR pkD (2.29)

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

B E | 1,05,k
PR=D, Y cuG72 : (2.30)
m=1

r+2,3r+1
Yave k27 0

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

expression can be written as
A
pRP = Serfe (\/YargB) (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

Fy(y) = P(max(Ysg,, Ysry----YsR,) < Yin) (2.32)
Fy(y) = P(¥sr, < Yin)P(Ysr, < Yin)-----P(Ysr, < Yin) (2.33)
Fy(Y) = Py, (V) Frog, (V) Fyge, (1) (2.34)

Now PDF is obtained by differentiating the CDF expression

fY(Y) :[fYSRl (V)FVSRZ (’}/)"'FYSRH (7)] + [f}’SR2 <Y>FYSR1 (7)"'FYSR,, (?’)] +
Frsen (D Fre, (7). F, () (2.35)

We have assumed that all these links are identical, 30 fy, () = fyg, () = frs, (¥) = Frse(7)

and F}’SR1 (v)= F?’SR2 (v) = Py, (v) = FYSR('}/)
Finally, PDF in the case of multiple HAPS with N links can be written as

f?’<7) =N X fYSR(’ySR)[FYSR(YSR)]Nil (2-36)

The average SER of this system model is given by

PR =N x /()wp(e/YSR)fYSR(YSR)[FYSR(YSR)]N_l dYsr (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

PR = /:Zp(e/YSR)fySR(YSR)FYSR(YSR) dysr (2.38)

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

1
= A 1 y g+l
SR 2,0 [ p2 m 3,0 Ysr
P :/O 5701 | Bse DY, G Bl< )

a, B m=1 ISR Yavg g2’ Qii, Mij
B 31 E'}/SR 17k1
XDy Y, emGl g |~ sk 239
m=1 Yan kz,()

From equation [11, eq. 07.34.17.0013.011, fy,(¥sr) can also written as

B¢ E k
3r,0 Ysr| K1
frsx(Ysr) = D1 2LGL == (2.40)
YsRr leZI Yor r3r Yave ky
where ¢, = b,,7*"~1 . Now replacing the expression of frer (¥sr) in (2.39) with (2.40)
gives
sk [T A 20 2 1 B ey aro [ Evse| K1
Pe :/ _GI’Z B TSR Dy Z _Gr.’;r
0 2ym " a,B mi=1 ISR " Yavg | ky
B 311 Eysg| Lk
XD1 Y, enGl ey | = dYsr (2.41)
m—1 Yavg | k5,0

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
AD;? 02310311 LOS | k& Lk E E
PF = CmCm G lrarrt 13r41 By Blv._
‘ mZI mlz N T 0 | ko | kom0 |B*Yag B*Yarg
(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 ¥, = 5 dB, height at which HAPS
is located at 20 km, A = 1.55um, oz = 2.89, Bsg = 2, ogp = 801.6, Brp = 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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¥ N=2
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0 5 10 15 20 25 30

Average SNR of FSO link(dB)

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~
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 (g

Figure 2.3 shows the impact of value of sz pointing error coefficient on the outage
probability of the system model. From the plot, we can observe that with the increase gg,
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~!, for
the system with {sg = 1, g = 1.7, {sg = 5 are 30 dB, 25 dB, 24 dB respectively. Thus, the
SNR gains achieved by the system with sz = 1 w.r.t system with g = 1.7, {gg = 5 are 5
dB, 6 dB respectively. Thus, it has been deduced that with the increase in value of sz above

1.7, there is not much of a difference in SNR gain.
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Figure 2.5: OP vs Avg. SNR of FSO link for different values of 6,

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 ), 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.

Symbol Error Rate (SER)

5 DHFSON =1 \ |
10 oo ]
x  Simulation E

N=2 ]

5 X Simulation ]
10 N=3 E

Simulation

10-7 I I I I I
0 5 10 15 20 25 30

Average SNR of FSO link(dB)

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 102
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 {sg

Figure 2.7 shows the effect of value of pointing error coefficient {sg on the average SER.
From the plot, we can observe that with the increase in {gg, 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~!, for the system with {sg=1, {sr=1.7, {sr=5,
are 10 dB,7 dB ,6.5 dB respectively. So, the SNR gains achieved by the system with {sg=1
w.r.t system with {sg=1.7,{sg=5 are 3 dB, 3.5 dB respectively. From this it has been inferred
that with the increase in value of {gg 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 6,
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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 6, 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 — R, links, where, n = 1,2,....N. Here the data
transmission takes place in two phases and we assume symbol by symbol transmission. Let
h; j represents the independent Malaga fading channel coefficient between nodes i and j,
where i # j, i € {S,R,}, j € {R,,D}. At the beginning of the transmission, the source node
selects one relay based on the CSI.

&

Qz"/ Satellite
b

L

——» FsOlink

------ +  RFlink

Ground station

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 ¥, 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 Ry, R;...R, are given by

y1 = hsg, X1 +ni (3.1)
Y2 = hsg, X1 +ny (3.2)
Yn = hsg, X1 +ni (3.3)

where n; denote the (AWGN) with zero mean and variance 2, hsr,» hsr,...-hsg, 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

yp = hg,p X2 +ny (3.4)

where n, represent the AWGN at D with zero mean and variance 62, and hgp 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 (x — ) distribution. This distri-
bution mainly based on parameters K, tt,m where ratio between dominant components and
scattered waves, i 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 k 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 x — u is given by

f,yrf('}/) — Z::()R17q7ﬂ+“_le_'u(HK)Y/%wg (35)
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“24+u(1+k)u+q
(pk-m)m+q a+q :
The CDF is obtained from integrating PDF over limits 0 and Y, which is given by

where R ;, =

) = /O yfyrf(t)dt (3.6)

By substituting (3.30) in (3.31) F,yf<'}/) is given by

Y o
Fyf(y):/o Zq:ORLq}/‘I*“”exp(—u(l+K)y/yavg)dt (3.7)

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

/ e dx = b™Vy(v, bu) (3.8)
0

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

- 14k)] W 14k
Fyff(%h) :ZqZORl,q [,LL( )] Y(H‘f‘(],‘u(y—)%h) 3.9
avg avg
3.4 Performance Analysis
3.4.1 Outage probability analysis of RF link
The outage probability of the RF link is given by
P =P (Y < %) (3.10)

where %, is SNR threshold and expression for outage probability is obtained at 9;;, in CDF

and it is given by

—(u+q)
1+k>] 3.11)

Py = L |

uﬂ+bm)

avg

(o

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

The outage probability of DH hybrid link is given by
PO =1-{(1-R")(1 - P} (3.12)

— P3R4 pRD _ pSRpRD (3.13)
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where PsR = F ; (ysr)F,;/(vsr) and PXP = F ; (Yrp). Note that F (ysg) is given by (2.13)
Yk Yok Tho Yir
and F,)/f (ysg) is taken from (3.11)
SR

3l Eysg| 1,ki
- (¥sr) DIZcm A | | (3.14)
u(l4k)] Wt 14k
((v5r) = Zqu{ . )} 7(u+q,w) (3.15)
avg avg

PRD 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, SR>, ...SR,

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

PIDH = P(max(ySRl , ’}/SRz....’}/SRn) <Y%hNYrD < 'yth) (3.16)

This can also be written as
PP =1—{(1-P®)(1-Pf")} (3.17)

— PR pRD _ pSRpRD (3.18)

where P = [F, (YSRl)F ¢ (Vor)--Fyr (Ys,)] X Fyr (¥sr) and P2 = For (vep). By sub-
Ysry Ysr,, YrD
stituting the corresponding expressions, the final expression for PISR is obtained as (we have

assumed that all links are identical)

N
3! Eysg| Lk
igR_ D, Zcm r+1,3r+1 y_g .0
av 2
u(l4k)] o 14k
x ZRLq[ )] 7(u+q,—“( WSR) (3.19)
Yavg avg

PIRD 1s 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
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and PIRD values in (3.18). The final expression will be

N
Gl Eysg| 1,k
DH_ Dy Zcm r+1,3r+1 ,},—g .0
ay. 2’
p(1+k)] #ro n(1+ k) s
XZRl,q - A (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

RS = [ ple/mildys(m)an (321)

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

= A o0, ] - a1 pu(11K)y/
G5 | By Ry sy H e H Vg dy (3.22)
/0 2712 o.p q;) ‘

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

perf —

and it is given by

I~ 1 —U-+q B2 1—g— ’1
Perf — ZRl.q |:,I.L( +k):| G%’é 'Yavg q [.L (3.23)
=0 Yavg S\ u(l+x) 0,0.5,—

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

Pegen (Ysr, YeD) = Pe(Ysr) + Pe(YrD) — Pe(Ysr) Pe(YrD) - (3.24)

After averaging (3.24) over the PDFs of the instantaneous SNR values of FSO link, the
average SER is given by

p>RD — pSR | pRD _ pSRpRD (3.25)

where PSR = Pl (%i4) + Fyge (i) P and here, PL (%) represents average SER of FSO link

during non outage period, PSIJ; represents average SER of RF link and Fy, (%) represents

outage probability of FSO link. Note that Fy, (%) and P_{R( Y:n) are, respectively, given by

3! Ey| 1k
F?’SR %‘h =D Z Cm rjrl,3r+1 l (3.26)
Yavg k27()
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p(1+k)]H* B? 1—g—p,1
SR = Z Rig4 [ )} G;; —1Yavg (3.27)
Yavg u(l+x)| 005, -

P;};(%h) can be obtained by solving below integral

Plo(tn) = /y ple/ %i)f%/;(%i)d'}’ii (3.28)

P = [ ple/mfytmani— [ ple/mirymdn G29)

-~

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

integral term is given by

1
Y A 1 B by N\l g2l
=" Gy | By Dy Z =G5 | By ( ti ) dyi
0 \/_ a, ﬁ =1 Yii Yavg g27 i, Mii
(3.30)
Simplifying the equation by writing Meijer-G function in summation series, we get
=l 2y () B
VT kzo K(2k+1) !
! 2
; i\ +1
x Z —"030 Bl< ! ) § dvi (3.31)
=1 Vi Yavg g%, i, mi;
After separating above expression into two integral terms, we obtain
1 2
Yin AD 7| & +1
_/ AD1 g bn g B () a1
m=1Yii Yavg g%, Qi mii
I
oo 2k+1 1
eyt D)+ B IZ bn s Bl(yﬁ ) )
0o VTS kl(2k+1) =1 Vi Yavg g%, i, m; '
h
(3.32)
Here I; is the CDF of FSO link and I, is simplified using [11, eq.7.34.21.0084.01] and it is
given by
B > N\ | —n+0.5,k
h=C ) Cn), D"Gfill.3r+1 E (ﬁ) (3.33)
m=1 n=0 / v ky,—n—0.5
np2n+1,140.5
where C; = 2?,‘4, oz and D, = % For R-D part, the link acts as AWGN channel

and hence, the average SER is given by

= %erfc (\/}/a_vgB) (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

PR = PL(in) + Fye (Yin) PEL (3.35)

1+k —u+q BZ 1—g— 71
.u( + )} G2,1 Yavg q—Hu (3.36)

rf o0
where P, = Rl.[ —2
5= Lol 2\ u+x)| 0,05,-

Yavg
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

2 1| g
g 3,0 ti )\ &t
fii i) = ST gy Ol | & k( ) o
w00 = 30er B 3 P ) | oo
The CDF is given by
2 2 2
Fyi(Yi) = 5oty Coa | @ k( ) o
i (Vi) T(a)C(B)y 24 P Yavg g,a,pB

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

expression. It can also be written as

g &
Fy,(vi) = F(@)T(B) Y X, (3.39)

_ By L(g*+1)7
where X1 =25 C\ L0 m o D= B T 2 D)

_ o C(o+0)0(t—g* )7

X ="CE, r(t—g2+a+1)r(t+a—ﬁ+1)1%2(1+az+1)r(a)r(a—g2)
_ oo C(B+0)T(t—g*+B)

X =GYr F(zfg2+ﬁ+1)F(tfa+ﬁ+1)ig"(t+l31I)F(ﬁ)r(ﬁ—gz)

1/2

and z = op ]f}/g
_ osc(n(a—p?))csc(n(B—p?)) _ ose(r(p?—a))ese(n(B-a)) _ ose(n(p?—p))ese(m(a—P))
€= 1 A N (S )
The PDF of FSO link in the case of multiple HAPS is given by
fY(Y) =N X fYSR(’ySR)[FYSR(YSR)]Nil (3.40)
The Average SER of FSO link in the case of multiple HAPS is given by
Ple(Yin) = / ) P(e/¥s) frse (¥se) [P (vs0)]" " dsr (3.41)
th

28



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

PSfRO’th) =2x /yoop(e/YSR”CYSR('}’SR)FySR(YSR) dysg (3.42)

b Yih
:/0 2P(e/¥sr) frse (VsR) Fyse (Ysr) dYSR—/O 2P(e/Ysr) frse (VsR) Fyse (Ysr) d¥Vsr  (3.43)

-~~~ -~

1 J

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

[11, eq.7.34.21.0013.01]

2 2 Hha+B-1 2 _ _
2 k 1-7,05—-1,x
[=C, { p } B HGY? —<°‘§ ) ! (3.44)
I'a)T(B) 2n 16B* Y, Ky, —T
J in (3.43) can be simplified by substituting corresponding expressions and using
[11, eq.7.34.21.0084.01]
,_ACy [ P’ rza+ﬁ—1G6,1 (aB)p| 1= %5
- —7 737
2 [T(e)L(B)] 2my,’ 16%avg | 1y, —1
AC, ( )kBanJrl 2a+B71 6.1 (aﬁk)z%h -1,k (3.45)
2\/‘k = kn!(2hkn +1) 279, 7 3T\ 16 |y, -1 '
where 7] = 2k+l+p +k—l,r P +k ,Co= p 1X and w; = 98 +k, Wy = y‘”k, w3 =

yﬁ+k
Finally, by substituting these obtained expressions in (3.35), P>K is obtained. For R-D link

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

A
pr = Eerfc (, /}/avgB) (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 ¥, = 5 dB, height
at which HAPS is located at 20km, A = 1.55um, osg = 2.89, Bsg = 2, agp = 801.6, Brp =
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 1072,
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 &,

Figure 3.3 shows the effect of value of pointing error coefficient {sg on the outage proba-
bility. From the plot, we can observe that the outage performance improves with the increase
in {sg. Because, increase in pointing error coefficient implies decrease in pointing errors.
To achieve the outage probability of 1072, the SNRs required for the system with {sg=1,
Csr=1.7, {sg=5, are 14 dB, 13 dB, 8 dB, 12.5 dB, respectively. Thus, the SNR gains achieved
by the system with {sg=1 w.r.t system with {sg=1.7,{sg=5 are 1 dB, 0.5 dB respectively. We
can conclude that with the increase in value of g, there is not much improvement in SNR

gain.
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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 6,. 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 1072, 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 .
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Figure 3.7: SER vs Avg. SNR of FSO link for different values of {sg

Figure 3.7 shows the effect of value of pointing error coefficient {5z on the average SER.
From the plot, we can observe that with the increase in {gg, the SER performance improves.
Because, increase in pointing error coefficient implies decrease in pointing errors. The SNRs
required to achieve the SER of 10~! for the system with {sg=1, {sg=1.7, {sz=>5 are 11 dB,
7 dB, and 6.5 dB respectively. So, the SNR gains achieved by the system with {sg=1 w.r.t
system with sg=1.7, {sg=5 are 4 dB and 4.5 dB, respectively. We can conclude that with

the increase in value of g above 1.7, there is not much improvement in SNR gain.
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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 6, 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 k — u 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
1.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 k — u 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].

“ @ satellite -
p/ ‘0% — FSO link
.. ~_ —  RElink

e HAPS

Ground station 1 Ground station 2

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

First Phase: The received signals at HAPS relays R, R, are given by (assuming two
relays)
1 = hgg,x1 +ny 4.1)

y2 = hsg,x1 +ny 4.2)

where n; represents the additive white gaussian noise (AWGN) with zero mean and variance
o2, hsg, and hgg, are the fading channel coefficients.

Second phase: The received signal at D in the second phase can be expressed as
y3 = hrpxa +ny (4.3)

where n, represents the AWGN at D with zero-mean and variance 62.
Third phase: The received signal at R; from satellite S| in the third phase can be expressed

as

v4 = hg,g,x3+n3 4.4)

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

ys = hg,p, X4 +n3 4.5)

where n3 represents the AWGN at D with zero mean and variance o2.
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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

Pyt = Pyr + Ppr — PuLPpL (4.6)
where
Py = Psg + Prp — PsrPrp 4.7)
and
PDL:Pisl +PR1D] _PS1R1PR1D] (48)

Py has already been derived in Chapter 2 i.e. F (}/SR) and now we have to calculate
for Ppr. Ps g, is the outage probability of satelhte to HAPS link, for which the outage
probability is negligible or almost zero due to negligible atmospheric affects in this link [9].
Pr,p, 1s 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

po p(l+k)] Wt 1 +k
Prip, = rf[ = ZRLC] { Y, )] 7(““‘5]7'”(,}/—)%}1) 4.9)
avg avg

Finally, Pp; =~ Pg,p,, as Ps,g, =~ 0. By substituting corresponding values of Py and Pp, in

(4.33), outage probability is obtained.

4.4.2 QOutage probability analysis of End-to-End FSO Communication
with multiple HAPS

The outage probability of this system model is given by

Pous = Py +Ppr — PuLPpL (4.10)
where
Py1, = Psg + Prp — PsrPrp (4.11)
and
PDL:PSIR| +PR1D1 _PS|R1PR1D] (412)
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Py, has already been derived in Chapter 2 i.e. [F, ySfR(}/SR)]N . Now we have to calculate for
Ppr. Ps,g, 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. Pg,p, 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

b w(l+k 14k
Pr,p, = rfl—Zq oqu[ (%wg ) H(Ya—vgwm) (4.13)

Finally, Pp; = Pg,p,, since P, g, ~ 0. By substituting corresponding values of Py, and Ppy,

(L+q)
| (v

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

4.4.1 1s Py part, especially Pgg.

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

The outage probability of this system model is given by

Powr = PyL+ PpL — PuLPpL (4.14)
where
Pyr = Psr + Prp — PsrPrD (4.15)
and
Ppr. = Ps,r, +Pr,p, — Ps,r, Pr,D, (4.16)

Py, has already been derived in Chapter 3 i.e. product of F, V_é;(YSR) and F v (ysr). Now we
have to calculate for Ppy. Ps,g, 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. Pg,p, 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 , Ppy, is
nothing but Pg,p, because Ps g, ~ 0 By substituting corresponding values of Py, and Pp,,
in (4.13), outage probability is obtained. The only change we can observe here compared to

4.4.1 is Pyr, part, especially Pgg.

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
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where
Py = Psg+ Prp — PspPrp (4.18)
and
Ppr, = P§,r, + Pr,p, — Ps,r, PR, D, (4.19)

P, has already been derived in Chapter 2 and we have to calculate for downlink part i.e.
Py . PSe1 R, 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

A
§1R1 = Eerfc (\/ 'YavgB) (4.20)

Py, p, 1s average SER for HAPS to GS link in which communication is done using RF link.

Therefore, average SER of RF link is given by

—(u+q) 2 l—g—u,l
u<1+">] e e s .21

Pep =PF=Y" R, |/

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

P¢ =Py, +Pp,— PPy (4.22)
where
Py, = Psg+ Prp — PspPrp (4.23)
and
oL = S, g, + Pr,p, — P5,r, PR, D, (4.24)

Pf;; has already been derived in Chapter 2 and here, we have to calculate for downlink
partie. Pp; . P§1 R, 1s 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). Pgl D, 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

P* = Pj,+Pp,— PPy (4.25)

where average SER for uplink is given by

Py = Psg + Prp — PsgPrp (4.26)

and average SER for downlink is given by

PBL = P§1R1 +P§1D1 _P§1R1PI€’1D1 (427)

Pf;; has already been derived in Chapter 3 and here, we have to calculate for downlink part
Le. Pp;. P§ g, is the average SER of satellite to HAPS link, which is the average SER of
AWGN channel and is given by (4.20). Pg j, 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 %, = 5 dB, height of HAPS = 20km, A = 1.55um,
Osg = 2.89, Bsg = 2, agp = 801.6, Brp = 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~!, 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 {sz

Figure 4.4 shows the effect of value of s 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 {sg. Because, increase in pointing error coefficient implies de-
crease in pointing error. The SNRs required to achieve the outage probability of 1072 for
the system with {sp=1, {sp=1.7, {szr=5, are 30 dB, 25 dB, 24 dB, respectively. So, the SNR
gains achieved by the system with {gg=1 w.r.t system with {sg=1.7, {sg=5 are 5 dB, 1 dB,
respectively. Therefore, we can conclude that with the increase in value of {gg, there is not

much improvement in SNR gain.
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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 6, due to reasons mentioned before.

46



0.22% T T T T i i
0.2F E2E FSO |7
018k X Simulation | 4
i E2E hybrid | ]
0.16 X Simulation | ]
__ 014} ]
% ozl 3
h 0121 ]
Q
% 01r ]
o
5 | ]
5 0.08 I ]
©
o
g X 4
A 0.06
X
X
X
0.04 | L i
1 1 1 1 )1( X
0 5 10 15 20 25 30

Average SNR of FSO link(dB)

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 &,

Figure 4.8 shows the effect of value of pointing error coefficient {sg on the SER per-
formance. From the plot, we can observe that the SER improves with increase in {sg. The
SNRs required to achieve SER of 10~! for the system with {sg=1, {sr=1.7, {sg=5 are 15
dB, 10 dB, 9 dB respectively. So, the SNR gains achieved by the system with {gg=1 w.r.t
system with {sg=1.7, {sg=5 are 5 dB, 0.5 dB respectively. Therefore, we can conclude that

with the increase in value of {sg , 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 6,
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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 6, 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 kK — u
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 k — u 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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