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In this work, a mixed free-space optics (FSO)/radio-frequency (RF) based multiple serial
high altitude platforms (HAPSs) assisted multiuser multiantenna terrestrial communication
system is considered. For the considered multi-hop system, earth station to HAP and HAP
to HAP links are assumed as FSO links, and HAP to terrestrial mobile users (MUs) link is
assumed as RF link. At the FSO detector both the heterodyne detection and intensity
modulation direct detection techniques are considered. Atmospheric turbulence of the ES
to HAP FSO link is modeled with Gamma-Gamma fading along with the pointing error
impairments. As HAP situates in the stratosphere, negligible atmospheric turbulence exists
at HAP altitude (20 km), hence, only pointing error is considered for the inter HAP links.
Further, the HAP consists of multiantenna array to provide high data-rates to the terrestrial
users via RF links, considered to be Nakagami-m distributed. The intermediate HAPs
perform selective decode-and-forward relaying and opportunistic user scheduling is
performed for the best user selection. For the performance analysis, analytical
expression of overall outage probability is obtained and the impact of various selection
parameters like pointing error, FSO detection type, MU selection, number of antennas, and
RF fading severity are observed on the outage performance. Asymptotic outage probability
is also derived to obtain the diversity order of the considered communication system.
Further, considering various modulation schemes, a generalized average bit-error-rate
expression is derived and the impact of pointing error, FSO detection type, MU selection,
number of antennas, and RF fading severity are observed on its performance. Finally,
derived results are validated through Monte-Carlo simulations.

Keywords: free-space optics, high altitude platform, gamma-gamma fading, pointing error, outage probability,
average bit-error-rate

1 INTRODUCTION

For reliable and robust high data-rate communication for various wireless applications including the
emergency disastrous situations, temporary mass events, and even in military applications, promptly
deployable flying base stations such as unmanned aerial vehicles (UAVs) have gained significant
research attention as they are capable to provide high data-rates with improved capacity and
coverage, targeted for beyond fifth generation (5G) communications(Zhan et al., 2011; Mozaffari
et al,, 2019). UAVs are broadly categorized into low altitude platform (LAP) and high altitude
platform (HAP) based on their size and operating range. The LAPs are situated only few hundred
meters above the earth surface, however, the HAPs are usually situated in stratosphere around
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17-25km (km) altitude from the earth surface. As the HAP
situates in stratosphere, the wind velocity is low and atmospheric
turbulence is negligible, hence, the HAP can be in quasi-static
position and is capable to provide ubiquitous connectivity (Kurt
et al.,, 2021). Due to the enhancement in communications
technologies, lightweight composite materials, improved
efficiency of solar panels and antenna, HAP became an viable
aerial network component for communication
applications. The HAPs can be deployed easily and rapidly,
their maintenance is easy, and having moderate operational
cost than satellite which makes them economically feasible
(Fidler et al., 2010; Kurt et al, 2021). Various technological
trends of HAPs and their applications in wireless
communications have been seen in (d’Oliveira et al., 2016).
On the other hand, free-space optics (FSO) has been proven
as an efficient replacement to radio-frequency (RF) due to its high
operational bandwidth with improved capacity to fulfill the
increasing demand of high data-rates for present and future
wireless communication networks. FSO operates in unlicensed
band, having low cost and easy deployment, and provides high-
speed line-of-sight (LoS) communication (Singya et al., 2020;
Trichili et al., 2020). The FSO links provide high data-rate secured
transmission than the RF links, however requires LoS
communication. Further, atmospheric turbulence and weather
issues are more severe in terrestrial mobile communication which
limits the FSO link’s performance. In such situations, RF links
provide more robust communication to mobile users (MUs) than
the FSO links. Thus, a hybrid system which can utilize the high
data-rate capability of FSO links and the reliable transmission
through RF links to terrestrial MUs has gained significant
research attention (Trichili et al., 2021).

Various HAP networks like HAPCOS and CAPANINA in
Europe, Helicos in USA, SkyNet is Asia, etc. have been deployed
successfully for broadband data transmission to a larger distance
(in hundreds of km). A considerable work on HAP networks have
been seen in the literature. In (Vaiopoulos et al., 2013), authors
proposed a HAP assisted setup for WiMAX orthogonal frequency
division multiplexing (OFDM) transmission and derived the
outage probability. In (Fidler et al., 2010), authors have shown
various fleld trials to and from HAP using optical links to provide
high data-rates. In (David et al., 2004), various considerations for
inter-HAP optical link design are shown. In (Parthasarathy et al.,
2014), channel modeling of inter-HAP optical link is proposed. In
(Shibata et al, 2020), a gigabit HAP system for mobile
communications is proposed. An HAP assisted ground to
satellite uplink FSO/RF system is proposed in (Swaminathan
et al,, 2021) with Gamma-Gamma and shadowed-Rician fading
for FSO and RF links, respectively, and various performance
measures are derived. In (Singya and Alouini, 2021), an HAP
assisted downlink hybrid FSO/RF based multiuser multiantenna
terrestrial communication system is proposed, where the FSO
link is characterized with the Gamma-Gamma distribution with
pointing error impairments and Nakagami-m distribution is
preferred for RF links. For the performance analysis, analytical
expressions of outage probability, asymptotic outage probability,
ergodic capacity, effective capacity, and generalized average
symbol-error-rate (ASER) expressions of hexagonal-quadrature

various

Inter-HAP Communication

amplitude modulation (QAM), cross-QAM, and rectangular
QAM are derived. (Liu et al., 2020) focuses on amplify-and-
forward (AF) based HAP assisted satellite-terrestrial
communication  with ~Gamma-Gamma and  Rayleigh
distributions for the FSO and RF links, respectively, and
obtained the outage probability. In (Antonini et al, 2006),
capacity and efficiency of FSO link between the satellite and
HAP are obtained for its feasibility. In (Gao et al, 2021),
optimization of an intelligent reconfigurable surface assisted
HAP network is proposed for downlink communication to
terrestrial MUs.

However, a significant work is witnessed on various hybrid
FSO/RF systems in the literature. (Bhatnagar and Arti, 2013)
considers a hybrid RF/FSO based satellite-terrestrial
communication  system, where Gamma-Gamma and
shadowed-Rician distributions are considered for the FSO and
RF links, respectively. Further, analytical ASER expression for
M-ary phase-shift keying (MPSK) and asymptotic results are
obtained. (Zedini et al., 2016) focuses on a hybrid FSO/RF system
with Nakagami-m and Gamma-Gamma fading for the RF and
FSO links, respectively, and the analytical expressions of ergodic
capacity, outage probability, and bit-error-rate (BER) of binary
phase-shift keying (BPSK) are derived. (Chen et al., 2019) covers
energy harvesting in hybrid FSO/RF system by obtaining the
outage probability. An FSO/RF based satellite-terrestrial
communication system is considered in (Ahmad et al., 2017),
where satellite is connected through the optical feeder link and
provides RF connectivity to terrestrial users, and various
performance measures are derived for analysis. (Zedini et al,
2020) focuses on an FSO/RF based satellite-terrestrial
communication system with Gamma-Gamma distributed
uplink optical feeder link and shadowed-Rician distributed
downlink RF terrestrial users links, and ergodic capacity,
outage probability, and BER expressions of BPSK are derived.
In (Sharma et al, 2019), switching-based FSO/RF system is
proposed and various performance measures are obtained.
(Lee et al., 2020) focuses on the data throughput maximization
for UAV based FSO/RF system. Further, in (Singya et al., 2020),
ASER performance of various higher order complex QAM
schemes is obtained for a mixed RF/FSO system with outdated
channel state information. In (Xu and Song, 2021) and (Xu and
Song, 2020), hybrid REF/FSO based communication systems are
considered, where RF link is characterized with x — y distribution
and the FSO link is characterized with the M- distribution with
pointing error impairments. For performance analysis, outage
probability, asymptotic outage probability, ergodic capacity, and
ABER results are obtained. In (Xu and Zhang, 2021), a hybrid RF/
FSO based deep space communication system is considered,
where exponentiated Weibull and Nakagami-m distributions
are considered respectively for the FSO and RF links; and
outage probability, ergodic capacity, and ABER of MPSK are
derived.

In the literature, some papers have discussed FSO based multi-
hop communication systems. In (Datsikas et al., 2010; Zedini and
Alouini, 2015; Ashrafzadeh et al., 2020), authors have analyzed
the performance of multi-hop FSO systems. (Altubaishi and
Alhamawi, 2019) focuses on the capacity analysis of a multi-
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TABLE 1 | Various related works.

Inter-HAP Communication

Communication systems References Channel Practical considerations Performance metrics
models
Dual-hop hybrid FSO/RF based Bhatnagar and Arti (2013) AF based GG Atmospheric turbulence ASER, asymptotic ASER
communication systems (both with  hybrid RF/FSO satellite-terrestrial SR
or without HAP assisted) communication
Zedini et al. (2016) AF based hybrid FSO/ GG Atmospheric turbulence, pointing error,  OP, ergodic capacity,
RF communication Nakagami-m  FSO receiver type BER - BPSK
Chen et al. (2019) AF based hybrid FSO/ GG Atmospheric turbulence, OP
RF communication with energy harvesting ~ Rayleigh pointing error
Ahmad et al. (2017) Hybrid FSO/RF LN Atmospheric turbulence, OP, ergodic capacity,
basedsatellite communication with optical  Double-LN pointing error, multiantenna ABER - PSK, SQAM
feeder link
Zedini et al. (2020) Hybrid FSO/RF based GG Atmospheric turbulence, pointing error,  OP, ergodic capacity,
satellite communication SR multiantenna, FSO receiver type, HPA  ABER - PSK, SQAM
nonlinearity
Sharma et al. (2019) Switching-based GG Atmospheric turbulence, OP,
hybrid FSO/RF system with MRC receiver ~ Nakagami-m  path-loss ASER-SQAM
Li et al. (2019) NOMA based multiuser M Atmospheric turbulence, pointing error,  OP, asymptotic OP,
hybrid FSO/RF communication Nakagami-m  multiuser data-rate (capacity)
Kong et al. (2020) Multiuser UAV assisted GG Atmospheric turbulence, path-loss, Ergodic capacity
DF based HSTN Rayleigh multiantenna, multiuser
Swaminathan et al. (2021) HAP assisted GG Atmospheric turbulence, OP, asymptotic OP,
switching based uplink RF/FSO groundto SR path-loss, pointing error, ASER - MPSK
satellite communication FSO receiver type
Singya and Alouini (2021) HAP assisted GG Atmospheric turbulence, pointing error,  OP, asymptotic OP, ergodic capacity,
downlink hybrid FSO/RF based satellite- ~ Nakagami-m  FSO receiver type, multiantenna, effective capacity, ASER- HQAM,
terrestrial communication multiuser, outdated CSI XQAM, RQAM, SQAM
Xuand Song (2021) UAV assisted RF/FSO  x — u Atmospheric turbulence, pointing error,  OP, asymptotic OP, ergodic capacity,
communication M FSO receiver type ABER - BPSK, DPSK, asymptotic
ABER
Xu and Song (2020) Hybrid RF/FSO K—U Atmospheric turbulence, pointing error,  OP, asymptotic OP, ergodic capacity,
based communication M FSO receiver type ABER - BPSK, DPSK, asymptotic
ABER
Xu and Zhang (2021) AF based RF/FSO  EW Solar scintillation effect OP, ergodic capacity,
deep space communication Nakagami-m ABER - MPSK
Multi-hop mixed FSO/RF based Altubaishi and Alhamawi (2019) AF based GG Atmospheric turbulence, Ergodic capacity,
Communication Systems multi-hop hybrid FSO/RF communication  Rayleigh pointing error, path-loss
Ashrafzadeh et al. (2020) AF based multi- GG Atmospheric turbulence, OP, asymptotic OP,
hop FSO communication pointing error, ABER
FSO receiver type
Zedini and Alouini (2015) AF based multi- GG Atmospheric turbulence, OP, ergodic capacity,
hop FSO communication pointing error asymptotic ergodic
capacity, ABER-OOK
Datsikas et al. (2010) AF based serial GG Atmospheric turbulence, OP, ABER - BPSK,
multi-hop FSO communication DPSK, asymptotic ABER
Wang et al. (2015) DF based multi-hop EW Atmospheric turbulence OP,
FSO communication system ABER - BPSK
Multi-hop LAP/HAP assisted mixed ~ Yang et al. (2018) LAP based multi-hop GG Atmospheric turbulence OoP
FSO/RF based communication RF/FSO/RF communication Rician pointing error
Systems Sharma et al. (2016) HAP assisted multi- GG Atmospheric turbulence, ABER, average channel,
hop FSO communication pointing error, path-loss capacity
Michailidis et al. (2018) Mixed RF/FSO/RF GG Atmospheric turbulence OoP
based triple-hop communication Rician pointing error
Our Work Multiple serial HAPs assisted mixed FSO/ GG Atmospheric turbulence, pointing error,  OP, asymptotic OP,
RF based multiuser multiantenna Nakagami-m  FSO receiver type, multiantenna, ABER - OOK,
communication system multiuser MPSK, MQAM
GG - Gamma-Gamma HQAM - Hexagonal QAM OP - Outage probability
LN - Log-normal XQAM - Cross QAM ABER - Average bit-error-rate
EW - Exponentiated Weibull RQAM - Rectangular QAM MPSK - M-ary phase shift keying
M - Malaga distribution MQAM- M-ary quadrature amplitude
modulation
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hop FSO/RF system. In (Wang et al, 2015), authors have
discussed the performance of multi-hop exponentiated Weibull
distributed FSO system. However, above discussed multi-hop
works focus only on generalized FSO systems without including
HAP networks.

On the other hand, HAPs are having a wide 500 km radius
footprint as recommended by International
Telecommunication Union (ITU) (ITU-Radiocommun,
2000). Further, most of the HAP assisted projects have
smaller coverage area and combining multiple HAPs can
provide coverage to even entire country. For example,
authors in (Miura and Oodo, 2001) and (Milas et al., 2003)
have proposed respectively 16 and 18 HAPs configurations to
provide coverage to entire Japan and Greece. However, only few
works focus on the performance of multi-hop HAP/LAP
assisted communication system. In (Yang et al., 2018), outage
probability of LAP assisted RF/FSO/RF multi-hop system is
derived. In (Sharma et al., 2016), authors have evaluated the
performance of inter-HAP FSO communication system.
Authors in (Michailidis et al., 2018) have discussed the
performance of a three-hop HAP assisted RF/FSO/RF
communication system. The above discussed works are
summarized in Table 1 in details. The
considerations, channel models, and derived performance
metrics are shown in Table 1 which are compared with our
work (highlighted in bold letters) to show the novelty of
our work.

As discussed above, we have seen significant works on dual-
hop hybrid FSO/RF based systems. However, very limited work
is seen on HAP assisted multi-hop hybrid FSO/RF scenario.
Motivated with this, in this work, a highly reliable, robust, and
high capacity long distance multiple serial HAPs assisted
mixed FSO/RF multiuser multiantenna communication
system is proposed. In the proposed system, end-to-end
(e2e) long distance communication is completed through
high bandwidth, high capacity FSO links established
between the earth station (ES) to HAP and between
multiple serial HAPs situated several hundred kilometer
apart, and finally to the terrestrial MUs through the RF
links via multiantenna array deployed at the final HAP. The
intermediate HAPs are performing selective decode-and-
forward (DF) relaying. Atmospheric turbulence of the ES
to HAP link is modeled with Gamma-Gamma fading along
with the pointing error impairments. As HAP situates at
20 km altitude, negligible atmospheric turbulence exists
hence, only pointing error is considered for the inter HAP
links. A multiantenna array is deployed at the HAP and
Nakagami-m fading is considered for the RF links. Further,
opportunistic user scheduling is performed for the best user
selection. From this prospective, the major contributions of
this work are as follows:

various

e For the performance analysis, individual link’s outage
probability and overall outage probability are derived and
the impact of pointing error, FSO detection type, MU
selection, number of antennas, and RF fading severity are
observed on the outage performance.

Inter-HAP Communication

e To obtain the diversity order of the communication system,
asymptotic outage probability is derived by performing the
high SNR approximation.

e Considering various modulation schemes, a generalized
average BER (ABER) expression is also derived and the
impact of pointing error, FSO detection type, MU selection,
number of antennas, and RF fading severity are observed on
its performance.

Note that the proposed system model and the analysis shown
in this work is generalized. By considering number of HAPs N =
1, the multi-hop serial HAPs assisted mixed FSO/RF system can
be converted into a dual-hop HAP assisted mixed FSO/RF
system. By considering number of users U = 1, the
performance of Uth terrestrial MU can be obtained. Further,
all the parameters can be adjusted and the considered system
model can be deployed for various specific applications.

Rest of the work is organized as follows: In Section II, proposed
system model and channel model are discussed in detail. Various
performance measures like outage probability, asymptotic outage
probability, and generalized ABER are discussed in detail in
Section III, Section IV, and Section V, respectively. Section VI
discusses various theoretical and simulation results of the
proposed system and conclusions from the obtained results
are finally illustrated in Section VIL

2 SYSTEM AND CHANNEL MODELS
2.1 System Model

In this work, a mixed FSO/RF based multiuser multiantenna
inter-HAP configuration is considered to provide high data-rates
to the terrestrial MUs as shown in Figure 1. We have considered a
communication scenario, where a source ES is communicating to
the terrestrial MUs which are far apart through the use of multiple
serial HAPs. Initially, the ES transmits the optical signal s(t) to
HAP in first time slot. Hence, the received optical signal at the
first HAP can be expressed as

yu (t) = (Pndgul)

where # is the optical-to-electrical conversion coefficient and r
decides the type of FSO detector, wherein r = 1 corresponds to the
heterodyne detection and r = 2 represents the IM/DD. Here I =
I, represents the fading coefficient of the FSO link, where I, is
the fading due to atmospheric turbulence and I, represents the
pointing error associated with the FSO link. Further,
ngp (£) ~ N'(0,02) represents the additive white Gaussian
noise (AWGN) with zero mean and o2 variance associated
with the ES to HAP link. The noise variance is oé = KB,T,,
where K = 1.38 x 10> is the Boltzmann constant, T, represents
the noise temperature in kelvin, and B, is the optical receiver
bandwidth. Further, gy represents the path-loss while
transmitting the source signal from ES to HAP through the
FSO link. 8gy = G‘;‘SGL'H, where G,z is the ES transmitter
telescope gain, G,z is the receiver telescope gain at the HAP,
and FSL = % is the free-space loss, wherein L is the ES-HAP
path length and A, is the optical signal wavelength. A 1550 nm

s (t) + ngx (t), (1)
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Y

:7 Earth station — FSO link

(ES)
‘ —  RFlink

FIGURE 1 | Considered system model.

Inter-HAP
communication

REF links

wavelength optical beam is considered which is eye safe and
most suitable due to minimum Doppler shift than other
frequencies. Therefore, the instantaneous received SNR at
HAP will be

(Pindenl)’
o,

Yu = . ()

N intermediate HAPs with DF relaying are considered for e2e
signal transmission. Hence, at the HAP, the received signal is first
decoded, re-encoded, and then transmitted to the next HAP. The
received signal can only be decoded successfully if the
instantaneous received SNR at nth HAP is greater than or
equal to the threshold SNR ie. y,; >y,,. Hence, probability of
successful detection ()((yHn)) is defined as

) =11

Let, 5(¢) is the decoded signal, then the optical signal received
at the nth HAP is represented as

foryy, <y

3
foryy, 2y, ©)

i, (0 = X(var, ) (P nOuaney) S0 + g (), (4)

where Py, | is the transmitted power from the (n — 1) HAP, Iis
the FSO channel fading coefficient which only consists of
pointing error and no atmospheric turbulence is considered.
Further, nyy(t) represents the AWGN associated with the
HAP-HAP link with zero mean and 02 variance. Also, dyyg =
?:’SHLG’H is the path-loss of the HAP-HAP lmk and considered to be
same between all the HAPs. Here, G, represents the gain of the
transmitting telescope of the (n — 1)" HAP and G,y is the receiver
telescope gain of the nth HAP. Further, FSLyy = 41’D is the free-
space loss in the HAP-HAP link, where D is the inter-HAP
distance. Hence, instantaneous received SNR at the nth HAP is

given as yy =X (Vn,,)(Pu, n0unl,) /oy
Finally, the decoded signal from the Nth HAP is

transmitted to the terrestrial MUs. To improve the channel
capacity of the RF link and to improve its reliability, N,
transmit antennas are deployed at the HAP. However, due
to size limit constraint, only single antenna is assumed at the
terrestrial MUs. Hence, in the last-hop, the signal received

from the Nth HAP at the uth MU after transmit beamforming
is given as

yu, () = X()’N) \/T);aHMuhunug(t) + Mg, (1), (5)

where Py is the Nth HAP’s transmit power and y(yy) =
| X (yy,) is the probability of successful detection till the
Nth HAP. Here h and w, € CN! denote the channel vector
of N; x 1 order and transmit beamforming weight vector between
the Nth HAP and the uth UE, respectively. Further, O is a
Hermitian operator and maximal ratio transmission (MRT)
principle is used for the beamforming weight vector as
w, = ﬁ”ll”, wherein ()| being the Frobenius norm. Further,
npm, () represents the AWGN associated with the RF link of
zero mean and of = KT,B,NF variance, where K = 1.38 x 10 is
the Boltzmann constant, T, represents the noise temperature in
kelvin, B, is the RF receiver bandwidth, and N is the noise figure.
Furthermore, 85y, is the path-loss associated with the RF link
which can be given as (Swaminathan et al., 2021)

5HMu [dB] = Giy +Gpy —Lp — Ly — Lg — Lo, (6)

where Gy is the Nth HAP’s transmitter gain, G,,, is the uth user’s
receiver gain, Lr = 20logofgr + 20log;oL, + 92.45 is the free-
space loss of the RF link between the HAP and uth terrestrial user
of L, distance (in km) with frp transmission frequency, L, is the
gaseous atmospheric loss, L is the loss by rain attenuation in dB/
km, and Lo represents the miscellaneous losses including antenna
degradation, polarization mismatch, antenna mispointing, etc.
Hence, e2e instantaneous received SNR at the uth MU is
calculated as

PN&HUlw hu|

Yu, =X () =" = x (" )Vuum, @)

2.2 Channel Model

2.2.1 Earth Station to HAP Link

ES-HAP link is considered as an FSO link and its fading
coefficient is characterized as I = I,I,, where I, is the pointing
error and I, is the atmospheric turbulence induced fading. Let us
assume, a Gaussian beam of beamwidth w; is propagating L
distance from the transmitter to receiver with a aperture radius,
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FIGURE 2 | Pointing errors in FSO links.

the fraction of the transmitted power collected by the receiver is
approximately given as (Farid and Hranilovic, 2007)

2r2
I, (rg;L) = AoeXP<—w2d>> (8)

Leg

where A, represents the fraction of the collected power atr; =0, r,
is the radial displacement between the detector and beam center,
and w%m is the equivalent beamwidth which is given as

2 A/ Agm 2 _ 2 I
wLeq 2 exP(‘Vﬁ)wL' Further’ AO - [erf(VO)] ’ Where Y= Zw%’

wherein erf(-) represents the error function. It is to be noted that
the approximation (8) exists only for w; > 6a. Figure 2 shows
various pointing errors for an FSO system. Let us consider d, and
dy are the horizontal and vertical displacements of the beam in the
detector plane, then ry = [dy,d J,]T denotes the vector for radial
displacement as shown in Figure 2. It is assumed that d, and d,,
are independent and Gaussian distributed as d, ~ N (y,, 02) and
dy =~ N (y,,0}), respectively. Then the amplitude of the radial

vector . N
|d| = di + di is Beckmann distributed (Beckmann and

Spizzichino, 1987). Thus, the pointing error of the FSO link can
be modeled in various ways according to the jitter and boresight
values (Jung et al., 2020).

Considering the case of identical jitters and zero boresight
error, mean values v, and v, of the radial vectors d and d, are
zero and variances are identical as 6% = 02 = 2. Hence, the radial
displacement follows Rayleigh distribution. For such case, the
pointing error can be modeled as

2
€
2xez’l, for0<x <A, 9)
Ae

0

fl,,(x) =

where € = szUq is the ratio of the equivalent beam radius to the

standard deviation of jitter at the receiver.

Inter-HAP Communication

The atmospheric turbulence I, can be modeled with Gamma-
Gamma distribution, its probability density function (PDF) is
given as

(a+ﬁ)/2
fr(x)= %x(“w)/z_lKa,ﬁ(Zﬂaﬁx ) (10)

where K,(-) represents the vth order modified Bessel function of
second kind. Further, & and f3 are the fading coefficients of the
atmospheric turbulence which are given as

-1
0.494%
o= |:exp<—R1‘;/5 7/6> - 1:|
(1+1.110’RV) (11)

-1
0.510%
B =|exp % e |~ 1
(1+0.6907)

where 0%, is the Rytov variance corresponds to the turbulence
strength metric. A slant path exists between the ES and the HAP,
hence, the Rytov variance for this path can be given as

11 7 (H 5
o, () = 225 sec® (6) ks j C2 (W) (h~hodh,  (12)

ho

where 0 is the zenith angle, kg = 271/A, denotes the wave number,
H is the HAP altitude, and hj is the ES height. Further, C2 is the
refractive index structure parameter, depends upon the strength
of the atmospheric turbulence and is modeled by Hufnagel-Valley
model as a function of altitude & which is given as

2 _ Wy 2 510 —h
cn(h)_0.00594(27) (107°h) exp(loo())

~h —h
—16 2
+2.7 x 10 exp<1500> + C"(O)exp<100>, (13)

where C? (0) shows the turbulence strength at ground in m™>?

and w is the rms wind speed in m/s. The PDF of the FSO channel
fading coefficient (I) can be given as

Fi() = jfmauua) Fu (L)L, (14)

Considering the identical jitters and zero boresight error case,
the resulting conditional distribution is expressed as

2

1 I e (1\
f”’a(HI“)ZEf’p Ta :ﬁ E for0<I<Ayl, (15)

Substituting (10) and (15) in (14), we get

2 (a+ﬁ)/2 hod wh
€ 2ep) T e j [ *1Ka_ﬁ(2\/ocﬁ1a )dIa.

(497 L@@

fI(I):

(16)

Representing the modified Bessel function of the second kind
into Meijer-G form as K, (x) = Gg:g ["TZI;/; 7V/2] , solving (16) with
the help of (Wolframe, 1998, (07.34.21.0085.01)), and after some

mathematical simplifications, we get
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v Gw[% ] 17)

m DAy | esiemipa

Instantaneous received SNR of the ES-HAP FSO link is calculated
as yg = u,(I)", where r represents the type of FSO detector and y, is
the average power of the FSO link. For heterodyne detection, r = 1,

and hence, 4, = yy. For the IM/DD detection, r = 2, and hence,
2
M2 = r f) ?5;7; :ez)ﬂ)z V- After change of variable in (17), the PDF of

the e2e SNR of the FSO link is given as
e2+1
:|. (18)

72 o 067‘8 i 1/r
S () = T ()T (B)x G1'3|:A0 (M) & af

Substituting (18) in F, (x)= Iz fy, ()dy and applying
(Wolframe, 1998, (07.34.21.0084.01)) with some mathematical
computations, the cumulative distribution function (CDF) of the
SNR of the FSO link for both the detection techniques is given as

B 1
3r,1 RS
Fy”( ) AG7+13r+1 [ (A ) ‘l/l gz,0]> (19)
2 24r— — r—1
where g, = [6:1, ] 0, = [67 R l,é, ...,ﬁ+r ],
platp-2) 2 , and _ (04;)

= e

= @ 1F(oc)F(AB)

2.2.2 Inter HAP Links

The HAP is situated in the stratosphere above the clouds and
there is almost negligible atmospheric turbulence. Hence, only
the pointing error is considered between inter-HAP links. As
identical jitters with zero boresight error is considered, the
pointing error can be modeled by Rayleigh distribution and
its PDF is given in (9). Now instantaneous received SNR at the
nth HAP for the FSO link is calculated as y;; = yy (Ip)", where
Yn, is the average received power at the FSO detector of nth
HAP. After change of variable in (17), the PDF of the
instantaneous received SNR of the HAP-HAP link is given as’

~[%

Ty (x )— < ! ) xé‘l,forOst(Ao)’/Hn)r (20)

Yu,

Performing F, (x) = _[;C Sy (P)dy, the CDF of the HAP-
HAP link can be given as

<)
7 —_ >
Ay \Vu,

1, else

~[s%

for0<x < (Aey)

Fy (X)) = (21)

2.2.3 HAP to MUs RF Links
To connect the terrestrial MUs, communication between the HAP
and the MUs is established through the RF links. Considering the

'Please note that €, is same as ¢, related to the severity of pointing error. However,
€, shows the severity of pointing error of the inter-HAP links which is different
than e related to the ES-HAP link’s pointing error severity because different
selection parameters are considered for both the links.

Inter-HAP Communication

size constraint of the MUs, single antenna is assumed at the MUs.
Further, multiple transmit antennas (N;) are considered at the HAP
to avail the antenna diversity. The Nakagami-m distribution is
considered for the RF link i.e. Nak(m, 2), where m is the fading
severity and () is the average power of the RF link. Hence, the CDF
and PDF of the uth MU’s SNR can be given as

mN;
1 m m
o= () {24
i F(mN)\ 7y Yu (22)
1 m
F =1-—FI| mN,—x |,
L A T

respectively, where I'(-) represents the complete gamma function and
Yu = QY - Itis considered that the terrestrial MUs are independent
and 1dent1cally distributed (i.id.) as they are close to each others. Hence,
opportunistic user scheduling is performed to achive the multiuser
diversity. Therefore, the instantaneous received SNR of the HAP-MU
link after opportunistic scheduling is y,;,, = Max o Ve, Thus, the
PDF of y;p after the order statistics is given as

fVHM (X) U(F)'HMu (x)) 71fVHM,4 (x) (23)

Invoking the PDF and CDF values from (22) in (23) and using
the series representation of the incomplete Gamma function with
multinomial expansion using (Gradshteyn and Ryzhik, 2000,
(0.314)), the PDF of ypy, can be derived as

j(mN¢-=1)

o (%) = UZ( )< oy

1=0

j m et 1 mN+l-1 m .
X @ 7 7l"(mNt)x exp 7 (] +1)x ),
U

where COJ is recursively calculated as 6)] = (8o), COJ = j(61), Col

Zkl[(k]—l+k)6k® l for 2 <1 < (mN, - 1), @ =
,;0 et [(k]—l+k)8kco for mN; < I < j(mN; - 1), and
aj(mN, y= (8nn,-1), wherem o = Z, (Singya et al., 2018,
2019). Using F), (x) = J Sy (P)dy, the CDF of (24) can be
obtained as

(24)

YuM

(x) =U ) C,C,“Y(C,,Cox), (25)
gl

where ) ; | Z ](le V. ¢y =
Cy =mN; +1, and C, =%(j+1).

3 OUTAGE PROBABILITY

U5 0] ()™ iy

Outage probability is one of the important performance measures
and defines the probability of reaching the instantaneous e2e SNR
below a fixed threshold (yy). For the considered system, e2e
instantaneous received SNR is shown in (7), hence the overall
outage probability is given as

N-1
Po(yi) = 1_(1 _Fm()’zh)) (1 _FyHH(Vth))
ES-HAP HAP-HAP
x (1=F,, (ya)) - (26)
HAP-EU
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Substituting the respective CDF values of the individual links
" B
Gi+113r+1 [ (Ao)r Yen

in (26), we get
1 Ql
2,0
N-1

<1 Uy COCZCIY(CI,CZy,h))

jl

Po(yu) =1 —(

s <n>
Ay VH,
(27)

Using the binomial series expansion and after some
mathematical computations, (27) can be solved as

22
Le, _E(N—l)_ ; 1 <&>,—
z Aggz VH,

0,0 z=1

=l

3r,1
Gr+1 3r+1 {(A ) ‘ur

Po(yu) =

+UZ(C0(C2’C‘Y((CI,(C2y,h)

2

~ 1 - &z
ce'(y ) ) EY(C Cap)

Hy
Le,
20

N-1

Uy z( )

=t

(N - yrh>z 3r,1 B
+A;< >( 1) <yH Gv+13r+1 (A)‘Hr

B Loy
- AU Y GG Y (Cy, Cay,, )Gy [(7,36 ]
il

r+1,3r+1 AU) U, 00

2

vy Y (N e cocw(y;)%(mz (€1 Cap)

Jlz=1 Ay

Ley
x G [ B H (28)
2,0

r+1,3r+1 (A )'uy
4 ASYMPTOTIC OUTAGE PROBABILITY

Various insights on the system’s performance can be highlighted
through the obtained outage probability (28). However, (28) is quite
complex to decide the diversity order of the considered system.
Hence, in this Section, we have conducted asymptotic analysis on the
outage probability to obtain the diversity order. For this, the transmit
SNR is assumed to tend to infinity. Therefore, at high SNR, (26) can
be approximated as

P (ya) = F?H (yu) + (N = 1) x F?HH (V) + F;‘HM () (29)

Corollary 1: By using the identities as shown in (34) and (35),
asymptotic outage probability for the considered system is
expressed as

3r By Q4P
PA ~ A trh )
o (yth) }; <(A0) ,Mr
1

HZ;F(QM - Q4,p) H F(l T 94,17)

atp g9=1 (30)

HM (93«1 - Q4,p)nz:1r(1 Tt Q4,p)

2

% U UmN;
20 ) (2
A \In, [ (mN; + 1) Yo
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TABLE 2 | Selection parameters for various modulation schemes (Zedini et al.,

2020).

Modulation no '3 9o

OOK 1 1 1/2

BPSK 1 1 1

M-PSK Max (4, 1) W@ g, (1) sin? ({2e-br)
¥ 4 "

M-QAM VM/2 wgeas (1= 1/VM) a1y

From (34), we observed that min (7 =) /;;) is the dominant

term of meijer-G function. Hence the diversity order of the
overall system is given as min °, UmN, t)
Proof: See the Appendix.

r’rrr’

5 AVERAGE BER ANALYSIS
For various modulation schemes, a generalized ABER expression for the
considered communication system can be given as (Zedini et al., 2020)

—_ K . - 12
Pe= 2(1)2) ; \/g—PL x

e 9P, (y)dy, (31)

where 1y, x, and g, are the selection parameters for various
modulation schemes and their values are shown in Table 2.

Please note that by using the IM/DD, we can obtain the ABER
performance of on-off keying (OOK), preferred commonly in practical
FSO systems as it is flexible to laser nonlinearity with ease of use.
Further, we have analyzed the ABER performance of various MPSK
(incdluding the BPSK) and MQAM schemes using the coherent
heterodyne detection at FSO receivers. Now plugin (28) in (31), and
performing various mathematical computations by using (Gradshteyn
and Ryzhik, 2000, (3.351),(6.455),(7.813), (8.352)) to solve the integrals,
the final generalized analytical ABER expression is derived as

K n
=— AN L=+ I3+ 1, + 15— Ig— 1], 2
P. 21"(1/2); gp[l 2t I3+ 14+ 15 6 7] (32)

where
1, = aF, (X
(b
NIN-TY (11T (e 1) (%4)
n=3 () G (e

L=UYCC “Fz( g,,)

gl

CNUNCy (1 1\ (€2 1
I,=U ) C,Cy™ < ) - <f) ]Fz(L‘*' > gp>,
; ? z 3 ro2

z=1

al 1 B ez 1
IS—AZ( ) Ir (,— F1<—”7+5>gp),
’ C
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TABLE 3 | Various parameters of interest.

Parameter

Earth station height (ho)

HAP altitude (H)

Number of HAPs ()

Inter HAP distance (D)

Zenith angle (6)

Optical wavelength ()

Wind speed (wo)

Turbulence strength at ground level (Cﬁ (0))

Parameters related to the pointing error of ES-HAP link (a, w,, o)
Parameters related to the pointing error of HAP-HAP link (a, w., o)
Transmit and receive telescope gain for ES-HAP link (G, Gw)
Transmit and receive telescope gain for HAP-HAP link (G, Gi)
Transmit and receive telescope gain for HAP-MUs link (G, Gru)
Optical receiver bandwidth (B,)

RF receiver bandwidth (B,)

Noise temperature at optical and RF receivers (T, T,)

Noise figure

Various attenuation losses in RF propagation link

. ~1 31,1 b1l
Wherenl Fl (()bl’ (/)2) = (¢2)¢1 Gr:—l,3r+1 [mxlg;o 1] and

Ci_ T(Crvp) . C
Fa gy, 60) = C5' o8 o, (1,Ci+¢,:Ci+1,525).

6 THEORETICAL AND SIMULATION
RESULTS

In this Section, numerical values from the derived results are obtained
and are validated through the simulations performed through Matlab
by conducting 10® realizations. The atmospheric turbulence of ES-
HAP link is generated by the product of two generalized Gamma
distributed random variables. The radial displacement parameter is
considered to be Rayleigh distributed and is applied to (8) for pointing
error impairments. Throughout the analysis, # = 1 is considered.
Unity transmit power is considered at all the nodes and y;, = 1 dB is
considered for the analysis. Further, parameters related to various
links are shown in Table 3 unless otherwise stated.

In Figure 3, analytical and simulation results of outage probability
against transmit SNR are shown for all three links. In Figure 3A,
analytical and simulation results of ES-HAP link are compared for both
the IM/DD and heterodyne detection (Het. in figures) techniques for
different atmospheric turbulence conditions based on various ground
turbulence ie. C*(0)=17x 107", C2(0)=5x 10", and
C2(0)=1x 10", (in m >?) respectively for weak, moderate, and
strong ground turbulence conditions. Simulation results match well
with the analytical results and validate the accuracy. From Figure 3A,
we observe a significant improvement in outage performance while
going from strong to weak turbulence for both the detection techniques.
Also, heterodyne detection provides significant performance
improvement than IM/DD due to its capability in handling
turbulence effects more efficiently despite having implementation
complexity (Zedini et al, 2016). For the performance analysis, a =
10 cm, wy, =50 cm, and ¢ = 10 cm are considered which corresponds to
€ = 2.553. The same can be conducted for different values of € by
varying these selection parameters to show the impact of pointing error.

Inter-HAP Communication

Value

im
20 km
6
300 km
/6
1550 nm
21 m/s
5 x 10713 m72/8
10 cm, 50 cm, 10 cm
10 cm, 30cm, 7 cm
5dB, 10 dB
10dB, 15 dB
28 dB, 10 dB
30 GHz,
20 MHz
300 K, 58 K
2dB
La= 5.4 x 1072 dB/km,
Lg= 0.01 dB/km, Lo = 2 dB

In Figure 3B, analytical and simulation results of HAP-HAP link are
compared for various values of w;/a which corresponds to different
values of €,. Simulation results match well with the analytical results and
validate the accuracy. Further, selection of appropriate values of a, wy,
and o results in an appropriate €, for desired system performance.
Figure 3C compares the analytical and simulation results of HAP to
terrestrial MUs link for different values of fading severity m, number of
antenna N, and number of terrestrial users U. U = 1 gives the
performance of uth terrestrial MU while increasing U gives the
flexibility of user selection. Considering U =1, m =1, N, =1 as a
reference case, we observe significant performance improvement while
increasing m or N, or both. However, increase in N; gives better
performance than increase in m. Increase in U provides the user
selection flexibility and improves the outage performance further.

In Figure 4, analytical, simulation, and asymptotic results of overall
system outage probability are compared for various values of U, m, and
N; while heterodyne detection is considered at FSO receiver. For the
analysis, C2(0) =5 x 10 m™? is considered and w;/a = 5 for
moderate pointing error (Figure 4A) and w;/a = 2 for severe pointing
error (Figure 4B) are considered. Rest of the parameters are shown in
Table 3. From Figure 4A, considering U= 1, m = 1, N, = 1 as reference
case, for an outage probability of 10~% approximately 8.7 and 11.7 dB
gains are achieved while increasing m from one to two and N; from 1 to
2, respectively. This indicates better performance with an increase in N,
than m by approximately 3 dB. Further, the gain is same throughout the
SNR range except for U= 1,m=2,N,=2and U=2,m =2, N,=2 cases.
For U =2, m = 2, N, = 2, there must be a significant performance
improvement as shown in Figure 3C, however, only slight
improvement is observed over U = 1, m = 2, N, = 2. This is
because the ES-HAP FSO link’s performance reaches to its
saturation which limits the overall outage performance. Hence, no
further performance improvement is achieved with the increase in U,
m, and N, beyond U =2, m = 2, N, = 2 case. In Figure 4B, w;/a =2 is
maintained for the FSO links for severe pointing error case. From
Figure 4B, by considering U= 1, m =1, N, = 1 as reference case, we can
observe a clear performance improvement for U=1,m =2, N;=1 or
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FIGURE 3 | Comparison of analytical and simulation results of individual link’s outage probability against transmit SNR for (A) ES-HAP link, (B) HAP-HAP link, and
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U=1,m=1, N,= 2. For further increase in U, m, or N,, we can observe
slight improvement only in the low and medium SNR range. However,
no such improvement can be seen at high SNRs and all the curves
merge with each other. This is because the ES-HAP FSO linK’s
performance saturates early due to severe pointing error which
limits the overall outage performance. Simulation results validate the
analytical results presented in Figure 4. Further, asymptotic results on
outage probability are also shown in Figure 4 which match with the
outage results at high SNRs for all the considered cases and validates the
high SNR approximation. Further, the diversity order of the overall
system is obtained as min (<, %, ’;;, 57, UmN,).

In Figure 5, analytical and simulation results of ABER for 4-QAM
are compared for various values of U, m, and N, while heterodyne
detection is considered at the FSO receiver. For the analysis, Cﬁ (0) =
5% 107 m™ is considered and w;/a = 5 for moderate pointing
error (Figure 5A) and w;/a = 2 for severe pointing error (Figure 5B)
are considered. Rest of the parameters are shown in Table 3. From

Figure 5A, a significant improvement in ABER performance is
observed with the increase in m, N, U or all as compared to the
U=1,m =1, N, = 1 reference case. Further, simulation results validate
the derived analytical results. Considering U=1,m =1, N,=1asa
reference case, for an ABER of 1072, approximately 5.2 and 8.1 dB gains
achieved while increasing m from one to two and N; from 1 to 2,
respectively. Hence, increase in N; gives nearly 2.9 dB gain than the
increase in m. Also for U= 2, m = 2, N, = 2, only marginal improvement
is observed over the U= 1, m =2, N, = 2 case. This is due to the fact that
the ES-HAP FSO link’s performance reaches to its saturation which
limits the overall ABER performance. Hence, no further performance
improvement is achieved with the increase in U, m, and N; beyond
U=2,m=2,N,=2 case. In Figure 5B, w;/a = 2 is maintained for the
FSO links for severe pointing error case. From Figure 5B, by
considering U = 1, m = 1, N; = 1 as reference case, we can
observe a clear ABER performance improvement for U = 1, m =
2,N;=1o0r U=1,m =1, N;= 2. However, for further increase in U, m,
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FIGURE 5 | Analytical and simulation results of ABER against transmit SNR for 4-QAM with heterodyne detection at FSO receiver for (A) Moderate pointing error
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or N, we can observe slight improvement only in the low and
medium SNR range. However, no so such improvement can be
seen at high SNRs and all the curves merge with each other. This is
because the ES-HAP FSO link’s performance saturates early due to
severe pointing error which limits the overall ABER performance.
Further, simulation results validate the analytical results presented in
Figure 5 for all the cases.

In Figure 6, ABER of various modulation schemes are compared
against transmit SNR. For OOK modulation, IM/DD detection is
considered at the FSO receiver while heterodyne detection is preferred
for the rest of the complex modulation schemes. For the analysis, U =
1, m = 1, and N, = 2 are considered and other parameters are
mentioned in Table 3. It is observed that BPSK provides significant
gain in ABER performance than OOK as heterodyne detection
provides significant performance improvement over IM/DD. To
achieve an ABER of 107% BPSK provides around 15 dB gain over
the OOK. Further, it is observed that the ABER performance of 4-
QAM is same as 4-PSK. However, with the increase in constellation
order, MQAM outperforms the MPSK. For an ABER of 107, 16-
QAM provides approximately 3.2 dB gain over the 16-PSK. This gain
improves further with the increase in M.

7 CONCLUSION

In this work, a mixed FSO/RF based multiple serial HAPs assisted
multiuser multiantenna terrestrial communication system was
considered, where ES-HAP and HAP-HAP links were FSO links
and HAP to terrestrial MUs link was an RF link. Both the heterodyne
detection and IM/DD techniques were considered at FSO receivers.
The atmospheric turbulence of ES-HAP link was modeled with
gamma-gamma fading with pointing error impairments. The
HAP-HAP links were assumed to have pointing errors only.
Multiantenna array was considered at the Nth HAP and best user
selection was performed to improve the performance of RF links for

102

£ 10

m

[

o0

g 3

g10

Z

10
~O OPSK g e N =2 *\
- - ‘BPSK =Lm=LN= N

1075 ‘ ‘ ‘ ‘ ‘ ‘
0 5 0 15 20 25 30 35 40

Transmit SNR (dB)

FIGURE 6 | ABER comparison for various modulation schemes.

the terrestrial users which were Nakagami-m distributed. For the
performance analysis, analytical expressions of individual link’s
outage probability, overall outage probability, asymptotic outage
probability, and a generalized ABER expression of various
modulation schemes were derived. Finally, the impact of
various selection parameters like pointing error, FSO
detection type, MU selection, RF fading severity, and the
number of antennas were observed on their performance. The
proposed system model and the analysis shown in this work is
generalized. All the parameters can be adjusted and the
considered system model can be deployed for various
specific ~ wireless ~communication  applications. By
considering number of HAPs equal to one, the multi-hop
serial HAPs assisted hybrid FSO/RF system can be converted
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into a dual-hop HAP assisted hybrid FSO/RF system which
can be applied for a short range highly reliable and robust
high data-rate communication for
applications including the emergency disastrous situations,
temporary mass events, and even in military applications. By
considering N HAPs in a serial mode, the coverage for the
communication can be improved till several hundred
kilometers and the problem of connecting the unconnected
can be solved.

various wireless
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APPENDIX

We have considered the Gamma-Gamma distribution for the
atmospheric turbulence modeling of the ES-HAP FSO link and
Meijer-G function is the prime element in the analytical
expression. Hence, for asymptotic analysis, the meijer-G
function must be approximated at high SNR which can be
represented by the basic elementary form as (Wolframe, 1998,
(07.34.06.0001.01))

, H 1F(Q4,q - Q4,p)HZ:1r(l 0.t Q4,p)
GZ [ ] Q4P q#tp .
! Z T T2y 00 T2l (1 1y + 01y)
(34)

where g3 = [1, 0;] and g4 = [@,, 0]. As the power on the transmit
SNR term decides the diversity order, the dominant term from
(34) can be obtained as min (62 = 8 ) Now considering the high

r’rr
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SNR approximation of Y (m, x) = £~ the CDF and PDF of the
X
Nakagami-m distributed RF link for the uth MU can be

approximated as  f, = (x)= r(mNt) (yU) Xt

Fy, 1850% (x) = r(mN) ( x) , respectively. Substituting
the approximate CDF and PDF expression in (23), the CDF
expression of HAP-MU terrestrial link can be approximated as

] U my UmN;
FA o) (M)
e (1) <r<me+1>> < o )

From (35), it is observed that the diversity order of the RF
link is U x m x N, which directly depends on the number of
terrestrial MUs (U), number of antennas (N,), and RF link’s
fading severity m. Finally, substituting (34) and (35) in (29),
asymptotic outage probability for the considered system is
obtained as (30).

and

(35)
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