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Abstract—Optical wireless communication (OWC) has gar-
nered significant importance to provide gigabit capacity links
owing to its unique features. Free space optics (FSO) communi-
cation, which is the term used for OWC in outdoor scenario, is a
good candidate to establish ground-to-satellite/satellite-to-ground
links. Despite of many advantages, FSO communication in uplink
is limited by the adverse effects of beam wander beam scintilla-
tion, and pointing errors. Therefore, to counteract the limitations,
it is wise to backup FSO links with reliable radio frequency (RF)
links. In addition, the complementary characteristics exhibited
by FSO and RF links to atmospheric effects have paved the way
for hybrid FSO/RF communication. In recent years, a growing
interest is also witnessed in the research and development of
space-air-ground integrated network (SAGIN). This paper aims
to fuse FSO and RF technologies for integrated space-air-ground
uplink networks utilizing unmanned aerial vehicle (UAV) such
as high altitude platform station (HAPS) as a relay station
for achieving better reliability. Thus, we propose single-hop
and SAGIN-based dual-hop system models for uplink satellite
communication with hybrid FSO/RF links and the performance is
investigated using analytical and simulation results. In summary,
the results show that hybrid FSO/RF systems perform better
than the FSO systems in uplink scenario due to backup RF link.

Index Terms—Diversity gain, Free space optics, high-altitude
platform station (HAPS), hybrid FSO/RF, and space-air-ground
integrated network (SAGIN), unmanned aerial vehicle (UAV).

I. INTRODUCTION

According to World Disaster Report 2016 [1], earthquakes,
floods, and wildfires have happened on numerous occasions
from 2006 to 2015. In addition, it has also been reported that
more than 40 percent of the total number of disasters occurred
in Asia. Therefore, in order to prevent these disasters, it is
important for India and other Asian countries to deploy more
satellites and increase the monitoring frequency, observation
area, and resolution of images obtained from the satellite.
This necessitates the need for large communication capacity
and reliable communication links in satellite communication
(SATCOM) systems [2], which have opened a new chapter for
space-air-ground integrated network (SAGIN) [3] and optical-
space-based communication [4]. SAGIN is an integration of
satellite system, terrestrial system, and aerial networks in order
to achieve a large network topology for efficient sharing of
global information. Currently, most of the SAGIN links are
operating in microwave radio frequency (RF) band. However,

RF band has limited capacity and is also costly as most of
the frequency bands are licensed. Also, SAGIN demands high
date rate connectivity due to the exchange of huge amount
of data among space, air, and ground networks. Thus, FSO
communication plays a key role in meeting the high data rate
requirements.

In recent years, a growing interest has been witnessed in
the research and development of establishing free space optics
(FSO) links between ground station (GS) and satellite, which
can offer much larger data rates even up to terabits per second.
Therefore, it is high time to consider free space optics (FSO)
communication, which has attracted enough attention due to
various advantages over RF communication such as cheap
installation cost with faster deployment, low power usage,
high bandwidth, heavily secured links, etc [5]. FSO refers to
a line of sight communication using optical carriers between
two fixed points in the outdoor environment. Advancement
of space technology together with the sophisticated optical
sources [6], [7] and detectors opened a new chapter for
FSO-based SATCOM. However, the performance of FSO
SATCOM links is mainly affected by beam scintillation, beam
wander, and pointing errors, which result in frequent link
failures [8] and [9]. Beam scintillation and beam wander are
atmospheric turbulence effects, which arise due to large-scale
inhomogeneities in the turbulent atmosphere. Beam wander is
caused by misalignment of the optical beam from the boresight
because of the presence of turbulent eddies larger than the
beam diameter. Beam scintillation and beam wander lead to
loss of signal-to-noise ratio (SNR) at the receiver. In addition,
pointing errors, which arises due to misalignment between
transmit and receive apertures because of satellite mechanical
vibration, is also a primary concern for FSO communication.
One efficient solution is to use RF link as a backup with FSO
link, as it is less affected by the aforementioned factors. This
complementary behaviour of FSO and RF links to atmospheric
effects has paved the way for hybrid FSO/RF communication
[10].

Another option is to use the concept of relaying technique to
counteract atmospheric effects to achieve further improvement
in the system performance [11]-[13]. Consequently, SATCOM
system during uplink and downlink require a distributed ar-
chitecture, where data is relayed from GS to relay and then



finally forwarded to the satellite. Unmanned-aerial-vehicles
(UAVs) such as high-altitude platform station (HAPS), low-
altitude platform station (LAPS), etc. can act as a relay station
between GS and satellite to enhance the performance of FSO
communication [4]. UAVs should be deployed well above
the clouds in such a way that the atmospheric effects on
an optical beam is less severe so that a strong line-of-sight
(LOS) link exists between UAV and satellite. HAPS is an
aerial vehicle usually placed in the stratosphere between 17
and 32 km above sea level [15], where the existence of
strong LOS link is possible between HAPS and satellite,
which eventually improves the reliability of GS-to-satellite
communication link. The main advantages of HAPS are easier
and faster deployment than satellite, medium operational costs,
easy maintenance, and environmental friendliness. HAPS is
useful for many applications such as astronomy, disaster
monitoring, ad-hoc communication during disaster situations
[16].

By deploying HAPS as a relay terminal, the GS-to-satellite
uplink is split into two parts: (i) GS-to-HAPS and (ii)) HAPS-
to-satellite. Among the two links, GS-to-HAPS link is more
sensitive to atmospheric effects. Hence, it is mandatory to
backup GS-to-HAPS FSO links with RF links to enhance the
link performance. It is also to be noted that HAPS will be
located in a cloud-free atmospheric altitude and reliability is
not a major concern for HAPS-to-satellite link. Therefore, we
can restrict the links to FSO communication alone as shown
in Fig. 1(b).

A. Prior Works

In prior works [10] and [17], performance of a terres-
trial switching-based single-hop hybrid FSO/RF system was
investigated over weak and strong atmospheric turbulence
conditions considering log-normal and Gamma-Gamma fad-
ing channels, respectively. In both works, the performance
analysis was carried out without considering the effect of
pointing errors. Further, dual-hop relay-assisted FSO and hy-
brid FSO/RF communication were investigated extensively for
terrestrial communication scenario in [11]-[14]. In [11], end-
to-end performance of a dual-hop FSO communication was
investigated over Gamma-Gamma turbulence for a fixed gain
relaying system. To validate the analytical performance of the
dual-hop FSO system, a real state-of-the-art optical hardware
system was designed in [12]. In [13], the performance of
a switching-based hybrid FSO/RF decode-and-forward (DF)
relaying system was investigated considering maximal-ratio-
combining (MRC) at the destination. In [14], we considered
a dual-hop relaying scenario and optimization of FSO link
parameters was carried out for a hybrid FSO/RF system to
minimize the effect of pointing errors.

In [18], performance analysis of a hybrid satellite-terrestrial
FSO cooperative system had been carried out using satellite
RF link, which is modelled using Shadowed-Rician distri-
bution, and terrestrial FSO link, which is modelled using
Gamma-Gamma distribution. Similarly, in [19], an integrated
satellite-terrestrial relay network considering multiuser en-

vironment and threshold-based DF relaying was proposed.
Here, the satellite-to-relay link is modelled using Shadowed-
Rician distribution and the relay-to-user link is modelled using
Nakagami-m distribution. Thus, the proposed works in [18]
and [19] investigate the performance of a hybrid satellite-
terrestrial relay system, where the ground station receives the
signal from the satellite and relay the signals to the destination
node. It is to be noted that the ground station acts as a relay
node in [18] and [19] and FSO link was used as a last-mile
connection from relay to destination node in [18].

In literature, only very few works are reported in case of
single-hop FSO communication between satellite and GS [9],
[20], and [21]. On contrary, many works are reported consid-
ering RF communication between GS and satellite. Recently,
in [22], double differential modulation scheme for land mobile
satellite (LMS) communication was proposed to overcome
the carrier frequency offset and the symbol error probabil-
ity (SEP) expressions were derived considering shadowed-
Rician fading channels. The error performance of the double
differential modulation system was compared with coherent
modulation and single differential modulation techniques. In
addition, the effect of elevation angle on the error performance
was also studied. In [9], performance analysis of FSO-based
downlink SATCOM system with spatial diversity was carried
out over Gamma-Gamma fading channels by deriving closed-
form expression for outage probability. In [20], the bit error
rate (BER) analysis was carried out for different modulation
schemes considering uplink SATCOM system in the presence
of atmospheric turbulence and beam-wander induced point-
ing errors. The atmospheric turbulence was modelled using
Gamma-Gamma distribution and the effect of channel anoma-
lies on the BER performance of different intensity modulation
schemes was reported. In [21], BER evaluation of various
modulation schemes was performed for single-hop FSO-based
uplink and downlink SATCOM systems. In addition, aperture
averaging scheme was considered to enhance the performance
of downlink SATCOM system. In summary, the performance
analysis of single-hop RF-based and FSO-based SATCOM
systems was investigated in [9], [20]-[22] and link reliability
techniques were proposed in case of FSO-based SATCOM
system for downlink scenario.

In [25], a LAPS-based based relaying system was proposed
recently in which two LAPS serve as relay nodes between
terrestrial source and destination nodes. In the proposed work,
RF transmission was assumed between LAPS and GS and
FSO transmission was assumed between two LAPS. Based
on the proposed system model, closed-form expression for
outage probability was derived. In [26], the performance
of a multibeam very high throughput satellite system was
carried out in which GS-to-satellite FSO link was modelled
using Gamma-Gamma distribution and satellite-to-user RF
link was assumed to follow shadowed-Rician distribution. A
cooperative satellite-aerial-terrestrial downlink system based
on RF communication was considered in [27] with satellite,
UAV, and a group of terrestrial receivers serving as source,
relay, and destination nodes, respectively. Here, the coverage



probability of relay-to-destination link and outage performance
of source-to-relay link was investigated considering shadowed-
Rician fading channel. Recently, outage performance anal-
ysis of ground-to-HAPS FSO communication was carried
out in [28] assuming log-normal and Gamma-Gamma at-
mospheric turbulence fading channels with pointing errors.
Further, performance of a UAV-to-satellite FSO communica-
tion system was studied in [29] and the effect of pointing
error and atmospheric turbulence on the BER performance
was reported using Monte-Carlo simulations. Recently, we
investigated the average SEP performance of HAPS-based
hybrid FSO/RF communication for downlink scenario in [30]
assuming Gamma-Gamma atmospheric turbulence and Rician
RF fading channels.

In order to meet the high data rate requirements of SAGIN,
a dual-hop FSO-based uplink SATCOM architecture has been
proposed. Further, to counteract the FSO channel distortions
and improve the network performance between GS and HAPS,
RF backup link is utilized, which leads to the development
of HAPS-based SAGIN architecture with hybrid FSO/RF
communication. The proposed architecture can be effectively
applied in lots of fields such as earth observation and mapping,
intelligent transportation system, mission critical applications,
disaster monitoring and rescue, etc. with better reliability
and high data rates compared to already existing FSO-based
SATCOM architecture. In addition, the proposed architecture
would bring lots of benefits for 5G and 6G wireless commu-
nication systems especially for Enhanced mobile broadband
(eMBB), Big communications (BigCom), Ultra- reliable low-
latency communications (URLLC), and Three-Dimensional
Integrated Communications (3D-InteCom) usage scenarios.

B. Motivations

Thus, the main motivations of our proposed work are as
follows:

e The performance analysis of hybrid FSO/RF communi-
cation was restricted mostly to terrestrial communication
in literature.

o In case of SATCOM systems, the performance analysis
was carried out by assuming only FSO link between GS
and satellite.

e The FSO link reliability during uplink scenario needs to
be improved, as the link is prone to atmospheric turbu-
lence effects, pointing errors, and atmospheric attenuation
due to various weather conditions. Moreover, previously
proposed aperture averaging scheme also failed to im-
prove the link performance for uplink case.

e In prior works, performance of UAV-to-satellite and
ground-to-HAPS FSO communication systems was in-
vestigated separately. Further, a comprehensive end-to-
end performance analysis based on outage and average
SEP was also missing in the existing works.

o Also, UAVs were used as relay nodes only between
two terrestrial nodes in most of the existing works. In
addition, only RF communication was considered for
dual-hop UAV-based relaying system for SATCOM.

TABLE I

RESEARCH STATUS

Type of Com- Configuration
munication
Single Hop Relay-assisted
FSO  Terrestrial | Well Investigated | Well Investigated
Communication [8] [117], [12]
FSO SATCOM Well Investigated | Moderately
[9], [20], [21], | Investigated [28],
[26] [29]
Satellite- Not applicable Well Investigated

Terrestrial Relay
Communication

[18], [19]

Hybrid FSO/RF
Terrestrial Com-

Well Investigated
(101, [17]

Moderately
Investigated [13]

munication
Hybrid FSO/RF | Recently we have | Recently we have
SATCOM investigated [30] investigated [30]

 In our work [30], FSO-based dual-hop relaying SATCOM
system using HAPS and RF backup links to support FSO
links for nullifying atmospheric turbulence effects was
proposed. However, the analysis was restricted to down-
link scenario without considering the effect of pointing
errors and atmospheric attenuation. Further, closed-form
expression for average SEP was obtained only for non-
coherent detection technique assuming Rician fading for
RF communication. Also, asymptotic analysis to obtain
full diversity gain from both FSO and RF links was not
carried out.

In a nutshell, the overall status of the research works has

been tabulated in Table I.

C. Contributions

The major contributions of our work are as follows:

¢ In our current work, single-hop and SAGIN-based dual-
hop system models considering HAPS as a relay station
with hybrid FSO/RF communication have been proposed
for uplink scenario to counteract the limitations of FSO
communication. The system performance of SAGIN-
based dual-hop system is studied using single-hop FSO
and hybrid FSO/RF systems as benchmark.

o End-to-end average SEP and outage analyses of the hy-
brid systems have been carried out over Gamma-Gamma
distribution in the presence of atmospheric turbulence,
attenuation, and pointing errors for FSO communication
and Shadowed-Rician distribution for RF communication.

o Unified average SEP and asymptotic SEP expressions
are derived in closed-form assuming both intensity mod-
ulation and direct detection (IM/DD) and heterodyne
detection techniques.

« Asymptotic analysis to obtain full diversity gain from
both FSO and RF links has been carried out and the
coding and diversity gains obtained due to the presence
of RF link has been reported for various scenarios.

The effect of beam-wander induced pointing errors is neg-
ligible in case of downlink signals from satellite, as the beam
size when reaches the atmosphere is much larger than the
turbulent eddy size. However, if the turbulent eddy size is
larger than the transmitter beam size, then the effect of beam



wander, which induces pointing error, should be taken into
consideration. Thus, beam-wander induced pointing errors has
been taken into consideration inside large scale scattering
parameter in case of uplink SATCOM scenario.

D. Organization of the manuscript

The manuscript is organized as follows. In Section II,
system and channel models have been discussed. The perfor-
mance analysis of the proposed system models, which include
outage, average SEP, and diversity order analyses, is given
in Section III. In Section IV, numerical results and related
discussions are given for various scenarios. Finally, concluding
remarks are given in Section V.

II. SYSTEM AND CHANNEL MODELS
A. System Model

In our proposed work, we consider two system models.
Firstly, we consider a single-hop communication scenario
between GS and LEO satellite as shown in Fig. 1(a). Secondly,
we consider SAGIN comprising of a GS, a HAPS-based relay
node, and a LEO satellite as shown in Fig. 1(b). In case of
single-hop communication, we consider both FSO and RF
links between GS and satellite with higher priority to FSO link.
For SAGIN-based dual-hop communication, both FSO and RF
transmission between HAPS and GS and only FSO transmis-
sion between satellite and HAPS have been considered. An
erroneous DF-relaying-based SATCOM system is assumed in
our work. The reason for considering DF relaying is that in
case of amplify-and-forward (AF) relaying, the relay node
amplifies the received message signal and then forwards the
amplified version to the destination node. However, the noise
together with the signal is also amplified, which is the main
disadvantage of AF relaying scheme. While a conventional DF
scheme can completely eliminate noise at the relay, if the relay
can make perfect detection. Further, the performance analysis
framework in our work is focused on the DF relaying owing
to the ease of implementation [23] and the popularity of the
DF scheme among the researchers and developers of proof of
concept. It is to be noted that in UL scenario, GS and LEO
satellite will act as a source (S) node and a destination (D)
node, respectively. Further, HAPS will act as a relay (R) node.

The atmospheric channel state in case of FSO communica-
tion and flat fading RF channel gain over source-to-destination
link are denoted as Igp and hgp, respectively. Moreover,
the channel state over source-to-relay and relay-to-destination
FSO links are denoted as Igr and Irp, respectively. Similarly,
the flat fading RF channel gain over source-to-relay link
is denoted as hggr. The system model in case of single-
hop communication is straightforward, where source (i.e. GS)
transmits to destination (i.e. Satellite), respectively, over FSO
or RF links based on the channel conditions. The proposed
system model in case of dual-hop communication adopts
two-phase orthogonal transmission, where source (i.e. GS)
transmits to relay (i.e. HAPS) over FSO or RF link based
on the channel conditions during the first phase. After that

relay decodes, re-encodes, and forwards the message signal to
destination (i.e. LEO satellite) during second phase.

We consider an FSO subsystem with sub-carrier intensity
modulation based M-ary phase-shift-keying (SIM-MPSK) at
the transmitter. Further, both direct detection and heterodyne
detection techniques are assumed at the destination in case
of FSO sub-system. In optical SIM-PSK system, the data
sequence is first modulated using an electrical modulator con-
sidering MPSK scheme, which can be easily implemented with
existing microchips. The MPSK signal is then up-converted
to an intermediate frequency and the up-converted signal
modulates the intensity of the laser beam. At the transmitter
of the RF subsystem, the data sequence is modulated using
MPSK signalling scheme. The hardware implementation of
the hybrid system will also be easier in case of usage of
same modulation scheme for both RF and FSO subsystems in
electrical domain. It is to be noted that direct detection, which
is a non-coherent detection technique, is assumed as the main
mode of detection in FSO subsystem. However, heterodyne
detection, which is a coherent detection technique, have also
been proposed as an alternative detection scheme.

The switching scheme for both single-hop and dual-hop
scenarios is described as follows: If the instantaneous signal-
to-noise ratio (SNR) of FSO link at the receiver is above a
particular FSO threshold SNR value ’ytf , then FSO link will
be used for transmission. However, if the instantaneous SNR
drops below %f , then the receiver sends a 1-bit feedback signal
to activate the RF sub-system and the information signal will
be transmitted over RF link. Meanwhile, the FSO sub-system
will be put on a standby mode. Note that the transmitter does
not need the exact channel state information (CSI) of FSO
link. As the FSO channel varies on the order of millions of
symbol intervals [24], it is not required to monitor the SNR
of FSO link at regular intervals unlike RF system to send the
feedback signal.

In SATCOM-based FSO communication, the optical beam
when propagating through the atmosphere will encounter vari-
ous kinds of atmospheric effects and they are given as follows
[4], [8]: (a) free-space loss (b) atmospheric turbulence effects
(c) pointing errors (d) attenuation due to weather conditions.
All the above-mentioned effects are taken into consideration
in our system model.

The complex baseband signal received at the destination
node from source node over single-hop FSO link during uplink
transmission is given by

f o g
Ysp=|\|T"spD
SD (77 F,

where I, denotes the free-space loss and is given by Fp =
%, L denotes the transmission distance between GS and
satellite, b = 1 and 2 for heterodyne and direct detection
schemes, respectively, f indicates the transmission over FSO
link, nsp denotes the optical-to-electrical conversion coeffi-

cient, ng indicates the transmit power of FSO at GS, G; 9

b/2
Pl Gl G
~9 "Tg " Rs Isp s+ ”éD ’ (1)

denotes the transmit telescope gain at GS, Gés denotes the
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receive telescope gain at LEO satellite, néD denotes the
additive white Gaussian noise (AWGN) at the destination,
which is a widely accepted model for optical wireless system
[8], and symbol s belongs to the MPSK constellation. It
is to be noted that Isp = I5,I¢p1%,, is the product of
atmospheric transmittance or atmospheric attenuation due to
varying weather conditions I} ,, atmospheric turbulence %,
and pointing errors 1% .

For dual-hop scenario, the complex baseband signal re-
ceived at the relay node from the source node over FSO link
is given by

Pf G}, Ghy,

f g
Yspr= | ISR

b/2
ISR> s+nkp, ()

where the free space loss [}, is given by F), = 4W>\L £, L,
denotes the transmission distance between GS and HAPS,
Isp = T4 T4 1% 5, L, denotes the AWGN at the relay dur-
ing FSO transmission, and Gﬂh denotes the receive telescope
gain at LEO satellite. After decoding the information signal
at the relay, the decoded symbol § will be forwarded to the
destination and the received complex baseband signal at the
destination over FSO link is given by

plal ot b/2
y£D=<nRD — Tk Tl IRD> S+ npp, ()

F
where Irp = I%,I% ., free-space loss F, is given by
F, = 4rLs [ denotes the transmission distance between

HAPS and satellite, A denotes the wavelength of FSO signal,
and néD denotes the AWGN at the destination during FSO
transmission. Since HAPS will be usually deployed in a cloud-
free atmospheric altitude, the atmospheric attenuation due to
varying weather condition I, will be almost equal to unity
and hence, the same has been ignored in (3).

In case of single-hop scenario, the received complex base-
band signal at the destination over RF link is given by

Ysp=hsp \/Pj 95p s+ nsp, 4
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where r indicates the transmission over RF link, qu indicates
the transmit RF power at GS, ggp is the pathloss of RF
link from GS to satellite, and n'g;, denotes the AWGN at the
destination during RF transmission.

In case of dual-hop transmission, the received complex
baseband signal at the relay over RF link is given by

Ysp=hsr \/P§ g5r s+ nsr )

where g5, is the pathloss of RF link from GS to HAPS
and n'gp denotes the AWGN at the relay node during RF
transmission.

From the received complex baseband signals, the instan-
taneous SNR expression [33] for source-to-destination and
source-to-relay FSO links assuming both hetrodyne and direct
detection schemes are, respectively, given by

; _ (nsp P} GL, G, Isp)?

IYSD_ ) (6)
(FL)"(0dp)?
: (nsr P/ Gloal Isg)’
hr= T e @)

()" (04r)
The instantaneous SNR expression for relay-to-destination
FSO link is given by
- (nrp P} GF, fGﬁs Irp)"
(F)b (oRp)?
where (alfi)2 denotes the noise variance of AWGN channel

over FSO link. Now the corresponding average SNR expres-
sions [33] are given by

(nsp P§ G, Gh, ksp I Ao)®

) ®)

rf = , (©)]
P (FL)t (0hp)?
o (nsr PJ G%crg Gl ksrILp Ag)? (10)
S (Fp)t (ohp)? ’
Pf f f k Ap)b
T, = (nrp Py G Gy krD Ao) ) (11

(Fo) (0fp)?



where Ag is the fraction of total power collected at the receiver
aperture, C,-i is the pointing errors parameter or coefficient, and
ki = 2 +

Slmlfarly, the instantaneous and average SNR expressions
for RF link from the baseband signal are, respectively, given
by

hiil? Pr gl Q,;
v = (Q;JTH|)QJJ| = g(j;gl)zn 7 (12)
73 73

where jj € {SD,SR}, (07;)? denotes the noise variance
of AWGN channel over RF link, Q;; = E[|h;;|?] indicates
the average power of line-of-sight (LOS) and non-line-of-
sight (NLOS) or scattered components, and E[] denotes
the expectation operator. The noise variance is given by
(a;-j)2 = Py Np, N denotes the noise figure of the receiver,
Py(dB) = Kgg + Tn + BW, BW denotes the receiver
noise bandwidth (in dBHz), Ty indicates the system noise
temperature (in dBK), and KdB is the Boltzmann’s constant,
which is equal to -228.6 dBW/K/Hz. The pathloss of RF link

g7, is given by [31], [32]

g5;ldB) = G+ Gr — Lp —Lg —La—Lo.  (13)

where G indicates the transmit antenna gain (in dB), Gg
indicates the receive antenna gain (in dB), Ly denotes the
free space loss (in dB) and is given by Lrp = 92.45 +
20 logf + 20 logL, for source-to-relay link (GS-to-HAPS)
scenario, Ly = 20log (%) for source-to-destination (GS-to-
Satellite), A, denotes the wavelength of RF signal, f denotes
the RF frequency in GHz, L denotes the transmission distance
between GS and satellite (in m), L, denotes the transmission
distance between GS and HAPS (in Km), L denotes the rain
attenuation in dB/Km, L, denotes the gaseous atmosphere
loss, and Lo denotes the other fading or miscellaneous losses
(in dB) that include antenna mispointing, polarization mis-
match, antenna degradation, etc.

B. Channel Models

FSO channel: The atmospheric turbulence-induced fading
or the fluctuations in received optical irradiance I{; is modeled
using Gamma-Gamma distribution, which is used to charac-
terize moderate to strong atmospheric turbulence condition.
We have used Gamma-Gamma distribution due to its wide
acceptance in the current literature [5], [9], [11], [13], [18],
[20], [21]. It is a doubly-stochastic scintillation model, where
the received optical irradiance I} is considered as a product
of two independent Gamma random variables, which represent
the intensity fluctuations due to small and large scale turbu-
lence. The PDF of I is given by [5, eq.(2)]

@i +Bi4
2(iBii
fre () = ( )
INCINGET
where it € {SD,SR, RD}, a;; and (3;; are the large scale

and small scale turbulence parameters of the scattering en-
vironment, respectively, K, (-) indicates the modified bessel

a7171+57:71 _
T 1

(14)

function of second kind of order v [39, eq.(8.407.1)], and
I'(-) is the gamma integral function [39, eq.(8.310.1)]. The
expressions to calculate «;; and (;; for SATCOM links are
given in Appendix B. The attenuation due to pointing error
can be expressed as If, ~

Ag exp (f , where rg

"o
Wii 2
indicates the radial displacement betwee(n Lt;éz)lm center and
detector center and is modelled using Rayleigh distribution
and Wqu is the equivalent beam waist at the receiver [14].
Now the probability density function (PDF) of pointing errors

I? is given by [26, Eq.(2)]

G
ACM

The attenuation due to path loss or atmospheric trans-
mittance for source-to-destination and source-to-relay FSO
links are determined using Beers- Lambert law [4], [40] and

are given by IL, = exp ( fo dz)
jo dz) respectively, and o(z) is the atmo-
spheric attenuation coefficient which depends on the propaga-
tion distance. It is to be noted that MODTRAN 4.0 simulations
[40] will give the measure of atmospheric transmittance. The

combined PDF of atmospheric channel state of FSO link

I; = ILI&IY can be written in terms of Meijer G-function

Gpu () using [34, Eq.(07.34.03.0605.01)] (i.e. using (48) in
Appendix A) and is given by [33, Eq.(1)]
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The PDF of the instantaneous SNR of FSO links can be
obtained from (16) using the power transformation of random
variable and the resultant unified PDF expression is given by

i (y) = 2yti? (15)

and I, =

exp (

(33, Eq.(4)]
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i ~30 | i i T
AL Yii Gis | Du (Fi) i i Bii | an
G _
where A” m and .D” = Oé“/Bnkn The

cumulative distribution function (CDF) of fyifi using [34,
Eq.(07.34.21.0084.01)] is given by

Dbii |1, EL
r P ]_— G 21 1% |4y &g , (18)
A,“(%z) i b+1 3b+1 (beI‘{ 51217
7 LA 1_ [t Gitd
where F;;= NI AE &= 2— e 20 and
g2 ¢ .. GiHb—1 ay L ouitb=1 B Butb—1
i~ | b ) b »Th ) b P ) b p
RF channel: In our work, we consider Shadowed-Rician

distribution, which fits very well for modelling satellite com-
munication links [36]. It is a generalized RF fading channel
model which includes Rayleigh and Rician distribution as
special cases [37], [38]. In case of Shadowed-Rician fading
model, the amplitude of the LOS component is assumed
to be random unlike Rician model and it finds potential
applications in different frequency bands such as the UHF
band, C-band, L-band, S-band, C-band, and Ka-band [36].



The lowpass-equivalent complex envelope of the Shadowed-
Rician fading channel model can be written as follows [36]:
hii(t) = A(t)exp(ja(t))+Z (t)exp(jCo). where j* = —1, a(t)
is the stationary random phase process which follows uniform
distribution over [0,27), and (o indicates the deterministic
phase of the LOS component. Note that the stationary inde-
pendent random processes Z(t) and A(t) denote the amplitude
of LOS and NLOS components and they follow Rayleigh and
Nakagami-m distributions, respectively. Now the Shadowed-
Rician PDF of envelope of fading channel gain hj; (i.e. |h;;|)

is given by ![35, eq.(2.67)]
2b1m1 —(h/)Q
f‘hwl( ) <2b1m191) P ( 2b1
Ql(h/)Q

F i1
X 147 <m17 ’2b1(2b1m1+91)) 9

mh/
by

19)

1F1(55+; ) is the confluent hypergeometric function [39], 2b;
is the average power of NLOS components, {2, is the average
power of LOS component, and 0 < m; < oo is the Nakagami-
m fading severity parameter.

Applying power transformation of random variable in (19)
using (12), we obtain the PDF of instantaneous SNR of RF
link, which is given by

0,0 i, Q617
fﬁ‘j(%‘j)_#lexp (_FJT]” 1By ml;l;%
93 & Ji
(20)
1my 1mi1+Qq))™
Where Q]J - Ql + 2b17 g (2b /(21)2171 - )) =
2b ,and 0; = % It is to be noted that for m; = 0

and m; = oo, the norm of hj; (i.e. |h;;|) follows Rayleigh
and Rician distributions, respectively. The CDF of ~7; using
Kummer transformation [41, eq.(12)] is given by

mlfl

Q019 (k1)
/ _ JJ
waj (Vi) = kz ((B1 — 61)Qj;)kat1
5O Qs

x 7 <k1 +1,W> , @b

Jj
where (k1) = (Zi i)'ill (1) ,'2 and ~(-,-) represents lower

incomplete gamma functlon [3&

III. PERFORMANCE ANALYSIS

In this section, we perform the outage and error analyses
of single-hop and dual-hop SATCOM systems and derive
the closed-form expressions for outage and average SEP. In
addition, asymptotic outage and average SEP expressions are
also derived to obtain the diversity gain of the proposed system
models.

!For simplicity without loss of generality, we are not using the index ¢ in
our derivation.

A. Outage analysis of single-hop SATCOM:

The single-hop hybrid FSO/RF-based SATCOM will be in
outage, when both FSO and RF links are lesser than their
respective threshold values 'ytf and ~;, respectively. Hence,
the outage probability is given by
F r

Ysp

PgH =F; () Py, (07, (22)
where the CDFs of FSO and RF links are given by (18) and
(21), respectively.

B. Outage analysis of dual-hop SATCOM:

The dual-hop SATCOM system with hybrid FSO/RF and
FSO links will not be in outage if both the links are above
their respective threshold values. So, the probability that the
system will be in outage is given by

Pout {(1 _ Pout)(l _ Pout)}

_ out out out pout
= Pgg + Prp — Psr Prp ;

(23)

where individual terms are given by Pgyl = F,YIJ; R (v{) and

PgH = Fr () Py, (07)

C. Error analysis of single-hop SATCOM:

The conditional SEP of MPSK signaling conditioned on
the instantaneous SNR of a given link can be written as [13,

eq.(14)]

ple/u) = Serfe (ViB) 24)
where A =1 when modulation order M=2 i.e. binary phase-
shift keying (BPSK), A =2 when M > 2, B = sin(n/M),
and erfc(-) denotes the complementary error function. Us-
ing the relation between erfc(-) and Meijer G-function [34,
Eq.(07.34.03.0619.01)] (i.e. using (47) in Appendix A), the

conditional SEP can also be written in terms of Meijer G-
function and is given by
1
2\f 0,1/2)

The conditional SEP can also be expressed in terms of
Maclaurin series expansion [39, eq.(3.321)] and is given by
2EH p2k+1

ple/vi)= 2{12 o 511+1) } (26)

The average SEP of single-hop SATCOM considering hy-
brid FSO/RF links is given by

ple/vii)= (25)

—G? (Bzfy“

Pesp=Blp(y) + F,; (7)) Bsp, 27)
where Bé D('yt) denotes the average SEP of SH FSO link

when fyS D> %, F N (% ) indicates the outage probability



of FSO link, and Bj D, denotes the average SEP of single-hop
RF link. Now Bg D(% ) can be derived as follows:

oo

BloG)= [ | pleido)t,y, Gso)diso 28)
Vi
= /0 ple/vdp)f,s, (vsp)drsp
I
v
_/ p(@/’YgD)fng(VSD)dWSD (29)
0

L)

Now (29) is divided into two terms I; and I5(+{ ). The detailed

derivation of I; and I5(~{) is given in Appendix C. The outage

probability of FSO subsystem, which is denoted by s (7,{ ),

considering single-hop scenario can be obtained from 518).
The average SEP of RF link is given by

Bl = / p(e/"5p) oz, (v50)dsD
0

After substituting (20) and (24) in (30), 1 Fi(+; -; -) is expanded
in terms of Kummer transformation [41, eq.(12)] and then
using integration by parts, the integral in (30) is simplified to
obtain the final expression as

. AQspa; " (k)
Bsp = 2 Z (T, )Fitl

k1=0

(30)

Pk +1)
Ck}l-'rl

_ Bky! I'(n+0.5)
Z nlCR+1-n(B2  O)n+05 } 3D

_ (ﬁl*isl)QSD
= eleil
sD

D. Error analysis of dual-hop SATCOM

As per the proposed system model for dual-hop scenario, if
the instantaneous SNR of FSO link between source (i.e. GS)
and relay (i.e. HAPS) is above a threshold SNR value, then
FSO link will be used for transmission. If the instantaneous
SNR is less than a threshold value, then RF link will be used
for transmission between source and relay. Further, only FSO
link will be used between relay and destination (i.e. LEO satel-
lite). Now the average SEP of source-to-relay-to-destination
link is obtained by averaging the conditional SEP of source-
to-relay-to-destination link over the PDFs of instantaneous
SNR of source-to-relay and relay-to-destination links based
on the conditions *yg r > 7t and ’yg r < 7t which is glven by
(32) (refer to the top of next page), where P.srp ('ySR, VRD)
is the conditional SEP of source-to-relay-to-destination link
conditioned on 'yg r and 'y]J;D. Further, Pesrp(Ygp, fy}; D)
is the conditional SEP of source-to-relay-to-destination link
conditioned on ~yg and 7'}; p- The conditional SEP of FSO-
based source-to-relay and relay-to-destination links assuming
M — ary signalling can be written as [42, eq.(21)]

P.sro(Vipvhp) = Ple/vhg) + Ple/vhp)
— P(e/vlp) Ple/vhp).

where C

(33)

Similarly, the conditional SEP of RF-based source-to-relay
and FSO-based relay-to-destination links assuming M — ary
signalling can be written as [42, eq.(21)]

PeSRD(VgRKY]];D) = P(e/vsr) + P(e/%{w)
— P(e/viR) Ple/vhp). (G4

After substituting (33) and (34) in (32), the average SEP of
dual-hop SATCOM can be written as

P.spp = Bég(%) + Fa,f (vt)Bsg + Bzsz

- Bl {Blalw) + F,s (0)BEs} . G9)

where Bl’%D denotes the average SEP of relay-to-destination
FSO link, BL,(v;) indicates the average SEP of source-to-
relay FSO link when ’yé r > 7> and Bgp, indicates the average
SEP of source-to-relay RF link. From (35), the average SEP
can be written as

P.spp = Pesp + Pepp — Pesr Perp (36)

where P.pp = B}; p»> Which is obtained from (57) given in
Appendix C by replacing Dsp, Fsp, and Esp with Dgp,
Frp, and Egrp, respectively. Note that P.sr in (36) is the
average SEP of hybrid FSO/RF link, which is given by

P.sp=Blr() + F,s_(3]) Bsg. (37)

P. <R can be obtained similar to (27) by replacing Dsp, Fsp,
Csp, Esp, Qsp, and I'y, with Dsgr, Fsgr, Csr, Esr, SlsR,
and I'gp.

E. Asymptotic Analysis

The asymptotic expressions for outage and average SEP
have also been derived in closed-form to obtain the diversity
gain of SH and DH systems. The asymptotic outage proba-
bility expression for the single-hop hybrid FSO/RF SATCOM
system when Fé p — 00 is given by

Fan (1) Fyg, ()

The asymptotic expression for CDF of FSO link in (38) is

obtained by applying [34, eq.(07.34.06.0040.01)] on (18) and
the same is given by

3 Hib 1 N

Fyeev (+f) ]:“Z £211]

Paout (38)

2,1

— (92-71 &

i) Dinyf

(TR —gpny \vrf, )
(39

where £ represents the z'" term of £/. From (38) and
(39), it is observed that P%* (Ff )~Ysp, where vgp =

¢p asp IBSD

i 23b . Thus, the diversity gain G; of the
proposed single- hop SATCOM system is given by G1 =vsp.

Similarly, the asymptotic outage probability expression for
dual-hop SATCOM system can be obtained as

ch}j;t — Paout + Paout Paoutpaout’

min (

(40)

where individual terms in (40) are given by PRt =
Foosy(7]) and Pegt = Foaev(f) Fyz (37). From (40),



Pesrp :/0 /% PeSRD('Yg‘R:’Y}J;D)f—yﬁR(’YSR)f»y};D (vep) dysr dyrp

+ F

Ysr

(%)/ / PeSRD(WEm’YIJ;D)fng(WISR)f%fw(WRD) dvsr dyrp ,
0 0

(32)

it i t Fy—vii JUR—
it is c;bserved that f’g"ﬁ x (T},)~v%, where v;; =
min ($5e @sr Bsr Skp amp 6RD2.

b0 b D 2AD EH Thus, the diversity
gain (G2 of the proposed dual-hop SATCOM system for uﬁlink

Cir asr Bsr
b b 7 b

(sr < CrD, asr < arp, and Bsr < Brp.

For the single-hop hybrid FSO/RF SATCOM system, the
asymptotic expression for average SEP P,gp, when I‘g D —
0, is given by

Plsp = Bih (W) + Foaen () Bip

scenario is given by G2 = vgr = min , as

(41)

where  Fasy (%f ) is given by (39). The expression for
B (7]) is given by

B (=18 + I5(+]) (42)

The closed-form asymptotic expressions for I{ and I (%f ) are
given in Appendix C.

It is to be noted that Bg,, for a given average SNR of
RF link is constant and will not affect the diversity gain.
From (41), it is observed that P%, o (I'L,)~"s?. Thus,
the diversity gain (G of single-hop hybrid FSO/RF SATCOM
system for a constant average SNR of RF link is given by
G1 =vVsSD-

Similar to single-hop system, we can also obtain the diver-
sity gain of SAGIN-based dual-hop system. The end-to-end
asymptotic expression for SAGIN-based dual-hop system is
given by

Pisrp = Pésr + Pirp — Pésr Perp - (43)

The asymptotic SEP expression for P.pp when Fé p — 00
is given by (60) by replacing Fsp, £, and Dsp with Frp,
ERD» and Dpp, respectively. The asymptotic SEP expression
for hybrid FSO transmission over source-to-relay link i.e.
P, when 'S, — oo is obtained similar to (41) by replacing
the appropriate source-to-destination FSO link parameters with
source-to-relay FSO link parameters and can be written as

Plsg ~ Bk(w) + Fyes (v]) Bsg -

Ysr

(44)

It is observed from the derived expression that P.srp
(I'L ) ~"s®. Thus, the diversity gain G’y of SAGIN-based dual-
hop uplink system is given by G2 =vgg.

Note that the asymptotic analysis has been carried out for a
fixed average SNR value of RF link and under the condition
that the average SNR of FSO link alone tending to infinity.
Hence, only coding gain due to RF link has been obtained
and the diversity gain obtained from hybrid FSO/RF system
remains the same as that of FSO system. The asymptotic
analysis for the scenario when both the average SNR of RF

TABLE II
SIMULATION PARAMETERS

Wave length A 1550 nm
HAPS altitude H, 20 Km
LEO satellite altitude H¢ 620 Km
GS aperture height Ho Im

Pointing error coefficient

CSR = 5.2 and C‘RD =13.07

Variance of background noise
(AWGN)

(0L 5)? = 1.445x10~%5 A2 /Hz,
(UEDP = 4435 x 10728
A2 /Hz, and (o}, ;)2 = 4.435 x
10728 A%/Hz

Transmit telescope gain

T —
Gl =Gl =5dB

Receive telescope gain

GL, =GL =10dB

Zenith angle 0

(a) 80 ° (b) 50 ° (c) 40 °

Wind velocity w

(@) 31 m/s (b) 21 m/s (c) 11 m/s

Beam radius at transmitter W§*

2 cm

Phase front radius of curvature of
transmitter beam Fy

o0

Heavy Shadowing

b1 =0.063, m1 =1, Q1 =0.0007

Moderate Shadowing

b1 =0.251, m1 =5, 1 =0.279

Light Shadowing

b1 =0.158, m1 =19, 1 =1.29

RF carrier frequency

fr =5 GHz

Optical to electrical conversion co-
efficient

nii = 0.8

RF antenna gains

Gr =28 dB and Gr = 10 dB

RF attenuation losses

Lgr = 0.01 dB/Km (No rain), L4
=54 %1073 dB/km, and Lo = 2
dB

Receiver Noise Bandwidth (RF)

BW = 74.8 dBHz

System noise temperature, S8K

TN = 17.6 dBK

Noise figure

Np =2dB

and FSO links tending to infinity is given as follows: The
asymptotic average SEP of RF link is obtained under the
condition that I'};, where jj € {SR, RD}, tends to infinity.
After applying [43, Eq.(4.1.18)], high-SNR approximations,
and considering only the dominant term in (30), the final

simplified asymptotic SEP expression is given by

AaiQ;9(0)I(3/2
By - (ARSUOTEDY
By substituting (45) in place of By, and B in (44) and
(41), respectively, and assuming I';; = F{i, the diversity gain
values G| and GY for single-hop and dual-hop SATCOM
systems will be equal to min (C*%TD + 1,952 + 1, Bf}D + 1)

(45)

and min Q@TR +1, %58 + 1, BSTR + 1). It is to be noted that
G| and G, are the highest/full diversity gain values that can be
obtained from the proposed single-hop and dual-hop system
models.

IV. NUMERICAL RESULTS AND DISCUSSIONS

The parameters assumed in our simulation studies are
shown in Table II [31], [32]. As the link between HAPS
and satellite is not very sensitive to channel distortions, we
assume 1“‘1’; p=95X I‘é p» very weak turbulence and negligible
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Fig. 2. Average SEP versus threshold SNR for different values of average
SNR of RF link

pointing errors scenario (i.e. (rp = 13.07). Moreover, for
simplicity, we assume 6 = 6, = 05 = 0y, where s and
Oy are the zenith angles that indicate the angle between the
zenith and the propagation orientation from HAPS-to-satellite
and GS-to-HAPS, respectively. Similarly, 6, denotes the angle
between the zenith and the propagation orientation from GS-
to-satellite. However, we have also relaxed the equal zenith
angle assumption in Fig. 8. Also, we have assumed IM/DD
scheme in our simulation studies except Fig. 8. The summation
limits in (59) and (31) are truncated to k=50 and n=10, as
k > 50 and n > 10 do not have an impact on the fifth decimal
figure of the average SEP values. Further, the typical range
of HAPS altitude adopted for simulation is 20 km as shown
in Table II. It is motivated by the facts which are given as
follows: (a) The atmospheric turbulence effects on an optical
beam is less severe at the height of 20 Km than directly above
ground. (b) As wind speed is very less in these altitudes,
HAPS requires only less power to maintain its position. (c)
Large coverage area for telecommunications is possible at
these altitudes. (d) HAPS is situated above normal commercial
airline traffic. The commercial planes usually operate at an
altitude much lower than the altitude of HAPS. A circular
polarization either right-hand circular polarization or left-hand
circular polarization is used for RF channel [44]. A moderate-
gain omnidirectional terminal is considered as the HAPS
terminal segment and the RF antenna pattern is assumed to be
omnidirectional for the azimuth and partially omnidirectional
for the elevation [44].

In Fig. 2, the variation of average SEP of hybrid FSO/RF
systems with respect to switching threshold SNR ~; is shown,
respectively, for different values of average SNR of RF links
I'yp assuming heavy shadowing, w = 21m/s, § = 80°, and
M = 4. Tt is noticed that the average SEP value is minimum
at y; =[-2 257 8] dB for I'g, =[0 5 10 15 20] dB. In
addition, the optimal threshold value remains same irrespective
of the average SNR of FSO links. The optimum threshold
SNR values fy? pt are the corresponding 'ytf values for which
the average SEP performance curve reaches minimum. It is
inferred that with the availability of better RF link (i.e. RF
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Fig. 4. Performance of different system models for downlink scenario

link with high average SNR), the optimum switching threshold
SNR *yto Pt o switch from FSO to RF link also increases.
The main reason behind this phenomenon is given as follows:
When the average SNR value of RF link increases or when the
quality of available RF link is good, then to achieve minimum
probability the optimum threshold value should increase. This
is because, as the optimum threshold value increases, the
FSO system will be in outage frequently and RF link will
be used with higher probability which in turn improves the
overall performance by nullifying the FSO channel distortions.
Therefore, when the average SNR of RF link is constant, then
irrespective of the average SNR of FSO link, the optimum
threshold value should remains same to achieve minimum
average SEP.

In Fig. 3, the average SEP performance comparison of
single-hop FSO system, single-hop hybrid FSO/RF system,
dual-hop FSO system, and dual-hop hybrid FSO/RF system
with respect to average SNR of FSO links is shown assuming
average shadowing, zenith angle 6 = 80°, wind velocity w =
21m/s, v/ = 1 P, and T, = 5 dB, where jj € {SR, SD}.
Firstly, it is observed that the analytical results match exactly
with the Monte-Carlo simulations and performance deterio-
rates with increase in M as expected. The hybrid FSO/RF



system (both single-hop and dual-hop) performs better than
the FSO system with a coding gain of more than 5 dB at the
SEP value of 10~2 with a moderate average SNR of RF link
(i.e. I'j; = 5 dB). Thus, increase in coding gain is obtained due
to backup RF link. Most importantly, it has been observed that
the dual-hop FSO system performs better than the single-hop
FSO system with a coding gain of 4 dB. In addition, the dual-
hop hybrid system performs better than the single-hop hybrid
system with a coding gain of around 2 dB. Thus, significant
improvement in the SEP performance and diversity gain have
been obtained by deploying HAPS for uplink scenario. As
FSO link is prone to beam-wander induced pointing errors
in case of uplink scenario, the deployment of HAPS helps
in counteracting the pointing errors. Moreover, the diversity
improvement is due to the following reason: With decrease in
link distance due to deployment of HAPS in case of dual-hop
scenario compared to single-hop scenario, the Rytov variance
decreases and the small and large scale turbulence parameters
increases. Since the diversity order depends on the turbulence
parameters, improvement in diversity gain is obtained in case
of dual-hop scenario compared to single-hop scenario.

In addition, the performance improvement of dual-hop sce-
nario with HAPS compared to single-hop scenario is also
due to the following reason: In case of uplink scenario, the
FSO signal first travels from GS to HAPS, which is highly
sensitive to both beam scintillation and misalignment errors,
as the beam size of the FSO signal is much smaller than the
turbulent eddy size in the atmosphere. At HAPS, both the
atmospheric turbulence effects are nullified and then the FSO
signal is forwarded to satellite. For the single-hop scenario,
both the turbulence effects are not nullified, as HAPS is not
utilized. Hence, the FSO signal suffers from loss of SNR and
pointing errors in case of uplink scenario and the utilization of
HAPS leads to better system performance in case of dual-hop
system compared to single-hop system.

However, no improvement in the performance of the dual-
hop system is noticed compared to single-hop system for
downlink scenario as shown in Fig. 4. This is due to the
fact that in the case of downlink scenario, the optical signal
undergoes less attenuation when it travels from satellite to
HAPS, as satellite-to-HAPS link is less prone to varying
weather conditions. Thus, it suffers low beam divergence
till it reaches the height at which the HAPS is stationed.
When the optical signal travels from HAPS to GS during the
orthogonal phase, it enters the high attenuation region and
suffers high beam divergence, which will be approximately
same as that of the beam divergence encountered by the
optical signal during single-hop downlink transmission. Thus,
no performance improvement is achieved due to HAPS in
case of dual-hop system with respect to single-hop system
unlike uplink scenario. Hence, we are mainly interested in the
trends of the uplink scenario compared to downlink scenario
in our proposed work. The expression to calculate large scale
turbulence parameter «;; is different for downlink scenario and
the same is given in [9, Eq.(9)].

In Fig. 5, the SEP performances of single-hop and dual-hop
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hybrid systems are shown for different values of average SNR
of RF link and shadowing severity. It is inferred that increase
in average SNR of RF link (from 5 dB to 10 dB) and decrease
in shadowing severity improve the performance of single-hop
and dual-hop hybrid systems.

In Fig. 6, the SEP performances of single-hop and dual-hop
hybrid FSO/RF system are shown for two different values of
zenith angle 6 assuming light shadowing, I'; , = 8 dB and 5
dB, w = 21m/s, M = 4, and 'ytf = ’ytOpt. It is observed from
the performance that decrease in the zenith angle improves
the SEP performance. Note that with decrease in zenith angle,
the Rytov variance [21] decreases and the small and large
scale turbulence parameters (i.e. «;; and f;;) increases. As
the diversity order of the proposed system depends on «;;
and f;;, significant improvement in the SEP performance in
terms of diversity gain is obtained with decrease in zenith
angle. Otherwise, the propagation distance of the optical
beam increases with increase in zenith angle leaving it more
vulnerable to free space loss, atmospheric turbulence, beam
wander, atmospheric attenuation due to varying weather con-
ditions, pointing errors, and RF fading effects, compared to the



scenario with low zenith angle value. Therefore, significant
degradation in the performance is noticed with increase in
zenith angle value. Since the diversity gain of the system
also depends on atmospheric turbulence and pointing errors
parameters, increase in zenith angle also affects the diversity
gain of the system.

However, the coding gain of dual-hop and single-hop hybrid
FSO/RF systems compared to FSO systems deteriorate with
decrease in zenith angle. As shown in the figure, coding gain
value of more than 5 dB is obtained from hybrid system
compared to FSO system for the case when § = 80°. However,
the SEP performances of FSO and hybrid FSO/RF systems
are almost equal for § = 40° as shown in Fig. 5. Thus,
backup RF link helps in enhancing the reliability for worst case
scenario with high zenith angle values. It is also noticed that
the asymptotic SEP values almost match the exact SEP values
in the high-SNR region for the case when the average SNR
of RF link remains constant, which validates the 2fact that the
diversity order of the proposed system is min C;'j s, 5;"
where i = {SR} and ¢ = {SD} for dual-hop and single-hop
scenarios, respectively.

)

Similarly, asymptotic SEP curve almost matches the exact
SEP curve in the high-SNR region for the case when the
average SNR of RF link also varies with the average SNR
of FSO link (i.e. I‘;Tj = F{i). Thus, it is inferred that full
diversity g2ain due to both FSO and RF links, which is equal

g;j +1, % +1, ﬂgi 4+ 1), can be obtained for the

case when the average SNR of RF link also varies with the
average SNR of FSO link under the condition %f = 7? Pt
Further, if the average SNR of RF link is constant, then only
coding gain will be obtained due to backup RF link and
the diversity gain of hybrid FSO/RF system will be equal to
diversity gain of FSO system. This is because, for the case

when the average SNR of RF link I'’ ; is constant, the optimum
switching threshold SNR value 77? pt is also fixed. Further, for
high-SNR region (i.e. T, >> 7°PY), it is least likely that the
instantaneous SNR of FSO link falls below fixed fyto Pt and the
FSO link will be active most of the time. Therefore, only FSO
link contributes to the diversity gain of hybrid FSO/RF system.
However, for the case when the average SNR of RF link
also varies with the average SNR of FSO link, the optimum
switching threshold also increases with I'7; as inferred from
Fig. 2. So the probability that the instantaneous SNR of FSO
link falls below increasing fy? pt or the probability of usage of
RF link is higher compared to the previous case especially in
the high-SNR region. Thus, both FSO and RF links contribute
in the diversity gain of the hybrid FSO/RF system, which
validates the derived full diversity gain.

In Fig. 7, the SEP performances of the dual-hop FSO and
hybrid FSO/RF systems are compared for different values
of w assuming heavy shadowing, I's, = 5 dB, 6 = 80°,
’ytf = ’yto pt’ and M = 2. It is inferred from the figure that
increase in wind velocity w degrades the performance of both
FSO and hybrid FSO/RF systems. This is due to the fact

to min
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Fig. 7. SEP performance of FSO and hybrid SATCOM systems considering
different values of wind velocity
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Fig. 8. SEP performance of FSO and hybrid SATCOM systems considering
different values of pointing error coefficient

that the increase in wind velocity increases the formation of
vortexes in air. This phenomenon will effectively change the
refractive index of the medium, which will cause beam wander
induced pointing errors and higher fluctuations in the received
signal amplitude. Thus, degradation in the average SEP per-
formance is observed from the trends. Most importantly, it is
also observed that the wind velocity impacts the performance
of FSO system to a great extent compared to hybrid FSO/RF
system. Hence, reliable RF backup link has reduced the impact
of wind velocity on the system performance.

Fig. 8 shows the effect of pointing errors on the dual-
hop SATCOM system performance by varying the pointing
errors coefficient (gr assuming heterodyne detection scheme,
Chp = 6, Ty = 10 dB, O = 80°, 05 = 40°, 4{ = P!
M 2, and light shadowing scenario. Sine the zenith
angle values are different for HAPS-to-satellite and GS-to-
HAPS links, the assumption of HAPS being in a straight-
line path from GS-to-satellite is relaxed for this scenario. The
performance is shown for three different values of (gg, which
are given by (sg = 1,1.8, and 5.2. It is to be noted that the
severity of pointing errors is high for lower values of (sg.
In addition, as HAPS-to-Satellite FSO link is less sensitive

i
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Fig. 10. Probability of usage of RF/FSO link for different values of pointing
error coefficient

to pointing errors, high value of pointing errors coefficient is
assumed in our simulations. From Fig. 8, it is observed that to
achieve the average SEP value of 1073, the coding gain values
obtained using dual-hop hybrid FSO/RF SATCOM system
over dual-hop FSO SATCOM system are 10 dB, 5 dB, and 3.5
dB for g = 1,1.8, and 5.2, respectively. Thus, it is observed
that the backup RF link provides better coding gain when the
severity of pointing errors is high. Further, improvement in the
performance of heterodyne detection scheme is noticed due to
its coherent detection nature as compared to IM/DD scheme.

It is to be noted that the hybrid FSO/RF system provides
much better coding gain under the conditions with high
pointing errors, more propagation distance (i.e. high zenith
angle value), and high wind velocity as compared to low point-
ing errors, less propagation distance, and low wind velocity
conditions as discussed before. This is because, the probability
of usage of RF link is high under the conditions in which the
FSO link is more prone to channel distortions. Further, the
probability of switching to RF link is comparatively less or the
probability of usage of FSO link is high under the conditions
with less FSO channel distortions. Hence, high coding gain
due to backup RF link is observed. The above inferences are
also justified from the trends shown using probability of usage
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Fig. 11.  SEP performance of DH FSO and hybrid SATCOM systems
assuming different weather conditions

of FSO or RF link in Fig. 9 and Fig. 10. Here, the probability
of usage of RF and FSO link is evaluated from the outage and
non-outage probabilities of FSO link, respectively. From both
the figures, it has been observed that the probability of usage
of RF link is higher for the scenarios with high pointing errors
and zenith angle values compared to the scenarios with low
pointing errors and zenith angle values especially for average
SNR values greater than 5 dB.

In Fig. 11, the average SER plots of dual-hop SATCOM
system with respect to FSO transmit power are shown for
various weather conditions. Here, we consider three scenarios
of weather condition (i.e. clear air, thin or light fog, and
moderate fog) for both dual-hop FSO and hybrid FSO/RF
SATCOM systems. The parameters assumed in the simulations
are listed in Table II. In addition, the RF transmit power
assumed in our simulations is p = 40dBm. Further, the
atmospheric transmittance values 1, l% R for clear air, thin or light
fog, and moderate fog conditions according to MODTRAN 4.0
simulations [40] based on visibility [20] are assumed as 0.9,
0.52 and 0.15, respectively. It is observed that the dual-hop
hybrid SATCOM system performs better under all scenarios
compared to dual-hop FSO system due to backup RF links.
The coding gain offered by hybrid FSO/RF system over FSO
system to achieve the average SER of 10~* is found to be
around 4 dBm. Interestingly, it is also inferred that dual-hop
hybrid FSO/RF system under moderate fog scenario performs
slightly better than dual-hop FSO system under light fog
scenario. Similarly, improvement in the performance is also
observed in case of dual-hop hybrid FSO/RF system under
light fog scenario compared to dual-hop FSO system under
clear air scenario.

In Fig. 12, the outage performance comparison of different
system models with respect to average SNR of FSO links is
shown assuming average shadowing, zenith angle § = 80°,
wind velocity w = 21m/s, and 7{ = v; = 5 dB for different
values of average SNR of RF links. It is observed from the
plots that the theoretical outage probability values exactly
match with the simulated outage values. It is also noticed
from the outage performance curves that the hybrid FSO/RF
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Fig. 12. Outage performance comparison of different system models

systems performs better than the FSO systems. Hence, the
backup RF link helps in improving the outage performance of
FSO links. In addition, outage performance improvement is
noticed especially in the high-SNR region for dual-hop FSO
and hybrid systems compared to single-hop FSO and hybrid
systems, respectively.

V. CONCLUSIONS

In this paper, we proposed two system models for up-
link SATCOM scenario namely SAGIN-based hybrid FSO/RF
communication using HAPS (i.e. dual-hop scenario) and
single-hop hybrid FSO/RF SATCOM to counteract atmo-
spheric turbulence effects and improve link reliability of
FSO-based SATCOM. The exact expressions for the average
SEP and outage probability were derived in closed-form
assuming Gamma-Gamma fading turbulence with pointing
errors for FSO links and Shadowed-Rician fading for RF
link. In addition, closed-form asymptotic expressions with less
computational complexity were also derived and the diversity
gain was obtained. The derived expressions were validated
using Monte-Carlo simulations. From the performance plots, it
was observed that the hybrid FSO/RF systems perform better
than the FSO systems due to backup RF link. In addition,
the utilization of HAPS as a relay station also improved the
reliability of uplink SATCOM. Moreover, when zenith angle,
severity of pointing errors, and wind velocity increases, it
was observed that the coding gain obtained due to RF link
increases. Finally, a numerical optimization was performed to
obtain the optimal threshold value of the proposed system.

APPENDIX A
MEIJER G-FUNCTION

The primary definition for Meijer G-function is given by

1
G Y (z

A1,Q2," 5 Qpn, 5 Ap\
2

b17b27"'b'm,;"'7bq '/T'L
where 0 <m<q, 0<n<p,meN,andn eN.

(T T(s + b)) [Ty T(A — ag — 5)
fnt1 T(s + ak)) T(1— by —s)

q z7%ds,
k=m+1
(46)
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The following are some important equations related to
Meijer G-function, which are used in our derivation. The
relation between Meijer G-function and erfc(-) is given by

614 (4, ) = VA e fely2)

The relation between Meijer G-function and modified Bessel
function of second kind K, (-) is given by

G29 (zb C) = 2" K, (2V2)

APPENDIX B
UPLINK TURBULENCE PARAMETERS

a

1(1—5

(47)

(48)

The uplink turbulence parameter agpr is given by (49),
which is shown on the top of next page, and Bsr for GS-
to-HAPS link is given by [20]

_ 0.51(0sr)? -1
Bsr = |:GXP ((1 + 0-69(USR)12/5)5/6> - 1] s (50)

In (49) and (50), Rytov variance, which is denoted by (o5r)?,
for the slant optical path from GS-to-HAPS link is given by

(0sr)? = 2.25kf(H, — Ho)¥sec™® (0y)
H 5
P h—Hy \°® h — Hy
x [ C%(h (1— ) ( ) dh . (51)
Hy ( ) prHO prHO

Using the Hufnagel-Valley (H-V) boundary model, the refrac-
tive index structure parameter C2(h) is given by [21] [8]

2 _ w 2 —5710 —h
C2(h) = 0.00594(27) (10~5h)Pexp <1000>

h h
2.7 x 10716 2
+2.7 x 10~ exp (1500> + C%(0)exp (100) ,(52)

where ground level turbulence C2(0), which is equal to 1.7 x
10—14m—2 / 3.

In (49), W§'® denotes the beam size at the transmitter and
WS denotes the beam size at the receiver, which is given
by WS = WOSR\/@%R + A% . Note that O g and Agp are
the beam parameters at the transmitter, which are given by
Asgr = W and ©Ogg = 1 — L,/ Fy, respectively. Fur-
ther, Fy is the’ phase front radius of curvature of the beam at the
transmitter and L,, denotes the transmission distance between
HAPS and GS, Which can be written as L, =H,/cos(6x). In
addition, g indicates the fried parameter, which is given by

-3

H, B
TSR = [O42S€C(9H)k%/ Cz(h)dh] (53)
Ho

SR
Moreover, ASR = fﬁ in (49) denotes the beam-wander
induced pomtmg errors. The beam-wander induced pointing

errors variance (0577)? is given by

A 2

(0p')? = 0.54(H, — Ho)?sec?(01) <2WSR>
0
205" C2WER)?2/ri,

(% ) - (o) o



2WOS R

SR
Ape

0.49(053)2

asr 5.95(H, — Hy)?sec®(0) <

TSR

)|

WSR

4
15 0.56(csr)2/5 “9)

>2+{e"p(< )7/6)‘1}_1’

where C). is a scaling constant, which is assumed as 27.
The uplink turbulence parameter arp is modelled sim-
ilar to (49) by replacing (H, — Ho)%, 0n, WZE, reg,
AgeR, and ogpr with (HS — Hp>2, 95’, WORD, TRD, ApeD,
and orp. Here, the beam size at the receiver is given by

WhP = WP, /6%  + A%, where Agp = kl(ﬁviLﬁD)W
Orp =1—Ls/Fy, and L, denotes the transmission distance
between satellite and HAPS, which is given by L, = (H; —
H,)/cos(fs). Another parameter Srp for HAPS-to-satellite
link is modelled similar to GS-to-HAPS link by replacing
(0sr)? with (0rp)?, which denotes the Rytov variance from
HAPS-to-satellite link and is given by
se

L) 8 sec
%
Hs
TRD = [0.42sec(93)k§ / C,%(h)dh}
HP
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URD) 225]{76(H — H

S e (-a=5) G

The fried parameter rgp is given by

0s)
1 ) dh . (55)

=3

5

(56)

The beam-wander induced pointing errors can be written as

D
ARD = . Further, the beam-wander induced pointing er-

ror variance ( ;feD )? is given by (54) by replacing (H,— Hy)?,
O, WO , Tsr With (I‘IS — Hp)z, Os, W(f%D, and 7Tgrp,
respectively.

For uplink scenario during single-hop transmission, the tur-
bulence parameter asp is obtained by replacing corresponding
terms in (49) with source-to-destination link terms, where
wsPb = \/@%DJFASD, Asp = W’ Osp =
1-L/ FO, and L denotes the transmission distance between
satellite and GS, which is given by L= (H, — Hy)/cos(0s).
Another parameter Bsp is given by (50) by replacing (o5r)?
with (0sp)?, which denotes the Rytov variance from GS-to-
satellite. The Rytov variance can be written similar to (51)
by replacing H, and 6y with H; and 6,. Similarly, the
fried parameter rsp and the beam-wander induced pointing
error variance (O'SeD )? parameter during SH transmission are
modelled by changing appropriate parameters.

APPENDIX C
AVERAGE AND ASYMPTOTIC SEP DERIVATIONS
Here, we derive the closed-form expressions for I
and IQ(’}/tf ) in (29). After substituting (17) and (25) in

I, and simplifying the resultant expression using [34,
eq.(07.34.21.0013.01)], the final expression in closed-form is

given by
( ) o

W

(Dsp)"
p2B2TL

3b 2
b+2 3b+1

17 1/27€é‘D
2

Il B ‘gSDa
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In (29), the expression for I. 2(’)/tf ) after substituting (26) can
2

be re-written as
’th A ’th
f = —_ —
L) = /0 5 fyéD(VsD)d’ySD / (ﬁ
)f,ygD(VSD)d'YSD . (5®)

0
2k,+1
DI

k' 2k +1)
After substltutmg (17) in (58), the final expression can be
obtained using [34, eq.(07.34.21.0084.01)] and is given by
. 1
(1 1/2)agSD> . (59)

AF’YZJZ (7t A]:SD Z
( o (K1)

2

(Dsp)*

i

The asymptotic expressions for (57) and (59), which are

denoted as 1% and I¢ (] ) are given as follows: The asymptotic

expression I{*, when Fg p — 00, is obtained by applying [34,
€q.(07.34.06.0040.01)] on (57) and is given by

B2k+1 (,Yf)(k+1/2)
(2k+1)

Iz(’th):

3 1
X G4 341

AFsp & T(E5p + 3 )Hiblr( 5D — E5p)
Iil ~ 2,1 2,z
2y/m =1 Esp Hz:l (SD Esp)
g2
b SD
x ( 2(szD)f ) (60)
b2 B2 T,

Now the asymptotic expression 1¢(v{), when I‘g p — 00,
is obtained by applying [34, eq.(07.34.06.0040.01)] on (59)
and the same can be written as

190~ AFV;sDy(% A}'SD 1)k B2+ (5] ) (+1/2)
5 (i) =~ 5 Z TR D)
3b p
5 = WSD el (Dsmtf ) g
X
(E o+ DI, T(ESS — e2p) \ b1k,
(61)
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