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ABSTRACT In recent years, a growing interest has been witnessed in the usage of free space optics (FSO)
link for satellite communication (SATCOM) scenarios, as it offers much higher data rates up to gigabits
per second (Gbps) compared to existing radio frequency (RF) link. However, FSO links are sensitive to
beam scintillation and pointing errors. In this paper, we consider a hybrid FSO/RF communication between
ground station (GS) and satellite, where the RF link will act as a backup link to improve the reliability
of FSO communication. In addition, we also consider high-altitude platform station (HAPS), which will
act as a relay station, between GS and satellite to improve the end-to-end system performance. This has
led to the development of space-air-ground integrated hybrid FSO/RF SATCOM networks. We analyse the
performance of the proposed hybrid network considering an adaptive-combining-based switching scheme
for both uplink and downlink scenarios with and without using HAPS as a relay station. In case of adaptive-
combining-based switching scheme, the data is continuously transmitted over the FSO link, while maximal-
ratio-combining (MRC) of RF and FSO links is performed when the quality of FSO link deteriorates. The
performance analysis of adaptive-combining-based switching scheme in terms of outage and average symbol
error rate (SER) is carried out and the same is compared with the single-link FSO SATCOM and single-
threshold-based switching scheme proposed in the literature for hybrid FSO/RF SATCOM. In addition,
the performance gain obtained by the proposed adaptive combining scheme over single-link FSO system
for different channel conditions is also reported. Further, the asymptotic analysis is also carried out to obtain
the diversity gain of the proposed system.

INDEX TERMS Adaptive combining, free space optics, high-altitude platform station (HAPS), hybrid

FSO/RF, performance analysis.

I. INTRODUCTION

The advancement of space technology together with the
sophisticated space-based instruments opened a new chapter
for hybrid free space optics (FSO) / radio frequency (RF)
satellite communication (SATCOM). This is also due to
the increasing demand for large communication capacity
and reliable communication links in SATCOM systems.
A high-altitude platform station or high-altitude pseudo satel-
lite (HAPS) is an aircraft stationed in the lower stratosphere,
typically at the height of around 17 to 25 km. They act
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as a pseudo satellite to provide services that are gener-
ally offered by satellite. Unmanned aerial vehicle (UAV),
balloons, and airships can be used as HAPS. Further, HAPS
find various potential applications in disaster monitoring,
agricultural observation, atmospheric observation, weather
monitoring, and communication relay [1]. They can provide
better coverage of smaller regions as compared to satellites.
Moreover, they are easier and cheaper to deploy and maintain.
HAPS, when used as a relay node [2], can improve the
performance of communication between ground station (GS)
and satellite. In addition, the requirement of high data rates
with reliable SATCOM links for disaster monitoring, mis-
sion critical applications, etc has encouraged to propose
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space-air-ground integrated hybrid FSO/RF network, which
is the integration of satellite system, terrestrial system, and
aerial networks with both FSO and RF links [3].

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

These have fostered the development of various com-
munication technologies, one of which is optical wireless
communication (OWC). OWC refers to the transmission of
data in unguided propagation medium through the use of
optical carriers in visible, IR and UV bands [4]. The outdoor
OWC is generally referred to as FSO communication. It can
tap in the otherwise untouched higher electromagnetic spec-
trum providing us with higher data rate up to few gigabits
per second (Gbps) easily. This is a significant increase as
compared to the RF link which can offer data rate only
up to a few hundred megabits per seconds (Mbps). FSO
uses very narrow laser beams for transmission. This spatial
confinement of the FSO beam provides immunity towards
electromagnetic interference, a high reuse factor and inherent
security [4]. The FSO link provides a high data transfer rate
for short-range transmission because of its susceptibility to
different atmospheric conditions such as rain, fog and atmo-
spheric turbulence-induced fading, which affect its reliability
over the long-range transmission. In addition, pointing errors
due to beam wander effect and misalignment between trans-
mit and receive apertures also affect the reliability of FSO
communication [5]. Thus, it becomes necessary to improve
the link performance of FSO communication.

The application of the FSO link in SATCOM cannot
be discarded entirely because of its shortcomings. FSO
finds potential applications in inter-satellite, orbit-to-GS and
GS-to-orbit communication [6]. There have been various
research and developments carried out by different space
agencies [5], [7]. Near-Earth links have shown the poten-
tial to support high data rates greater than 1 Gbps for the
space-to-ground link and 5.6 Gbps for space-to-space and
ground-to-space links [8]. The lower data rate transmission
in case of space-to-ground link compared to ground-to-space
link is due to limited power supply availability at satel-
lite compared to ground station. Moreover, different tech-
niques are proposed in the literature to improve the FSO
link performance for SATCOM. The performance analysis
of FSO-based downlink SATCOM system with spatial diver-
sity was carried out in [9] over Gamma-Gamma turbulence
induced fading channels. In [10], the bit error rate (BER)
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analysis of uplink SATCOM system was investigated for
different modulation schemes in the presence of atmospheric
turbulence and beam-wander induced pointing errors. In [11],
the BER expressions for various optical modulation schemes
were derived for FSO-based SATCOM systems. Moreover,
aperture averaging scheme was also proposed to improve
the performance of the FSO-based SATCOM system. But
aperture averaging scheme helps to improve the FSO link per-
formance only for downlink scenario and not for uplink sce-
nario. The usage of HAPS as a relay for dual-hop FSO-based
SATCOM system was proposed in [13] to overcome some of
the limitations of single-hop FSO link. Further, HAPS will
also play a significant role to support FSO communication
due to its unique capabilities such as maneuverability, adap-
tive altitude adjustment, etc. These capabilities will help them
to effectively establish line-of-sight (LOS) communication
links, which are essential for successful data transmission
over FSO link.

The FSO and RF links are not affected by the atmospheric
and weather conditions in the same way. Studies have shown
that the RF link has more susceptibility towards heavy rain
and oxygen absorption as compared to the FSO link and
has little or no effect due to fog, turbulence, and pointing
errors [14]. While in the case of FSO link, fog is seen to be
the main degrading factor [4]. However, rain does not affect
the reliability of FSO link significantly [4]. Moreover, this
complimentary behaviour of FSO and RF links has led to the
development and analysis of hybrid FSO/RF systems. These
systems exploit the high data rate of FSO link. Still, they
are reliable enough for long-distance communication due to
backup RF link which can cater to the needs of different com-
munication environments such as SATCOM and terrestrial
communication.

One approach is to switch between the RF and FSO links
(i.e. hard-switching) to use their complementary natures.
However, this approach requires constant hardware switch-
ing [15], [16]. Another approach is to continuously send
data over both the links and use combining techniques at
the receiver [14]. But in this method, we are not using the
FSO link at its highest data carrying capability because of
simultaneous transmission of data over the RF link which
operates at a lower data rate. Due to simultaneous trans-
mission, the power is wasted over RF link even if the
FSO link provides a good communication link. Adaptive-
combining-based switching [17] provides better utilisation
of FSO link. In adaptive combining scheme, FSO link is
used as a primary link over which the data is transmit-
ted continuously, while RF is used only as a backup link
when the quality of FSO link deteriorates. Further, maximal-
ratio-combining (MRC) of FSO and RF links is performed
at the receiver when RF link is active. Recently, we investi-
gated the outage performance of adaptive combining scheme
in [18] for both terrestrial and satellite communication
scenarios.

In [19], the outage performance of relaying system
using low-altitude platform station (LAPS) was investigated.
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Here, two LAPS-based relay nodes were considered between
terrestrial source and terrestrial destination nodes. More-
over, RF link was considered between LAPS and terres-
trial nodes, whereas FSO link was considered between two
LAPS. The performance of a multibeam satellite system
was carried out in [20], where FSO link, which is modelled
using Gamma-Gamma distribution, was assumed between
GS and satellite. Further, RF link, which is modelled using
shadowed-Ricean distribution, was assumed between satellite
and terrestrial user nodes. In [21], outage performance and
coverage probability of a downlink satellite-aerial-terrestrial
system was investigated with RF transmission assuming
satellite as a source node, UAV as a relay node, and a
group of terrestrial receivers acting as destination nodes.
In [22], outage performance of FSO communication between
GS and HAPS was analyzed and the FSO link was mod-
elled using log-normal and Gamma-Gamma distributions.
Further, bit error rate (BER) performance of FSO commu-
nication using Monte-Carlo simulations between UAV and
satellite was carried out in [23]. Recently, the performance
of HAPS-based relaying with hybrid FSO/RF communica-
tion for SATCOM scenario assuming single-threshold-based
switching scheme was investigated in [16]. In the proposed
system model, both FSO and RF links, which will switch
between each other using hard-switching scheme based on
the channel conditions, were assumed between GS and
HAPS, whereas FSO link was assumed between HAPS and
satellite.

In the current work, instead of a hard-switching scheme
(i.e. single-threshold-based switching scheme) proposed
in [16], we assume adaptive-combining-based switching
scheme between FSO and RF links and analyse the perfor-
mance of single-hop and dual-hop (with HAPS) SATCOM
scenarios using outage probability and average symbol error
rate (SER). The RF link for SATCOM is believed to have
a direct LOS component due to the presence of fewer scat-
tering elements as compared to the terrestrial communica-
tion, where the presence of multiple scattering components
is high. Ricean fading, which is having non-zero mean,
models this characteristic of SATCOM RF link. While in
the case of the FSO channel, the atmospheric turbulence
caused by solar heating and wind leads to variations in
the refractive index of the air along the transmission path.
This causes random fluctuations in both the amplitude and
phase of the received signal, which results in consider-
able degradation of the system performance. The stochas-
tic model which is widely used to model the atmospheric
turbulence-induced fading in FSO communication is the
Gamma-Gamma distribution. The model also incorporates
the beam-wander induced pointing errors for the uplink sce-
nario, which can be ignored in the analysis of downlink sce-
nario [24]. Finally, the effect of non-zero boresight pointing
or misalignment errors due to misalignment between transmit
and receive apertures because of mechanical vibration of
HAPS and satellite is also taken into consideration in our
analysis [25], [26].
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A. MOTIVATIONS
The main motivations of our work are as follows:

« In prior works, the performance analysis of single-hop
[9]-[11] and dual-hop (with HAPS) [12] SATCOM sce-
narios has been carried out by considering FSO links
alone.

o In [16], performance analysis of single-hop hybrid
FSO/RF SATCOM and dual-hop space-air-ground inte-
grated hybrid FSO/RF SATCOM with HAPS has
been carried for single-threshold-based hard-switching
scheme, which involves frequent hardware switching
with sub-optimal performance.

o In [17] and [18], adaptive-combining-based switching
scheme is analysed extensively for single-hop terrestrial
and SATCOM scenarios. Moreover, the closed-form
expressions are derived only for the outage and not for
the average symbol error rate (SER).

o There is a need to derive simpler asymptotic expressions
for the system performance parameters to compute the
diversity order of the system as well as to get more
insights on the system performance.

« The performance analysis of adaptive-combining-based
switching scheme considering hybrid FSO/RF com-
munication for uplink and downlink scenarios has not
been investigated in the literature to the best of our
knowledge.

B. CONTRIBUTIONS
The major contributions of our work are as follows:

o The adaptive-combining-based switching scheme is pro-
posed for single-hop hybrid FSO/RF SATCOM and
dual-hop space-air-ground integrated hybrid FSO/RF
SATCOM systems assuming both uplink and downlink
scenarios. In case of dual-hop scenario, HAPS is used
as a relay station between GS and low-earth orbit (LEO)
satellite.

o Comprehensive performance analysis is carried out
by deriving closed-form expressions for both outage
and average SER by taking atmospheric turbulence,
beam-wander induced pointing errors, and non-zero
boresight pointing or misalignment errors into consid-
eration. All the obtained expressions are validated using
the Monte-Carlo simulation results.

« Asymptotic expressions for the performance parameters
are derived to obtain useful insights on the system per-
formance and also to obtain the diversity gain.

o To emphasis the importance of adaptive-combining-
based switching scheme, its performance is compared
with single-link FSO SATCOM system [10] and also
with hybrid FSO/RF SATCOM system assuming single-
threshold-based hard-switching scheme [16].

C. ORGANIZATION OF THE MANUSCRIPT

The manuscript is organized as follows. The detailed descrip-
tion about the system and channel models considered in our

VOLUME 9, 2021



S. Shah et al.: Adaptive-Combining-Based Hybrid FSO/RF Satellite Communication

IEEE Access

Satellite

Adaptive Combining

— — = = % FSO links
RF link

Ground Station

'y
1
!
+

(a) Single-hop hybrid FSO/RF SATCOM

FIGURE 1. System models.

work is discussed in Section II. The performance analysis of
the proposed system models in terms of outage and average
SER is given in Section III and the asymptotic analysis is car-
ried out in Section IV. In Section V, the numerical results and
related discussions are given. Finally, concluding remarks are
given in Section VI.

Il. SYSTEM AND CHANNEL MODELS

A. SYSTEM MODEL

In the current work, we consider two system models. Firstly,
a single-hop uplink communication scenario between GS
(i.e. source S) and LEO satellite (i.e. destination D) is consid-
ered as shown in Fig. 1(a). Secondly, a dual-hop uplink space-
air-ground integrated network (SAGIN) scenario comprising
of a GS, a HAPS-based relay node (R), and a LEO satellite as
shown in Fig. 1(b) is considered. For downlink scenario, LEO
satellite, HAPS, and GS will be acting as S, R, and D nodes,
respectively.

In case of single-hop uplink communication, the received
RF and FSO baseband signals assuming non-coherent direct
detection technique for FSO signal detection at LEO satellite
are, respectively, given by

Yop = /Py hsp x + nigpy
Ysp = P RIspx +nly, (1)

where x is the transmitted symbol at GS, which belongs
to M—ary phase-shift-keying (MPSK) scheme, yg, is
the received RF baseband signal at LEO satellite, Y);D
is the received FSO baseband signal at LEO satellite,
R is the photo-diode responsivity, P, and PZ are the trans-
mit RF and FSO power values at GS, hsp and Isp are
the RF and FSO channel gains between GS and satellite,
respectively, and ng;, and n’;D are the additive white Gaussian
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noise (AWGN) values of the RF and FSO sub-systems at
satellite, respectively.

In adaptive-combining-based single-hop hybrid FSO/RF
system, the signal is transmitted over FSO link, when
the instantaneous signal-to-noise ratio (SNR) of the FSO
sub-system at the receiver, which is denoted by V§D’ is above
a pre-determined switching threshold value y7. When ygD <
yr, then the receiver sends a 1-bit feedback signal to activate
the RF link and the signal is transmitted over both FSO
and RF links, where MRC combining is performed at the
receiver. The combining rule at the receiver is given by

J;),

where yg;, is the instantaneous of RF link, o, and o,fSD are
the standard deviation values of the AWGN of RF and FSO
sub-systems, respectively. The instantaneous SNR expres-
sions for FSO and RF links are, respectively, given by

V
SD gD+

mrc __
Ysp =

@

”SD

(R P, Isp)*
= — 3
vip o 3)
P! |hsp|?
roo__ 8
Ysp = —(USrD)Q 4

Based on the definition of adaptive combining scheme,
the instantaneous SNR of the system is defined as

Ve = V§D+J/SrD’ V§D<VT
. =
J/SD’ VgD Zyr

In a dual-hop uplink scenario, we add a relay between
GS and LEO satellite as shown in Fig. 1(b). We use HAPS
stationed at the height of around 21 Km as the relay. The
addition of relay breaks the link into two parts: (i) GS-HAPS

&)
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link and (ii) HAPS-LEO link. The relay uses a decode-
and-forward (DF) protocol. For the case of transmission
between GS and HAPS, the FSO signal is highly suscep-
tible to the atmospheric turbulence and this makes it nec-
essary to backup the FSO link by a reliable RF link and
use adaptive combining scheme. Since optical beam has to
undergo minimal turbulence in case of transmission between
HAPS and LEO satellite, only FSO link is used in this
part of communication. In our work, we consider sub-carrier
intensity-modulation-based MPSK (SIM-MPSK) and direct
detection (DD) techniques at transmitter and receiver, respec-
tively, for FSO communication. In addition, the data sequence
is modulated using MPSK signaling scheme in case of RF
communication.

In case of dual-hop space-air-ground integrated hybrid
FSO/RF uplink communication, the received RF and FSO
baseband signals at HAPS are, respectively, given by

Yog = /Py hsr x + ngg

Vig = Pl R Isg x + nlg, ©)

where hgr and Isg are the RF and FSO channel gains between

GS and HAPS, respectively, and ngR and n@R denote the
AWGN values of RF and FSO sub-systems at HAPS, respec-
tively. Further, the received baseband FSO signal at satellite
from HAPS is given by

Vhp = P RIrp & + . )

where PZ denotes transmit FSO power value at HAPS, x
denotes the detected symbol at HAPS, Igp indicates the
FSO channel gains between HAPS and satellite, and n’IZD
denotes the AWGN value of FSO sub-system at satellite.
The instantaneous SNR values of FSO and RF sub-systems
at HAPS, which are denoted as )/SR and )/SR, respectively,
can be written using (3) and (4) by replacing Isp, hsp, o),
and <T§D with Isg, hsg, US’R, and 0§R’ respectively. Similarly,
the instantaneous SNR value of HAPS-to-satellite link

can be written using (3) by replacing Isp, O.j;D’ and Pf w1th
Irp, U};D, and P’;, respectively.

To analyse the system performance of adaptive-
combining-based switching scheme for SATCOM system,
first, we need to derive the expressions for the probability
density function (PDF) and cumulative distribution func-
tion (CDF) of instantaneous SNR of the RF and FSO links,
which are given in the next section.

B. CHANNEL MODEL

1) RF CHANNEL MODELLING

In SATCOM scenario, due to the presence of a strong LOS
component and weak scattered components between the
transmitter and receiver, the RF signal will undergo minimal
scattering and reflection from the environment due to which
we model the norm of small scale fading channel coeffi-
cient of the RF channel |4;;| using Ricean distribution, where
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ii € {SR, SD}. Ricean distribution has non-zero mean repre-
senting the presence of strong LOS component. The relation
between y;; and |h;;| is given by
vii = vilhal®, ®)
where y; is the average SNR of the RF link.
Now using power transformation of random variables,

the PDF of the instantaneous SNR of the RF link can be
written as [27, Eq. (2.16)]

fyr () = Fe X e ™ Iy(2V/KF), )

where Iy(-) is the zeroth-order modified Bessel function of the
first kind, K is the Ricean factor, and F' = K_—Jil

By series expansion of modified Bessel and exponential

functions using [28, 8.447.1] and [28, 1.211.1], respectively,

the PDF can be re-written as
[o)e]

F) KF)!
fyy0) = Fe KZ( ) Z(o.)ﬁ a0
The corresponding CDF of (10) is given by
x ( F)n 0 (KF)Z n+i+1
Fytx) = Fe Z ! Z @M n+i+1 an

2) FSO CHANNEL MODELING
The effective channel gain of the FSO link includes both
atmospheric turbulence and pointing errors and is defined as

Iy =11} a2)

where IJ;‘, Jjj € {SR,SD, RD}, denotes the atmospheric

turbulence induced fading of FSO link and is modelled

using Gamma-Gamma distribution which accounts for mod-

erate and strong atmospheric turbulence. The PDF of atmo-

spheric turbulence induced fading I;, which is modelled

using Gamma-Gamma distribution, is given by [16, eq.(14)]
atf atf

20ap) 2 x 2~
fis @) = “F(W x Ky_p2y/apx), x>0 (13)

where « and B are the large and small scale scattering param-
eters, ! G’" ”( -) is the Meijer G-function [28, eq.(9.301)],
K, (") 1nd1cates the modified Bessel function of second kind
of order v [28, eq.(8.407.1)], and T (-) is the gamma inte-
gral function [28, eq.(8.310.1)]. The relationship between
modified Bessel function and Meijer G-function is given by
[29, eq.(07.34.03.0605.01)]

Gg o (z ,,]) = 205 Ky 22 (14)

Now by representing modified Bessel function in (13)
in terms of Meijer G-function using (14), the PDF can be
re-written as

fy0 =

-1 _
I'(@)I'(B) a, ﬂ) (1)

IRefer to [10] and [12] for the calculation of @ and § in case of uplink and
downlink single-hop SATCOM scenarios, respectively. Also refer to [16] for
calculation of & and B in case of dual-hop scenario.

G% (2) (oz,Bx
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Also, I? denotes the non-zero boresight pointing error
coefficient and is given by [25]

202
P
]jj ~ Py exp <— 3 ) , (16)

w Leg

where w%e is the equivalent beamwidth and P represents the

fraction of collected power at p = 0, which are given by

2
i
Py = erf?(v), v = Zr_“, W% — m’ (17)
V2w «¢  2vexp(—v?)

where r, is the radius of aperture and wy, is the beamwidth.
Further, in (16), p represents the radial displacement at the
receiver and is given as p = /X2 + 32, where % and $ are the
random displacements, respectively, along the horizontal and
elevation axes. Further, X and y are independent Gaussian ran-
dom variables with non-zero means p, and uy and variances
oxz and oyz, respectively, and the boresight displacement is

givenby S =  /u2 + u% Therefore, the PDF of p follows the
Beckmann distribution, which can be written as [25, Eq. (5)]

fo)= " X/Z”exp (pcosw — puy)?
r 2novoy - Jo 202

. _ 2
_(psinw=py) )dw (18)

2
20},

To find the closed form expression for the PDF of I; ,
an approximation for Beckmann distribution was proposed
in [26, Eq.(10)], which is given by a modified Rayleigh
distribution as

2
P p
folo) ~ 7 XP (_Fe%) , (19)

eq

where

1/3
3ot +3ulot + 00 + of

The approximation performs well if the jitter standard
deviations values (oy, 0y) are greater than the boresight values
(tx, ty) [25]. By using the random variable transformations
on (12) and (19), the PDF of IIJ,] is given by [25, Eq.(8)]

2
3 Isfq—l

f[!?(lp) = =1 , 0= Ip = Peq 21
Ji eq
Py
where Py = PoA and pointing error coefficient &,;, = VZVZZ .
Here, A is defined as
1 1 1 12 u?
A=exp| 5> — == —— — —=——2-] (22
(qu 262 7 22 28202 28lo?

where &, = M;T“Xq and&, = v;f;}q . Further, by substituting , =
Hy = 0,0y =0y =05 = 0pg, A = 1, and Py = P in (20)

and (21), the special case of zero boresight pointing errors is
obtained [16].
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The PDF of combined channel state of FSO link [;; = 1515
can be written as [26, Eq.(11)]

o0
1
S (D) =/ —fip /x)fpa(x)dx (23)
1/Peq X U J
By substituting (15) and (21) in (23), the integral
can be simplified using [29, eq.(07.34.21.0085.01)] and
[28, €q.(9.31.5)] and the PDF of /j; is given by

to so (@Bl|E2 +1
IOROME (P_eq Eop @ ﬂ) &4

The relation between the instantaneous SNR of the FSO
sub-system ;d; and the combined channel state of the FSO
link Ij; is given by

fljj(l) =

—f 12082 2
F e, D

X/j B (Peqsezq)z ’ )

where

i RP? [ (Pegbly)?
Tl GG+ ?
is the average electrical SNR of the FSO link. Now using

power transformation of random variables, we get the PDF
of y/’; as

a0 1 B
=—1 G (Dx2 , 26
flﬁ:);(x) @B 1,3( x2 | Bz) (26)
where B = [Bi1] = [£5, + 11, B2 = [Ba.1, B22, B3l =
o 2
[62,. . B, and D= 24 (;7/)=1/2. The CDF of (26) can be

Sagt1
obtained as

2eHh=3g2 D*x B
F — eq ~6,1 [ A 3 2
7 rrF(a)F(ﬁ)G3'7(l6 ') @7

where

2 2
+1 +2
By = [B31,B832,B33] = |:1, i i :|

2 72
and
By = [Ba,1, Ba2, Ba3, Baa, Bas, Bage, Ba 7l
_[% gt o a1 g B+1 o}

27 2 27 2 727 2

IIl. PERFORMANCE ANALYSIS

In this section, the outage and average SER for single-hop
and dual-hop hybrid FSO/RF SATCOM systems considering
adaptive combining scheme are analysed for the uplink sce-
nario. The closed-form expression will remain the same for
both uplink and downlink scenarios. However, the difference
will come only in the calculation of « and B. Hence, this
analysis can be extended to downlink scenario by using the
corresponding values of « and 8.
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A. SINGLE-HOP HYBRID FSO/RF SATCOM SYSTEM

1) OUTAGE ANALYSIS

In this subsection, we perform the outage analysis of
single-hop adaptive-combining-based hybrid FSO/RF SAT-
COM by determining the CDF of the output instantaneous
SNR F, (x) after adaptive combining. This is because,
the hybrid system is said to be in outage when the output
instantaneous SNR after adaptive combining y, falls below
a pre-defined outage threshold SNR y,,;, which can be
expressed as Pac = Pr(ye < Vow) = Fy.(You)- Thus,
by determining F, (x), we can compute the outage probabil-
ity by evaluating the CDF of y, at y,,; or by replacing x with
Yout- Now according to the definition of the hybrid FSO/RF
system with adaptive combining scheme, the CDF of y, can
be written as

= Pr[yg > yr, yb’fD < x]
+Privl, < yr vip+vip <x1 (28)

Expanding (28), we get

Fy (x)

F1(x), x <vyr.
P = {Fz(X) ~Fyom+E @, x> @)
'SD Ysp

where

A0 = [y e 0 (30)
and
Yr

Fr(x) = / f VSfD(t)FySrD(x —t)dt 31

Note that f e (x) can be calculated using the fact that
SD

the FSO and RF hnks are statistically independent of each
other, which gives us

stfD+Vs'b(x) - /0 fySfD(f)fys’D(x — 1)dt (32)

On substituting (10) and (26) in (32) and using
[29, Eq. (07.34.21.0084.01)], we get

2032 Fe K 2 (- F)” — (KF)!
nl(e)'(B) Z Z @i?

; . 6.1 Bs
xxn+tF(n~|-l+1)G3’7< = |B6)’ (33)

Ly )=

where

g.+1 &,+2
=[Bs,1,Bs52,B53] = | 1,

)
and

Be = [Bs,1, Bs,2, Bs,3, Be,4, Be,s5, Be,6, Be,7]
_[% S+l o atl B B+1 _n_i]

20 2 20 2 2 2
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By substituting  (33) in  (30) and
[29, Eq. (07.34.21.0084.01)], we get

using

20HF 32 Fe K 2 (— F)” o (KF)'
0= = or® Z Z (@12

i+1 . 6.2 B,
NG Lalas Fn+i+ 1)G4,8 ( 16 | Bg) , (34

where

2 2

E2+1 52 +2
=[B7,1,B72,B73,B74] = | —n—i, 1, ——

and
= [Bg,1, Bs,2, Bs 3, Bs 4, Bs 5, Bs 6, By, Bs 3]
|:‘§3§+1otot+1,3/3+1 ) j|
= —n—1i, —n—i—1{.

27 2 27 2727 2

Similarly, we can calculate F>(x) by substituting (11)
and (26) in (31). After applying binomial expansion and using
[29, Eq. (07.34.21.0084.01)], we get

o+p— 352 Fe K _F)" KF)ixntitl
Fax) = —— Z( )Z(,z) :
(@)T(B) (MH*(n+i+1)
X"fl n+i+1 —vr G6’1 D2y7| By
p X 37\ 16 ' B )’
p=0
(35)
where
g +1 & +2
By = [Bo,1,Bo 2, Boszl=|1—p, D)

and
Bio = [Bio,1, Bio,2, B10,3, B1o.4, B1o,5, B1o,6. B10o,7]

N Eezq Eezq+1 a a+1 g B+1
=17 5 '35 'y 2aP~

Substituting (27), (34) and (35) in (29), we obtain F, (x).
We can determine Pc using Fy (Vour)-

2) AVERAGE SER

The conditional symbol error rate (SER) of MPSK signaling
conditioned on the instantaneous SNR of the given link x is
given by [15, eq.(11)]

P(e|x) ~ —erfc(\/_ B) (36)
where erfc(-) is the complimentary error function,
B = sin(7) and

1, M=2.
=1 (37)
2, M > 2.

Note that (36) is an approximate expression (i.e. upper
bound) for the case when modulation order M > 2 and is the
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exact expression for M = 2 [27, eq.(8.25)]. Using Maclaurin
series expansion [28, Eq. (3.321)], P(e|x) can be written as

2 (—1px”
fZ p!(2p+1)

and in terms of Meijer G-function [29, Eq. 06.27.26.0003.01],

P(e|x) is given by
20 (B2 1
Bx 39
2\/_ 1 2 < | 0, %) ( )

The average SER of adaptive-combining-based switching
scheme for hybrid FSO/RF system can be calculated by aver-
aging the conditional error probability over the PDF of y..
So we need to determine the PDF of y,, which is denoted
by f,.(x), and the same can be obtained by differentiating the
CDF of y,.. On differentiating (29) with respect to x, we obtain

Plelx) = 2[ } (38)

P(e|x) =

f 4yl ()C) X =<yr.
Sre@x) = Yoo (40)
G(x) +fv§p(x)’ X > yr.
where
yr
G@) = /0 fo (g, — D)t @1)

On substituting (10) and (26) in (41), G(x) can be solved
using [29, Eq. (07.34.21.0084.01)] and it is given by

0t+ﬂ 3%—2 Fe—™ K oo (_F)n e ¢} (KF)ier—i

Gx)= :
AT(@T(B) ; @R
n+i 5
n+i 6,1 D7yr B
— 42

X;(l><x>c3 <16 |5’12)’ (42)

where
£ +1 £ +2

Bi1 = [Bi,1, B2, Bzl =|1-1, 5 —5

and

Bia = [Bi2,1, Bi2,2, B12,3, Bi2,4, B12,5, B12,6, B12,7]
(& Bl @ a1 BB B
- 2 9 2 9 27 2 9 21 2 9 .

By definition, the average SER of the system can be calcu-

lated as
- AC

A
P, = / Eerfc(ﬁB)fyc (x)dx 43)
0
By substituting (40) in (43), we get

yr
e |
PC = /0 Pellfyr e ()

I

+ / P(elx)(fyf x) + G(x))dx
yr SD

I

=h+Dh (44)
where
r A
I :/0 Eerfc(ﬁB)ngD+Vs'b(x) dx 45)
On substituting (33), (38) and using
[29, Eq. (07.34.21.0084.01)], I; can be written as
3
A 2a+ﬁ—3§2 AFyie—K
I = =Fi(yr) — — a
2 72T (@)I(B)
o0 o0 H
(=Fyr)" Z (KFyr)' .
> L rn+i+1)
2
|:n_0 n! = @ih
o0 B 2I1+1) D2
« Z( JYr) « GS% yr | Bis
nQRI+1) : 16  Bis
(46)
where
Biz = [Bi3,1, B13,2, B13,3, Bi3,4]
1 . £ +1 52 +2
=[——n—1—l,1, ]
2 2 2
and

Bisa = [Bia,1, B1a,2, B1a 3, Bia 4, Bia 5, Bia,6, Bi4,7, B4 sl

) s y T ,—n—1,
2 2 2 2 2 2
) 1
—n—i—1— —].
2
Now, I, can be written as
o0 o
L = f Plelx)f r (x)dx + f P(e|x)G(x)dx  (47)
yr Vsp yr
%‘,—_/

Iz

It is to be noted that on directly evaluating (47), we get a
form which has convergence issues. So we use the property
of integral to change the limits of integration in (47) as
shown in (48), at the bottom of the page, where erf(-) is the
error function and H is the average SER of FSO link. After
simplification using [29, Eq. 07.34.21.0011.01], H is given
as

_ 2a+}3—4A€362q G6,2 2 2| Bis )
732 e)r(B) +7 \\ 4B Bis |’

[ee] yr
L = / P(€|)C)fyf (x)dx —/ Plelx)f 5 x)dx + Dz =H —
0 sD 0 Ysp

H
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A A [T
=F ; (yr)+ —/ erf(VxB)f s (x)dx +D3 (48)
2 Vsp 2 Jo Ysp

I
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where

Bis = [Bis.1, Bis.2. Bis3, Bis 4]

11$+1(§2+2
T2 2 2
and

Bie = [Bie,1, Bis,2, Bi6,3, Bis.4, Bis,5, Bie,6. Bie,7]
_[% b+l o a+1 B B+1 0}

20 2 2 2 2 2

Now I, is evaluated by using Maclaurin series expan-
sion of the error function and by substituting (26) in (48).
After simplification using [29, Eq. (07.34.21.0084.01)],
I>> can be written as

2a+ﬂ_3gequ i(—l)n(B\/V_T)zn-H

Iy =
2T 0 @rB) = aln+1)
o1 (D?vr  Bi

where

Bi7 = [Bi7.1, Bi7,2. Bi7.3]

1 52 +1 £2+2
T2 72 2

and

Big = [Bis,1, Bis,2, B13,3, Bis.4, Bis,5, Bis,6, Big,7]
_{% E24+1 o a+1 B B+1 1}

20 2 20 2 2 2 T2
By substituting (39), (42) in (47) and after simplification
using [29, Eq. (07.34.21.0085.01)], I>3 can be written as

20Hh=4g2 AFe X 2

( F)n (KF)I n+i+1
I
BT T()T(B) ,; Z (t!)2

n+i .
n+i 161 (D*vr | By
XZ( ! )(_1)G3’7< 16 lBlz)

p=0
ngjg (32 | 319) , 51)

where Bi9 = [Bi9g,1, B19,2, Bioszl=[l—n—i—1,0, %] and
Boo = [B2o,1, Bao2l =[1,1 —n —i].

On substituting (27), (49), (50) and (51) in (48), we get I»
and on substituting the value of I; and (46) in (44), we obtain
the average SER of single-hop hybrid FSO/RF SATCOM
system.

B. DUAL-HOP HYBRID FSO/RF SAGIN WITH HAPS

In this subsection, the outage and average SER for dual-hop
hybrid FSO/RF SAGIN with HAPS considering adaptive-
combining-based switching scheme are analysed for the
uplink scenario. The closed-form expression will remain
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the same for both uplink and downlink scenarios. However,
the difference will be in the calculation of o and S, which
is given in the Appendix A. Thus, the uplink analysis can be
easily extended to downlink scenario. Let a'fp and ﬁlup be the
large and small scale scattering parameters for GS-to-HAPS
FSO link, respectively. Similarly, let oy’ and B,” denote the
large and small scale scattering parameters of HAPS-to-LEO
satellite FSO link, respectively. While for downlink scenario,
let af and ,Bf represent the small scale and large scale scat-
tering parameters for HAPS-to-GS FSO link, respectively,
and ag and ,BS be the small scale and large scale scatter-
ing parameters for satellite-to-HAPS FSO link, respectively.
Further, £gg represents the pointing error coefficient between
source (S) and relay (R) nodes. Also, §égp indicates the point-
ing error coefficient between relay (R) and destination (D)
nodes. Using the expressions of outage and average SER
of single-hop hybrid FSO/RF SATCOM system derived in
subsection III-A, we can obtain the outage and average SER
expressions for dual-hop hybrid FSO/RF SAGIN with HAPS
considering adaptive combining scheme.

1) OUTAGE PROBABILITY

The dual-hop hybrid FSO/RF SAGIN considering adaptive
combining scheme will be in outage, if either of GS-to-HAPS
link or the HAPS-to-satellite link is in outage. In other words,
the system will not be in outage if both the links are not in
outage. Moreover, this can be evaluated using the fact that the
adaptive-combining-based hybrid FSO/RF system between
GS and HAPS and the single-link FSO system between
HAPS and LEO satellite are statistically independent of each
other. So the probability that the dual-hop hybrid FSO/RF
system is not in outage can be written as

Z = (1 — Psc)( — Prso), (52)

where P4c is the outage probability of single-hop hybrid
FSO/RF SATCOM system with adaptive combining scheme
and Ppgp is the outage probability of the FSO system. Pyc
and Ppso are calculated by substituting o’ and B,” in (29)
and a;p and ﬂ;p in (27), respectively, instead of « and B
for single-hop uplink scenario. Similarly, for the downlink
scenario P4c and Ppgso are calculated by substituting af
and ,Bf in (29) and ozg and ﬂ2d in (27), respectively. So,
the probability of outage of dual-hop hybrid FSO/RF SAGIN
with HAPS considering adaptive combining scheme is given
by

Ppy=1—2. (53)
Substituting (52) in (53), we get
Ppr =1 —(1 = Pac)(1 — Prso)
= Pac + Prso — Pac X Prso (54)
~ Pac + Prso (55

In (54), the negative term can be ignored as its value
is very less compared to the sum of the other two terms.
On substituting the values of P4¢ and Prsp in (55), we get
the outage probability.
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2) AVERAGE SER
The average error probability of the dual-hop hybrid FSO/RF
system is expressed as [30, Eq. 21]%

PeDH = PeSR + PeRD - PeSRPeRD, (56)

where P,sg and P.gp denote the average SER of GS-to-HAPS
and HAPS-to-satellite links, respectively.

Now for the case of uplink scenario, P,sg = PAC and
P.rp = H. While for the downlink scenario, P,sg = H and
P.rp = i’?c. On substituting the values of P.sg and P.gp
in (56), we get

PPH —pAC g —PAC xH (57)

where }_’fc is the average SER of single-hop hybrid FSO/RF
SATCOM system with adaptive combining scheme as dis-
cussed in subsection III-A2, which is given by (44) and H is
the average SER of single-hop FSO system, which is given
by (49). It is to be noted that the corresponding values of
large and small scale scattering parameters should be substi-
tuted in (44) and (49) to get the average SER of dual-hop
hybrid FSO/RF SAGIN with adaptive combining scheme for
uplink and downlink scenarios. Further, the average electrical
SNR values of GS-to-satellite RF and FSO links, which are
denoted as yg;, and V§D should be replaced by ySR and ;/S‘R

in case of uplink scenario in PAC. In addition, ySD should
be replaced by yf »p 10 H. Similarly, in case of downlink
scenario, the average SNR values of satellite-to-GS RF and
FSO links should be replaced by average SNR values of
satellite-to-HAPS and HAPS-to-GS links appropriately.

IV. ASYMPTOTIC ANALYSIS

The asymptotic analysis is carried out to get the diversity
order of the system. At higher values of average SNR,
the closed-form expressions of the performance parameters
can be expressed in the form (G.SNR)~% | where G4 and
G, are the diversity gain and coding gain of the system,
respectively. Here, we assume )7]]; tends to infinity to derive
the asymptotic expressions.

It is to be noted that yf occurs only in the denomina-
tor of the input of Meijer G-function. Thus, y]]; — o0
indicates the input of Meijer G-function tending to zero.
We obtain the asymptotic expressions for outage and average
SER using the expansion of Meijer G-function, when its input
is zero [29, Eq. (07.34.06.0040.01)]. Hence, by comparing
the asymptotic express1ons with the Taylor series expansion
(.e. Z —0 al(yj/) 7y, the diversity gain is obtained, which is

the smallest value of i for which the coefficient a; is non-zero.

A. OUTAGE PROBABILITY

1) SINGLE-HOP HYBRID FSO/RF SATCOM

As y’; — 00, Pyc — P '1¢ and the asymptotic expression
for outage probability for the case when y,,, < yr using

2Note that the final term in [30, Eq. 21] is omitted, since it will not add
any significant change in the end-to-end average SER of the system.
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[29, Eq. (07.34.06.0040.01)] is given by
2a+ﬁf3g£)2qufK 00

(=F)" X (KF)!
; n! g (i!)2

Xy (i 4+ 1DC, (58)

asy

ACT AT (@)

where C; is given in Appendix B.
For the case when y,,; > yr, the asymptotic outage
probability expression is given by

20t+/3 3%- e8] (—F)n
W = YN0y —C34 CyiFe K
AC T T )F(ﬂ)[ 2o 4{ ‘ Z:O n!
5 Z (KF)iytit! ””il <n+i+1)<—yT )P”
5 @Ptit ) =X p Your
(59
where Cy, C3, and C4 are given in Appendix B.
2) DUAL-HOP HYBRID FSO/RF SAGIN WITH HAPS
As ﬁ; — 0o, Ppy — Ppy.  Using

[29, Eq. (07.34.06.0040.01)], the asymptotic outage proba-
bility expression for the case y,,; < yr can be written as

m} asy asy
Ppy = Pac + Prso
20(2+,32*3é_-82q 2a1+ﬂ1*3562qufK 00 (—F)"

7 (a)l(B1) ,ZZ n!

=0

T al(@)l(By)

1
5 i (KF) M 4 i+ 1)

@2 Ci, (60)

i=0

As o and B, are of the order of 104, the first term i.e. the
term involving C; is ignored. So Pgsfyl is approximately equal
to

2a1+/31 3%-2 FE_K o] (— F)n o] (KF)l
asy
Poit > @ty 2 w2 @R

x yo’iﬁ‘“r(n +i+ 10 (61)

The expression for the asymptotic outage probability for
the case when y,,; > yr is given by

2a2+/32—3§-82q X +B1 —3%-8261
7 (a)I'(B1)

00 n i n+i+1
K (—F) (KF)'Ypur
X[CZ_C3+C4{FE ZO ! Z < @2nti+ 1)

n+i+1
ntitl —w)f’” o
) Z ( )(Vuut ’ 62)

Here, the term involving C, is ignored, as oy and B are
of the order of 10* and the final asymptotic expression in

asy

DH = 7T (@)l (By)
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closed-form is given by

asy K
Foi ™ S ant ey )[Cz & +C4{ ZO
(KF )iyt it <n+i+l)(—yT )PH
* 2;;(102(n4—r+1) 22% p Yout

(63)

B. AVERAGE SER

Similar to asymptotic outage probability expression,
in this section, we derive the asymptotic SER expres-
sion for single-hop and dual-hop scenarios using [29,
Eq. (07.34.06.0040.01)].

1) SINGLE-HOP HYBRID FSO/RF SATCOM

We denote P‘;‘/(Zm, 17, LY, Fi¥ (), H™, Fymo(yr)s Iy
and 123y as the asymptotic expressions of P‘;‘C, 1 1, DL, Fi(yr),
H, Fypo(y7), 122 and I3 respectively, when 3_/]']‘ — 00. So,
from Eq.(44), we get

/my _ Iav) +Im) (64)

The detailed derivations for I;™ and I, are given in
Appendix C.

2) DUAL-HOP HYBRID FSO/RF SAGIN WITH HAPS

In case of dual-hop scenario, the small scale and large scale
parameters are of the order of 10* for HAPS-to-LEO link.
This makes the asymptotic average SER of single-link FSO
communication between HAPS and LEO satellite negligible
as compared to the average SER of hybrid FSO/RF commu-
nication with adaptive-combining-based switching scheme
between HAPS and GS. So, the asymptotic average SER
expression for dual-hop scenario becomes equal to single-hop
case. The only difference will be in the calculation of small
scale and large scale parameters. We consider ai’p and ﬂfp for
dual-hop uplink scenario and ozf and 8 fl are used for dual-hop
downlink scenario as mentioned earlier.

The expressions derived in sections IV-A and IV-B will
help us in obtaining the diversity order of single-hop hybrid
FSO/RF SATCOM system and dual-hop hybrid FSO/RF
SAGIN with adaptive-combining-based switching scheme.
From sections IV-A and IV-B, we can see that the asymp-
totic expressions are of the form Y (G, yl’f )~Gd | where G,
and Gy are constants and the dominant value of Gy is

1
Sy Sutl @ apl B8 H}forboth the outage and aver-

age SER in the cases of single-hop and dual-hop sce-
narios as can be seen from the expressions of C; to Co.
So we get the diversity order of single-hop hybrid FSO/RF

SATCOM system as min{%", ‘;, g }. Furthermore, the diver-

sity order of dual-hop hybrid FSO/?F SAGIN is obtained as
up up
mm{gs" aT‘ by —-1} and mln{ERD, O;‘ , ﬂ—‘ , }, respectively, for

uplink and downhnk scenarios. It is to be noted that the effect
of beam wander induced pointing errors is incorporated in the
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large scale scattering parameter in case of uplink scenario.
Also, it is to be noted that the diversity order of dual-hop
scenano is better than single-hop scenarlo as alp > « and
/3 > f for uplink scenario and ocl > « and ﬂd > B
for downlink scenario. This is mainly because, the large and
small scattering parameters are inversely proportional to the
propagation distance. Since for dual-hop scenario the diver-
sity order depends on scattering parameters between HAPS
and GS and also as L > L,, where L is the propagation
distance between GS and LEO satellite and L, denotes the
propagation distance between GS and HAPS, dual-hop sce-
nario will have better diversity order compared to single-hop
scenario.

V. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we analyse the closed-form expressions
derived in the earlier sections. The system parameters used
for the analysis are listed in the Table 1. Unless otherwise
stated, the system parameters will be the same as listed
in Table 1. The truncation accuracy of summation limits (for
infinite summations) involved in the outage and SER expres-
sions are given in Table 2. Further increment in the values of
n, i, and [ does not affect the fifth decimal figure of the outage
and average SER values. All the chosen upper limit values
are applicable for both single-hop and dual-hop scenarios.
Further, the asymptotic versions of the expressions also have
the same upper limits. The values of beam size of transmitted
beam Wy and phase front radius of curvature of the beam
at the transmitter Fy used are 0.02 m and oo, respectively.
Moreover, for simplicity, we assume ¢, = 0, = 0s = 0y,
where 0s and 0y 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. As the FSO link between
HAPS and satellite is not very sensitive to channel distortions,
we assume yf _p = X ng for dual-hop uplink scenario.

TABLE 1. Simulation parameters.

Parameter Value
Ricean factor (K) 1
Switching Threshold (y7) 5dB, 8dB
Outage Threshold (yout) 3dB
LEO Satellite Height (H) 620 km
HAPS height (Hp) 25 km
GS aperture height (Ho) I m
Aperture radius (rq) 10 cm
Average RF SNR (7;;) 10, 15 dB
Wind Speed (w) 21 m/sec
Zenith Angle (¢) 80°
Pointing error coefficients (Uplink) | ésg = Handérp = 6

The main reasons for the FSO link encountering less chan-
nel distortion between HAPS and satellite can be explained
as follows: The concentration profile of aerosol particles,
which varies with altitude, will be large only up to 1 - 2 Km
immediately above the Earth’s surface [5]. Thus, the aerosols
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TABLE 2. Truncation accuracy of summation limits.

Final values

Expressions | Truncation values 71 — Vf — Chosen upper limit
n=10,7=10 0.]3]34481 0.148895
Fi(z) n=11,t=11 0.334478 0.148894 n=11,t=11
n=121=12 0.334478 0.148894
n=10,7=10 0.396050 0.197460
Fy(x) n=11,i=11 0.396047 0.197459 n=11,1=11
n=121=12 0.396048 0.197459
n=9,1=9,01=9 0.007323 0.003217
I n =10, =10, 1= 10 0.007306 0.003208 n =10,¢=10,1=10
n=12,i=12,1=12 0.007309 0.003209
n =10 0.182391 0.115843
I2o n=11 0.182387 0.115840 n=11
n =12 0.182387 0.115840
n=4,1=4 0.000252 0.000136
123 n=51=5 0.000249 0.000134 n=51=5
n==06,1=6 0.000249 0.000135
distribution will be negligible above 20 Km and the effect 10°

of aerosol is not considered between HAPS and satellite
FSO link. In addition, the refractive index structure parameter
C,% , which determines strength of turbulence in atmosphere,
also varies with altitude. It is to be noted that C> remains
constant for near ground horizontal link [5]. However, its
value decreases with increase in altitude. Since the large and
small scale scattering parameters (i.e. « and B, respectively)
depend on C,f, their values will increase with weak turbulence
(i.e. decrease in C,% value) and will decrease with strong
turbulence (i.e. increase in C2 value). It is also to be noted
that the satellite is located at an altitude of around 600 Km
from HAPS. Therefore, the values of « and B for the FSO
link between HAPS and satellite are very large, which are typ-
ically above 500 even for the worst-case scenario. It implies
that the FSO link between HAPS and satellite undergoes
very weak or negligible turbulence. Further, the severity of
pointing errors, which can be caused due to atmospheric tur-
bulence induced beam wander effect or due to misalignment
between transmit and receive apertures, will also be very less.
Therefore, RF link is not considered as a backup for FSO link
between HAPS and satellite.

Fig. 2 shows the performance comparison of theoretical
and simulated average SER plots for single-hop and dual-hop
scenarios. Note that the obtained average SER expressions
are based on the conditional SER of MPSK signalling, which
is given by (36) and the same is an approximate expression
(i.e. upper bound) for the case when modulation order M > 2.
To validate the derived upper bound average SER expression
using Monte-Carlo simulations, which give exact average
SER values, Fig. 2 has been included. It is observed that
the theoretical SER plot is serving as an upper bound for
simulation-based SER plot considering QPSK modulation
scheme for single-hop FSO communication scenario. How-
ever, it is also inferred that the upper bound SER curves
closely match with the simulation plots for single-hop and
dual-hop hybrid FSO/RF communication scenarios based
on adaptive combining. In Fig. 2, we have also plotted
the average SER performance curve for single-hop hybrid
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FIGURE 2. Performance comparison of theoretical and simulated average
SER.

scenario by truncating all the infinite summation limits to 2.
It is noticed that the obtained average SER values does not
agree well with the SER values obtained after truncation
using the values mentioned in Table 2 as well as with the exact
SER values obtained from Monte-Carlo simulations. There-
fore, it is inferred that the derived analytical expressions will
not match exactly with the simulation results if appropriate
values for the truncation limits are not chosen.

The plots of outage and average SER are shown in Fig. 3(a)
and Fig. 3(b), respectively, for uplink and downlink scenarios
with respect to average electrical SNR of FSO link. The plots
for uplink scenario in 3(b) are given for zenith angle value
¢, = 65°. From Fig. 3(a), improvement in the performance
is observed in case of uplink scenario for dual-hop hybrid
FSO/RF SAGIN with adaptive combining scheme compared
to single-hop hybrid FSO/RF SATCOM system, while there
is no improvement in the performance of the dual-hop hybrid
system compared to single-hop hybrid system for downlink
scenario. From Fig. 3(b), it is observed that improvement
in the average SER performance is observed in the uplink
scenario for dual-hop hybrid system compared to single-hop
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FIGURE 3. System performance parameters vs Average electrical SNR of FSO link for uplink and downlink scenarios.

hybrid system in the high-SNR region due to increase in the
diversity gain value of dual-hop scenario. However, the aver-
age SER performance deteriorates to a larger extent in the
low-SNR region in case of uplink scenario for dual-hop
hybrid system compared to single-hop hybrid system due
to degradation in the performance of HAPS-to-satellite FSO
link.

In the case of downlink scenario, the data first travels
in a low attenuation region during which it undergoes less
attenuation. Before it reaches the high attenuation region,
approximately the height at which the HAPS is stationed,
it suffers low beam divergence. Due to low beam divergence,
the FSO beam of single-hop system will have similar geom-
etry as that transmitted by HAPS. Thus, no SNR gain in the
system performances of dual-hop hybrid system with respect
to single-hop hybrid system. While for the uplink scenario,
the performance of dual-hop hybrid system is better than
the single-hop system. When the beam first travels in high
attenuation region, it suffers high divergence. For single-hop
system, this beam continues till LEO satellite, while dual-hop
system sends a new FSO signal from HAPS effectively elim-
inating the beam divergence and this results in the better
performance of dual-hop system for the uplink. Moreover,
due to the similarity in the system performances of single-hop
and dual-hop hybrid FSO/RF systems with adaptive combin-
ing scheme for the case of downlink transmission, we are
mainly interested in the trends of the uplink hybrid FSO/RF
SATCOM system with adaptive combining scheme.

In Fig. 4, the outage performance versus switching thresh-
old with varying average SNR of FSO link for single-hop and
dual-hop hybrid FSO/RF systems are shown for the uplink
scenario. For single-hop scenario, the outage performance is
plotted for y,,; = 5 dB, while for dual-hop scenario it is
plotted for y,,; = 3 dB. From the figure, we can observe that
as the switching threshold increases, the outage probability
of the system decreases and then it becomes constant. For
¥Yr > You the outage probability of the system is constant
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or independent of yr. This is mainly because, we can see
from (29) that the outage probability Fy, (Vour) = F1(Vour)
under the condition when y,,; < yr and the CDF F{(x)
evaluated at x = y,,, is independent of yr. The value of yr,
for which the outage probability is minimum, does not change
with average electrical SNR of FSO link. Therefore, we fix
YT > Your for the optimum system performance.

Fig. 5(a) shows the outage probability comparison of
single-hop hard-switching-based hybrid FSO/RF SATCOM
system [16], single-hop hybrid FSO/RF SATCOM sys-
tem with adaptive combining scheme, single-hop RF, and
single-hop FSO SATCOM systems for uplink scenario [10].
The parameters assumed in the simulations are y7 = 10 dB
and yg, = 5 dB. Itis to be noted that hard-switching-based
hybrid FSO/RF system was proposed in [16] for SATCOM
scenario, where the FSO link will be used for transmission
as long as the instantaneous SNR value is above a threshold
value (i.e. ygD > yr). When the instantaneous SNR value
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FIGURE 5. Performance comparison of various system models and switching schemes for SATCOM system.

of FSO link is unacceptable (i.e. V§D < yr), then RF link
will be activated for transmission and the system will be in
outage if yg,, < Your. From the outage plots, we can observe
that the single-hop hybrid FSO/RF SATCOM system with
adaptive-combining-based switching scheme assuming fixed
RF SNR performs better than the single-hop FSO SATCOM
system and single-hop hard-switching-based hybrid FSO/RF
SATCOM system with the SNR gain values of 17.5 dB and
10 dB, respectively, at an outage probability value of 107,
In addition, the adaptive combining scheme with y¢,, = )7£D
(i.e. average electrical SNR of FSO link varying equally with
average SNR of RF link) performs better than the adaptive
combining scheme with fixed RF average SNR scenario.
In this case, the SNR gain value of 3 dB is obtained to
achieve the outage value of 10~!. Also, the performance of
adaptive combining scheme deteriorates till ;'/SD = 5 dB for
the case when yg,, = )7§D compared to the case when y¢,, =
5 dB due to degradation in the quality of RF link. However,
the performance improves when )7§ p > 5 dB, which is mainly
due to the availability of better quality backup RF links.

In Fig. 5(a), we have also compared the outage perfor-
mance of the single-hop RF system with the single-hop FSO
and hybrid FSO/RF systems. It is inferred from the plots that
the outage performance of RF system is better than the FSO
system. This is due to the fact that the FSO link performance
degrades mainly due to both atmospheric turbulence induced
fading and pointing errors, where as the RF link performance
degrades only due to small scale fading. Further, improve-
ment in the outage performance of single-hop RF system
is observed especially in the high-SNR region compared to
hybrid FSO/RF system considering both hard-switching and
adaptive combining schemes. This is because, as the average
electrical SNR of FSO link increases, the probability that the
RF link will be active in the high-SNR region in case of hybrid
FSO/RF system is lesser compared to low-SNR region. Since
FSO link will be active in most of the occasion in case of
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hybrid FSO/RF system in the high-SNR region, degradation
in the outage performance of hybrid FSO/RF system com-
pared to RF system is noticed as shown in Fig. 5(a).

In Fig. 5(b), the average SER performance comparison of
all three system models (i.e. hard-switching, adaptive com-
bining, and single-hop FSO) are shown for uplink scenario
assuming both single-hop and dual-hop scenarios. Further-
more, from Fig. 5(b), we can observe that single-hop hybrid
FSO/RF system with adaptive combining scheme performs
better than single-hop FSO system with the SNR gain of
around 16 dB at the SER value of 10~> due to backup
RF link. Similarly, dual-hop hybrid FSO/RF system with
adaptive combining scheme performs better than dual-hop
FSO system with the SNR gain of around 14 dB at the SER
value of 103, Thus, introducing HAPS reduces the SNR
gain obtained by hybrid system over FSO system due to
decoding errors. It is also observed that the hybrid FSO/RF
system (both single-hop and dual-hop) with adaptive com-
bining scheme performs better than the hard-switching-based
hybrid FSO/RF system with the SNR gain of more than
6 dB at the SER value of 103 due to MRC of RF and
FSO links at the receiver. Most importantly, it has been
observed that the dual-hop FSO system performs better than
the single-hop FSO system with the SNR gain of 4 dB at the
SER value of 1073, This gain value is more than the SNR gain
obtained by dual-hop hybrid system with both hard-switching
and adaptive combining schemes compared to single-hop
hybrid system as observed in the SER plots. Thus, it can be
inferred that employing HAPS in a hybrid SATCOM system
with both FSO and RF links reduces the SNR gain of the
system.

Fig. 6(a) shows the effect of Ricean factor K on the outage
probability of single-hop and dual-hop hybrid FSO/RF sys-
tems for the case of uplink scenario. From the plots, we can
observe that with the increase in Ricean factor, the outage
performance improves. We can achieve higher SNR gain from
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FIGURE 6. System performance parameters vs Average electrical SNR of FSO link for varying K for uplink scenario.

the outage performance of both the systems as K increases.
Fig. 6(b) shows the effect of K on the average SER of
dual-hop hybrid FSO/RF SATCOM system with adaptive
combining scheme for the uplink scenario. Similar to out-
age performance, we can observe that with the increase in
Ricean factor, the system performance increases. We can also
observe improvement in the SNR gain of the hybrid system
as K increases. So we can infer from both the figures that as
K increases, the system performance increases. In addition,
it is also observed from Fig. 6(b) that the asymptotic SER
performance curves match with the exact average SER per-
formance curves at high values of average electrical SNR of
the FSO link. This also justifies that the derived asymptotic
SER expressions are sufficiently tight with the exact SER
expressions at high-SNR region. Further, it also validates
the obtained diversity order of the proposed dual-hop hybrid

2 up  up
FSO/RF SATCOM system as min{%%, %, £} which is

equal to the diversity order of dual-hop FSO SATCOM sys-
tem. This is because, if the average SNR of RF link and the
optimum switching threshold SNR are fixed, then at high
values of average electrical SNR of FSO link (i.e. ;7§R > yr)s
the probability that the instantaneous SNR of FSO link yéR
falling below yr will be less. Hence, in case of adaptive-
combining-based hybrid FSO/RF SATCOM system, only
FSO link will be active in the high-SNR region, which will
contribute to the diversity gain of the hybrid system. Kindly
note that the derived asymptotic expressions are valid only
in the high-SNR region. Thus, the asymptotic performance
curves converge with the exact performance curves in the
high-SNR region as shown in Fig. 6(b). Since the asymptotic
expressions are derived under high-SNR approximations to
calculate diversity gain, they are unpredictable and will not
converge with the exact performance curves in the low-SNR
region. This phenomenon will result in bending of the asymp-
totic curves in the low-SNR region in some occasion as shown
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in Fig. 6(b) as well as in other figures. Finally, it is observed
that the derived analytical expressions for average SER and
outage probability match exactly with the Monte-Carlo sim-
ulations in this figure and in all the other figures. Here,
the average SER performance deteriorates with increase in
modulation order M as expected.

In Fig. 7, the outage and average SER performances
are shown for different wind speed values w for the case
of uplink scenario. From Fig. 7(a), we can observe that
with the increase in wind speed, the outage performance
of the single-hop and dual-hop hybrid SATCOM systems
deteriorate. This is because, the formation of vortexes in
air increases as wind speed increases. This will effectively
change the refractive index of the medium causing beam
wander induced pointing errors and higher randomness in
the received signal amplitude. This can cause degradation in
the system performance, which is observed from the trends.
Similar trends are observed in the case of average SER of
the single-hop hybrid SATCOM system with adaptive com-
bining scheme. From Fig. 7(b), we can see that as wind
speed increases, the diversity order of the system decreases
and hence, the average SER performance deteriorates to a
larger extent at high-SNR region. On comparing the out-
age performance of the single-hop adaptive-combining-based
hybrid system and single-hop FSO system, we obtain the
SNR gains of approximately 27.5 dB and 24 dB at the wind
velocity values of 30 m/s and 21 m/s, respectively, in favour
of the hybrid system to achieve the outage value of 1072
Similarly, while comparing the average SER performance
of single-hop adaptive-combining-based hybrid system and
single-hop FSO system, we observe improvement in the
SNR gain due to hybrid system for the wind velocity values
of 30 m/s compared to 11 m/s. Thus, backup RF link helps
in enhancing the performance for the worst case scenario
with high wind velocity values. It is also noticed that the
asymptotic SER values of single-hop hybrid system almost
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match the exact SER values in the high-SNR region, which
validates the obtained diversity order of the system.

In Fig. 8, we plot the variation of system performance
parameters for the uplink scenario with respect to vary-
ing zenith angle values. With increases in the zenith angle,
the propagation distance of the FSO beam increases. This
increases the divergence of the FSO beam, thus degrading
the system performance. This trend can be observed from
both Fig. 8(a) and 8(b). As zenith angle increases, it is
also observed that the diversity order of both single-hop and
dual-hop hybrid systems decreases. It is also inferred from
the figure that increase in zenith angle value ¢, degrades
the performance of both FSO and hybrid FSO/RF systems.
This is because, the propagation distance of the optical sig-
nal increases with increase in ¢,. Hence, the transmitted
optical beam will be more vulnerable to the atmospheric
turbulence and pointing errors, which significantly degrades
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the performance and diversity order of the system. Most
importantly, it is also observed that increase in ¢, impacts
the performance of FSO system to a greater extent compared
to hybrid FSO/RF system. Hence, reliable RF backup link
has reduced the impact of increase in ¢, on the system
performance.

The effect of pointing errors on the dual-hop FSO and
hybrid FSO/RF systems is illustrated for an uplink scenario
in Fig. 9 by varying the pointing error coefficient &sg. The
average SER performances are compared by assuming the
parameters in the simulations as &gp = 6, yr 5 dB,
and &sg = 1, 1.7, and 5. To obtain the corresponding values
of &£gg, mean and standard deviation values are, respectively,
assumed as 3k = uiR =35cm,0cm, 1 cm, 058 =

SR
x =0y =
40 cm, 30 cm, 10 cm. It is to be noted that the severity of
pointing errors is low for higher values of &g and we have

assumed a high value of £gp for HAPS-to-satellite FSO link,
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since the effect of pointing errors is very less or negligible.
It is noticed from Fig. 9 that the SNR gain values achieved
by the dual-hop hybrid FSO/RF system over dual-hop FSO
system to attain the average SER of 1072 are 24 dB, 17 dB,
and 15 dB for &g = 1, 1.7, and 53, respectively. Therefore,
it is clear that the dual-hop hybrid FSO/RF system with adap-
tive combining performs better than the dual-hop FSO system
in all three cases and it provides high SNR gain due to the
backup RF link when the severity of pointing errors is high.
This is because of the fact that the probability of usage of
backup RF link in case of adaptive combining increases with
increase in severity of pointing errors, as the instantaneous
SNR of FSO link often drops below y7.

Fig. 10 shows the outage performances of hybrid
single-hop and dual-hop SATCOM systems for different val-
ues of average SNR of RF link. It is to be noted that increase
in the value of average SNR of RF link indicates a better
backup RF link, which directly translates to better system per-
formance. As the value of RF average SNR increases, SNR
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gain improvement is observed in case of both the systems.
Finally, it is also noticed that the outage values of single-hop
and dual-hop hybrid systems almost match the exact values in
the high-SNR region, which validates the obtained diversity
order of the system.

VI. CONCLUSION AND FUTURE WORKS

In this paper, we analyse the performance of adaptive-
combining-based switching scheme for uplink and down-
link SATCOM scenarios assuming single-hop and dual-hop
SAGIN-based hybrid FSO/RF systems. Further, we derived
the exact and asymptotic outage and average SER expres-
sions for both single-hop and dual-hop hybrid systems.
From the asymptotic expressions, we obtain the diversity
order of the proposed systems. From the numerical results,
we inferred that the RF backup link in case of hybrid system
is proved to provide a better system performance as com-
pared to single-hop and dual-hop FSO systems. Moreover,
we also obtain the optimum switching threshold value for
the hybrid system. On comparing single-hop and dual-hop
adaptive-combining-based hybrid FSO/RF systems, we con-
clude that dual-hop hybrid system provides a better system
performance as compared to single-hop hybrid system only
for the uplink scenario especially in the high-SNR region,
while for the downlink scenario, the system performances
are similar. Thus, the utilization of HAPS as a relay station
improves the reliability of uplink SATCOM system in the
high-SNR region. It was also observed that the adaptive-
combining-based switching scheme performs better than the
hard-switching scheme proposed for hybrid FSO/RF system.
Finally, it was noticed that the SNR gain obtained due to
single-hop and dual-hop hybrid systems compared to FSO
system improves with increase in the values of Ricean factor,
average SNR of RF link, zenith angle, severity of pointing
errors, and wind speed.

The future work directions are given as follows: The
ergodic capacity analysis of adaptive combining scheme
along with the outage and average SER analyses will be
carried out over generalized FSO and RF fading models
assuming Malaga and o —n —« — u distributions, respectively.
In addition, the capacity bounds and asymptotic expressions
for outage and average SER will be obtained over generalized
distributions in order to get more insights in terms of achiev-
able capacity and diversity gain. Finally, the switching time
delay between RF and FSO links, which has been ignored
in the current analysis, will also be considered in our future
works.

APPENDIX A

CALCULATION OF SMALL SCALE AND LARGE

SCALE SCATTERING PARAMETERS

The single-hop uplink and downlink scattering parameters
are calculated using [10], [11], and [24]. Furthermore, for
GS-to-HAPS link, the large scale scattering parameter for
dual-hop uplink scenario oz'fp is given by (65), as shown at
the bottom of the next page, and the small scale scattering
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parameter for dual-hop uplink scenario ,Bi’p is given as [10]

-1
By = |:exp< ) - 1} , (66)

In (65) and (66), (0g)? is the Rytov variance and the same
is given by (67), as shown at the bottom of the page, where
C,%(h) is the refractive index structure parameter, which is a
function of altitude. It is modelled using HVB model [31] and
is given by (68), as shown at the bottom of the page, where
w is the rms wind speed and C,%(()) = 1.7 x 107 "¥m~2/3,
In (65) and (67), ¢, is the zenith angle, Hy is the transmitter
height in metre above the ground, H,, is the altitude of the
HAPS in metre and k = 27/ is the wave number in m~ .
In addition, W denotes the received beam size and is given
by W = Wy,/ 83 + A%, where Wy is the beam size of
transmitted beam, and ®¢ and A are the beam parameters at
the transmitter. Note that ®y = 1 — L,/Fp and Ag = %W”O),
where L), is the propagation distance, which can be written as
L, = (H, — Hp) x sec(¢;) and F is the phase front radius of
curvature of the beam at the transmitter.

Furthermore, in (65), rg is the Fried parameter and o, is
the beam-wander induced pointing error, which is given by
Qpe = 0Ope/Ly, Where oy, is the variance of beam-wander
induced pointing error and is calculated as

A

i) (

A 5/3
= 0.54(H, — Ho)*sec? (¢Z)( —>
CIW3 /75

1o
1/6
x|l - ———— , 69
[ @+@W%)] (©9)

where C, is scaling constant and is assumed to be equal to
2. The Fried parameter is calculated as

0.5102
(14 0.695/%)5/6

2W,

H, -3/5
ro = [0.42 sec(¢,) k2 / Cf(h)dh} (70)
Ho

Similarly, to calculate a;” and 85", we first calculate the
Rytov variance and variance of beam-wander induced point-
ing error by substituting Hy, which is the height of LEO
satellite, in place of H),. In addition, H, should be substituted
in place of Hy. We use these values to calculate otgp and ,ng
similar to a'fp and ,8;”’ , respectively.

Moreover, similar to the case of uplink scenario, the small

APPENDIX B

ASYMPTOTIC OUTAGE PROBABILITY EXPRESSIONS

In this Appendix, various terms involved in asymptotic outage
expressions are given below.

F(Bs,k)l_[?=1 ['(Bs,; — Bs.x)
J#k

{ T(n+i+2+ By [js T(Brj — By
B
D*Vou 8,k
71
X(m) (71)
6
0\ T(Baj — Bay)
‘ Hﬁ;#ii T D2y \ B4
G=2 3 . (72
a2 Bax [T T(Bsj— Ba) \ 16
6
i1 D(Bsj — Bax)
- Hj#}c 4J o D*yr Bk
k=1 Bak Hj=2 I(Bsj—Bay)\ 16
and
6 1_[/6=1 I'(Bio,j — Bio,k) Y B
Ca= = (D VT) a4
k=1 (p+610,k)1_[j:2 F(B9,j_Bl(),k) 16

APPENDIX C
DERIVATION OF ASYMPTOTIC SER EXPRESSIONS
In this section, we derive the asymptotic expressions for
I and I, which will help us in obtaining the asymptotic
SER expressions for adaptive combining scheme in case of
single-hop scenario.

From (34), (45) and [29, Eq. (07.34.06.0040.01)], we get
the asymptotic expression for I as
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scale and large scale scattering parameters of the downlink k=1

scenario are calculated by changing appropriate parameters D*yr Biax 76
using [12] and [16]. “\ 6 (76)

2Wo\ " ? 0.4902 -
aff = {5 95(H, Ho)zsecz(qsz)( °> (@> + exp OIRZ s - 1} (65)

ro w (1+0.560,7)7/6
H, h— Ho \36 / 1 — Ho \3/6
6 6 0 0
op = 2.25k"°(H, — Hy)*/%sec!'/%(¢,) / C2(h) x (1 — m) <m) dh, (67)
C2(h) = 0. 00594( ) 10~ exp (- ) +2.7 x 10~16exp (=11 ) + C2(0)exp —h (68)
1000 1500 100
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and the asymptotic expression for F{(yr) is given by

Ot+,5 3%—2 Fe_K o0 (— F)n (KF)[
FOY,
N CIN() Z Z (@2
x y;”’“wn +i+ DCs,  (77)
where
6 F(B&k)l_[?:] I'(Bg; — Bs k)
Z JFk
— F(”+l+2+88k)l—[ —3 ['(B7; — Bs.x)
D2 Bg «
x ( yT) . (78)
16

On substituting (27) and (49) in (48), we get the asymptotic
expression for I, which is given by

1Y = H® — ZF;‘gO(yT)H;;y +1; (79)
Using (49, (@27, (50,  (51)  and

[29, Eq. (07.34.06.0040.01)], the terms in (79) can be written
as

2a+574A%—2q
asy __ e
M= nrarg e
pa+p— 35
asy _
Flrovr) = —nr‘(a)r(ﬂ) x C3, (1)
Da+p— 352 A X (_1)n(B\/y—T)2n+l
asy
by = n3/2r(a)r(ﬁ)n§) n!(2n + 1) X Cs,
(32)
and
2e+HB—4g2 AFp—K n i ntit+l
Iggy— E e Z( F)x:(KF)'2
T T@IB) ) @
x % N 162 (B | Co,  (83)
! 3,0 B 9,

p=0
where
¢ T(3+Bi, k)]_[j 1 T(Bi6,j — Bis.k)

C7 — Z J#k

=1 F(Blﬁ,k)l_[j:3 ['(Bis,; — Bie.x)

D2 vr Bie.
16 ’

(84)
6 1_[,6:1 I'(Bis,j — Big.k)
-y j#k
o+ 5+ Bisi) [Tea T(Bi7 — Big)
DZJ/T B8 .k
, 85
x ( T ) (85)

and

6 1_[,6:1 I'(Bi2,j — Bi2.x)

/ D2 Biak
Co= L ( VT) . (86)
i UABr) [Too TBi =B \ 1
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