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In this article, we study the performance of multiple-hop mixed
radio frequency (RF)/free-space optical (FSO) communication-based
decode-and-forward protocol for multicast networks. So far, serving
a large number of users is considered a promising approach for
real-time applications to address the massive data traffic demands. In
this regard, we propose two practical use cases. In the former model,
we propose a high altitude platform station (HAPS)-aided mixed
RF/FSO/RF communication scheme where a terrestrial ground station
intends to communicate with a cluster of nodes through two strato-
spheric HAPS systems. In the latter model, we assume that the line of
sight connectivity is inaccessible between the two HAPS systems due
to high attenuation caused by large propagation distances. Thereby,
we propose a low Earth orbit satellite-aided mixed RF/FSO/FSO/RF
communication. For the proposed scenarios, closed-form expressions
of outage probability (OP) and bit error rate are derived. In addition,
to illustrate the asymptotic behavior of the proposed models, diversity
gains are obtained. Furthermore, ergodic capacity and energy effi-
ciency (EE) are provided for both scenarios. Finally, the simulation
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results are provided to validate the theoretical derivations. The results
show that a satellite-aided mixed RF/FSO/FSO/RF scenario achieves
better OP, whereas an HAPS-aided mixed RF/FSO/RF scenario can
achieve a higher EE.

[. INTRODUCTION

Given the fast growth of real-time applications, high
demands for higher throughput, lower latency, and better
quality of service, new standardization become essential.
In sixth-generation (6G) networks, it is envisioned that data
transmission will be conducted over vertical heterogeneous
networks, known as VHetNets, which are composed of
three layers including space network, aerial network, and
terrestrial network [1]. Low Earth orbit (LEO) satellites,
which are one of the main components of space networks,
can provide low round trip delay and a high data rate. In this
regard, they become a potent enabler for real-time traffic
such as voice and video for global coverage, especially in
remote areas, where wired communication is challenging
or cannot be employed.

Aerial networks can be divided into three groups; low
altitude platform stations, unmanned aerial vehicles (UAV),
and high altitude platform stations (HAPS) [2]. In particular,
the HAPS systems that are positioned in the stratosphere
around 20 km, can combine the characteristics of the ter-
restrial network (low cost and latency) and of the satellites
(wide coverage area). Recently, the HAPS has generated
considerable attention in academia and industry communi-
ties. HAPS systems are quasi-stationary aerial vehicles that
suffer less from atmospheric turbulence as they are posi-
tioned above cloud formations [3]. However, HAPS systems
are subject to stratospheric attenuation, which can be caused
by sulfuric acid ingredients due to volcanic activity, gases,
and polar clouds [4].

To successfully fulfill the high data rate requirements,
free-space optical (FSO) communication links can be an
important enabler for nonterrestrial networks. FSO com-
munication ensures high data rate transmission with a low
probability of interception [5], [6]. However, FSO commu-
nication is subject to atmospheric turbulence and is weather
dependent. Also, the performance of FSO links can be de-
graded by scintillation, beam spreading, and beam wanders
causing significant diffraction effects. More specifically,
for the uplink communication, beam wander needs to be
considered as it produces a large long-term spot size and
produces a significant pointing error that causes serious
fluctuations in the transmitted signal. However, in downlink
communication, the effect of beam wander can be neglected,
whereas pointing error is still an important drawback as
satellites are in motion. In optical communications, aperture
averaging, in which a larger aperture diameter is used at the
receiver, can be adopted to mitigate the adverse effects of
pointing errors and turbulence-induced fading [7]. Further-
more, the optical beam is limited to masking effects over
large distances and the line-of-sight (LOS) connectivity
cannot be established between the satellites and the ground
users due to shadowing and obstacles. Thus, in satellite
communication (SatCom), cooperative relaying in which
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an HAPS can be used as an intermediate relay node can
be considered an effective solution to mitigate the channel
impairments and to reap the benefits offered by both com-
munication systems including higher coverage and lower
delay [8]. To enhance the performance of HAPS systems,
RF and FSO communications can be used consecutively,
which is so-called as mixed RF-FSO communication or
hybrid RF/FSO communication [9]-[11].

With the increase in the proliferation of streaming me-
dia, video conferences, IP-TV, and many other applications
of broadcast communication, it is expected that the spectral
efficiency of wireless communications can be enhanced by
serving a group of users simultaneously [12]. Therefore,
multicasting is well suitable for these services as it exploits
the resources of the network efficiently. According to the
International Telecommunication Union recommendations,
a multicast group is defined as a set of nodes that have
specified their intention to receive packets on a particu-
lar multicast group address [13]. Several research works
have been conducted to investigate multicasting protocols.
However, the performance analysis of multicast services
was mainly limited to terrestrial communication [14]-[16].
For SatCom systems, the performance analysis was per-
formed assuming mostly direct downlink from satellite to
the ground [17] and focuses on unicast instead of multicast
transmission. However, when compared to unicasting, this
mode of transmission improves the efficiency of the use of
radio resources and is commonly utilized to send the same
information to a group of users in any network [18].

A. Related Work

In prior works, the performance of uplink massive ac-
cess for mixed RF-FSO satellite-aerial-terrestrial networks
was investigated assuming the amplify-and-forward (AF)
protocol [19], [20]. The authors in [19] propose an optimiza-
tion beamforming scheme at the aerial platform to maximize
the minimum average signal-to-interference-plus-noise ra-
tio of the terrestrial users. On the other hand, the authors in
[20] present a low complexity and effective beamforming
model to implement the uplink space division multiple
access for the HAPS-to-satellite channel with an objective
to maximize the ergodic sum rate of the system for the
ground users. In [21] and [22], the authors investigate the
hybrid RF/FSO for a HAPS-based relaying system while
considering an integrated space—air-ground network. In
both works, the performance analysis was carried out over
Gamma—-Gamma and shadowed-Rician fading channels in
the presence of atmospheric turbulence and attenuation. The
authors in [14] introduce a new low-computational radio
resource management scheme based on a low complexity
greedy algorithm for multicast grouping. In [23], the HAPS
node is integrated into mobile telecommunications systems
leading to enhanced system efficiency in terms of resource
capacity, coverage area, and the number of simultaneously
active users. Considering geostationary Earth orbit to the
HAPS architecture, the authors propose a reliable multicast

protocol, where the HAPS node ensures the local transmis-
sion [24].

B. Contributions

To the best of the authors’ knowledge, the multicast
services in satellite or aerial networks are studied from
a network layer perspective. However, the performance
analysis of the HAPS-aided or satellite-aided-HAPS for
multicast services has not been investigated in the literature
from a physical layer perspective. Thus, different from the
current literature, in this article, we investigate the physical
layer performance of multicast services for heterogeneous
networks. By addressing the aforementioned challenges,
this article makes the following contributions.

1) In this article, two use cases have been proposed
for multicast downlink communication. In the first
one, we consider a ground transmitter communicat-
ing with a multicast group through the use of two
intermediate HAPS systems. In the second use case,
the communication is conducted through two HAPS
systems connected with an LEO satellite.

2) For the optical SatCom, we investigate the effect of
beam wander-induced pointing error for the uplink,
the effect of the aperture averaging technique and
pointing error for the downlink, and the effect of
shadowing severity for RF communication.

3) We derive closed-form outage probability (OP) and
biterror rate (BER) expressions for both scenarios by
considering stratospheric attenuation, stratospheric
turbulence induced-fading for FSO communication,
and shadowing and fading for RF communication.
Moreover, to gain further insights and to reveal the
asymptotic behavior of the proposed systems, a high
signal-to-noise ratio (SNR) analysis is conducted
and diversity gain is obtained.

4) We also obtain upper bounded ergodic capacity ex-
pressions and energy efficiency (EE).

C. Article Organization

The rest of this article is organized as follows. In Sec-
tion I, the signals and system model are presented. The per-
formance analysis of the system is provided in Section III.
Numerical results are provided and analyzed in Section IV.
Finally, Section V concludes this article.

[I.  SIGNALS AND SYSTEM MODEL

In this section, we illustrate the proposed system model
of downlink communication for the multicast protocol. As
shown in Fig. 1, we consider two use cases. In both cases, we
assume the presence of a ground transmitter G that intends
to send its information to a set of N ground destinations
D = {Dy, D, ..., Dy} registered under the same multicast
address and distributed randomly at hundreds of kilometers
far from each other and connected between them. More pre-
cisely, in the first use case (s ), the transmission is completed
through two HAPS nodes H; and H, by using optical com-
munication as a perfect LOS is established between them.

YAHIA ET AL.: HAPS-ASSISTED HYBRID RF-FSO MULTICAST COMMUNICATIONS 141

Authorized licensed use limited to: ULAKBIM-UASL - Ibn Haldun Universitesi. Downloaded on October 11,2025 at 08:15:05 UTC from IEEE Xplore. Restrictions apply.



Cluster
of users

satellite (S)

FSO FSQ

7, < e~ #
LOS blockage due to large distances,
non-static stratospheric winds,
or stratospheric attenuation
RF
RF F
RF
RF
=

R

Transmitter Cluster

of users

@ ¥ 9@
2‘ ka ik
Ll S @ QQ @& o

(s2)

Fig. 1. TIllustration of the two models. (s;) HAPS-aided mixed
RF/FSO/REF. (s7) Satellite-aided mixed RF/FSO/FSO/RF communication
with multicast clustering.

In the second use case (s,), the LOS connectivity cannot
be formed between #,; and H, due to the large distance,
nonstatic stratospheric winds, or stratospheric attenuation.
Thereby, an LEO satellite-aided optical cooperation is cre-
ated over three network layers. In particular, G transmits its
message to the multicast group in four-time slots over 1,
the LEO satellite S, and #,, all working based on the decode
and forward (DF) relaying protocol. The DF relaying mode
is chosen as it eliminates noise at the relay and the relay can
perform perfect detection. In addition, owing to the ease of
implementation, DF is frequently used by researchers.
The OP in a conventional multicast network (CVM) is
defined in terms of the user with the lowest signal-to-noise
ratio (minSNR). While the minSNR policy ensures that all
users in a group have the same data rate, it has been shown
to be inefficient, especially when a minimum rate or assured
quality of service and error-free decoding are required.
Specifically, the minSNR technique in the CVM clearly
allows all users in the group to receive the transmitted data;
nevertheless, because it is unable to use multiuser channel
diversities to increase the network performance, it quickly
leads to system saturation [25]. So far, there has not been an
easy way to use the minSNR strategy in the CVM to increase
the system performance without adding complexity to the

network. Based on the feedback channel state information
(CSD) from the users to H,, the HAPS node H, sends
the signal to the user with the best channel characteristics.
Finally, the selected user will multicast the data to the users
that have worse channel characteristics using the terrestrial
network. In both scenarios, G to H; uplink and H, to
D downlink communications are conducted through RF
links that experience the shadowed-Rician fading, which
is very convenient for modeling SatCom links. The FSO
links on the other hand follow the exponentiated Weibull
(EW) fading. EW fading has been found to be the best fit
for various aperture sizes for different weather conditions,
particularly when aperture averaging is considered to reduce
the effects of turbulence and improve the overall perfor-
mance [17]. In addition, we assume that for all FSO links
intensity-modulation direct detection (IM/DD) is employed
due to its simplicity and low cost. Moreover, we assume
that #H, is deploying a multibeam antenna, which makes
it able to project multiple spot beams within its potential
footprint. Finally, in the proposed architectures, all links
are independent and identically distributed.

A. HAPS-Aided Mixed RF/FSO/RF Communication

1) Ground-to-HAPS Communication: In the first hop,
we assume that RF communication is used due to the
destructive effects of aerosols, gases, and atmospheric con-
ditions that highly affect the performance of FSO commu-
nication. Thereby, in the first phase, the received signal at
‘H, can be given as

yu, = v PoFu hcuxc + ny, (D

where P denotes the transmit power of G, F7;, indicates
the path loss, i1, 7, is the channel coefficient between G and
H,, xg represents the transmitted symbol with E{|xg|*} = 1,
with E{-} is the statistical expectation operator, and ny, is
the zero-mean complex Gaussian noise at H; with noise
power spectral density (PSD) N,. Based on (1), the instan-
taneous SNR at 4, can be written as

PeFy _
Yo =~y el =Vouhonl” @
where 4, = PG;;”‘ is the average SNR of the RF link.

Furthermore, the path loss of the RF communication can be
givenas Fy, [dB] = Gy + Gg — Lp — Lg — L4 [22], where
Gr and Gp denote the transmit and the receiver antenna
gains, respectively, Lr indicates the free space path loss
given as Lp = 92.45 + 20log f, + 20log L #,, fr repre-
sents the frequency in gigahertz, L 3, represents the prop-
agation distance from G to H,, Lg indicates the attenuation
due to rain in dB/km, and L, is the gaseous atmosphere loss.
In this article, as we consider shadowed-Rician dis-
tribution, the probability density function (PDF) of the
instantaneous SNR y 7, can be written as [27]

R 1, —1 .
optimization process. As a result, we suggest two-phase " O, (1 — myy,)j.(—8,)
communication-based cooperative multicast transmission f YG.m, ()= Z 7j+| (12

to maximize the system’s diversity [26]. We also assume j=°' GH

that all ground receivers are connected via a terrestrial x Yy exp(—v¥ry, ) 3)
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where my, denoting the Nakagami-m fading
severity parameter of the corresponding channel,
2lemH1

T < .
Ve, = o (Zbalma.-mul) 1 with 2by, is the average

power of the non-LOS components and 24, represents
SHy —8G.H,

Yo,

the average power of LOS component. vy, =

- S T 3
SHi = by’ S, = 2by) by magy +S29¢,)° and ()j s the

Pochhammer symbol. In this regard, the cumulative
distribution function (CDF) of y 9, is given by
myy -1 | I
U, (1 — myg)1.(=8y,)
Frop, (v)=1— : —
e ; ; 4" ) i !
X (¥) exp(=Y, v ) 4)

2) Inter-HAPS Communication: Herein, we use FSO
communication as LOS conditions can be perfectly satis-
fied due to the quasi-stationary position of HAPS systems.
Therefore, tracking and pointing issues can be ignored for
this communication model, consistent with the assumptions
in the current literature [8], [21], [22]. In the second phase
of communication, the received signal at , can be given
as [5]

Yy =  C Py Iy 3, %%, + 13y, (5)

where ¢ indicates the electrical-to-optical conversion coeffi-
cient, Py, is the average transmitted optical power of H, xy,
is the transmitted signal of H;, and I, 7, > O represents
the received fading gain (irradiance) between the laser of
‘H, and the photodetector of H, through the optical link.
Finally, ny, is the is the zero-mean complex Gaussian noise
at H, with noise PSD N,. Thus, the instantaneous SNR at
H, can be written as

¢P H1172-l H — 2
Y H, = le = yH],HZIHI,HZ (6)
where ¥y, 4, indicates the average SNR.

In FSO communication, the channel gain is considered

. . _ .
as a composite optical channel as Iy, 11, = ETRETN TRV
where I3 ;, defines the stratospheric attenuation and I;_ll R
models the stratospheric turbulence. The effect of strato-
spheric turbulence can be modeled by using the EW fading
distribution. Thus, the PDF of I}, , ~can be given as
1,712
o, 310, By s

I By, —1
Jr, . ()= ( )
nHl,Hz 77%1,7'[2

My Hy
I B, 1y
Xexp| — ( )
NH, M
] By, @y Hy ]
x|[1—exp|— < )
NH, M,

(7

where 1y, 7, 1s the scale parameter, and ay, 7, and By, %,
denote the shape parameters, which are directly related to
the scintillation index. These parameters can be expressed
as [8, (5)]. Furthermore, the scintillation index for the

horizontal communication can be written as [28, Sec. (5)]

O = 1.23C2K7°L,, ", (8)
where C? indicates the refractive index structure parameter
[28, Sec. (5)], K = ZT” is the optical wave number, A is the
optical wavelength, and Ly, 7, represents the propagation
distance between H; and H,. According to [29], the com-
munication between two HAPS systems at an altitude of 20
km, is feasible up to 600 km. Herein, it is worth mentioning
that the LOS distance might be slightly different from the
distance when projecting the HAPS systems on the Earth,
due to the curvature nature of the Earth. For inter-HAPS
communication, we consider the effect of stratospheric
attenuation, which can be defined as the attenuation of
the laser beam caused by molecular absorption, scattering
by ice crystals, and some other rare phenomenons such
as polar clouds, which are connected to the temperature
inside the stratosphere, and stratospheric aerosols that de-
pend on the volcanic activity [4]. The stratospheric atten-
uation can be modeled based on the Beer-Lambert law as
13y 2, = exp(—=@Ly, 3, ), where ¢ denotes the stratospheric
attenuation coefficient [4].

3) HAPS-to-Ground Communication: InH, to D mul-
ticast communication, the optical signal received at H,
is first decoded then converted into digital RF signal and
forwarded to D. Therefore, the received signal at the ith
receiver D; providing the best channel characteristics can
be expressed as

Yo, = v/ Pr, Fp, M, 0. X3, + np, 9

where Py, represents the transmit power of H,, Fp, indi-
cates the path loss, /3, p, defines the channel information,
X3, 1s the transmitted signal from H,, and np, is the Gaussian
noise with Ny noise PSD. Accordingly, the instantaneous
SNR at the multicast destination can be written as

VH2.D = MAX(VH,.Dys YHs,Dy» ++s VHa.Dy)- (10)

Thus, the CDF of yy, p becomes

i~ p

N mp,
F, =] (1 -3

i=1

Z '&D,(l - mD,‘)p’(_(SD,’)p
k!(wDi)p_kH(77{2,0,)p+ll7!

p=0 k=0

x () exp(—wa-y))

an

Finally, the end-to-end instantaneous SNR for s; can be
obtained as

)/Osl = min {VG,HI; VH . Has VHZ,D} . (12)

B. Satellite-Aided Mixed RF/FSO/FSO/RF Communica-
tion

In this subsection, we present the satellite-aided mixed
RF/FSO/FSO/RF communication. The G to H; and H, to
D communications were presented in the aforementioned
section. Thereby, we omit these sections for conciseness.

1) HAPS-to-Satellite Communication: InH;toS com-
munication, the received signal can be expressed very simi-

larto (5) asys = /¢ Py, Iy, sxu, + ns, where I, s indicates
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the turbulence-induced fading at S. The received SNR at

S can be written similar to (6) after changing subscripts
_ ZPHII%{I,S

Hi, Ho with Hy, S as yy, 5 = —=,

SNR can be expressed as v, ¢ = %. Therefore, the CDF
of v, s can be written as

Frys) =) ("”j;’s) (—1y

p=0

where the average

Pry.s

xXexp| —p <L (13)

2 —
UETRRS &I

where oy, 5, By,.s, and 1y, s are the shape parameters
and the scale parameter between #; and S, respectively,
as defined in [8, (5)]." In uplink communication, beam
wander-induced pointing error effects should be taken into
consideration. Thereby, the scintillation index for the uplink
communication can be written as [28, Sec. (12)]

o’ 5.95(Hs — Hy,)* sec* (€3, ) <2W0> 3 (ﬁ)z

hys —

) \W
0.4902, 0.5102,
+exp|: L T L = 5i| —1
I+ (111 4+ ®)og,)s (14 0.690, )5

(14)

where Hs denotes the altitude of S, Hy, is the altitude of H;
above the ground level, &y, s is the zenith angle between
H; and S, W, indicates the beam radius at H;, and ry is
the Fried’s parameter. Furthermore, W indicates the beam
size at the receiver, o). describes the beam wander-induced
pointing error, and o7, presents the Rytov variance for
uplink communication. The expressions to calculate ‘711 s
are detailed in the Appendix.

2) Satellite-to-HAPS Communication: The received
signal at H, from S can be similarly expressed as in (5) by
just replacing the subscripts as yy, = /¢ Psls 3,xs + N3,
whereas Is 3, = Iy, I§ 5, I$ 5, With I, defines the point-
ing error component. Thereafter, the instantaneous SNR
can be written as given in (6) by changing the subscripts
Hi, H, with S, Hy. as,, Bsx,, and ns 4, can be derived
using the same equations given in the previous section, and
the scintillation index for S to H, can be written as [28,
Sec. (12)]. Furthermore, pointing error is considered as one
of the major impairments of the FSO communication as it
involves the displacement of the communicating nodes. In
the presence of nonzero boresight pointing errors, the PDF
of 15 3, can be expressed as [30]

—s?
exp(3;2
2

gexp(zz) o (s [—wing
——— U | 5 —5—
A8 o 2

0
15)

fr, A =

!The infinite summations in (13) require only five terms to converge with
a convergence error of 2 X 107°.
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where g = w,, /20, represents the ratio between the equiv-
alent beamwidth w.q and the jitter standard deviation oy,
which indicates the severity of the pointing error effects.
Furthermore, s = 0 since we are considering zero boresight
error, Ag = [erf(v)]* denotes the gathered optical power
for zero difference between the optical spot center and
the detector center, where v = /7 /2a/w;, is the ratio of
the aperture radius a and the beamwidth w, at distance z
with w, = 6z with 6 is the transmit divergence angle [30].
Finally, Iy(x) defines the modified Bessel function of the
first kind with order zero. In the presence of pointing error,
the CDF of ys 7, becomes [7]

s 0,8 1 7\
Fys,yz (V) = —
Bsa, \NsA0V Vs,
o
1-T,1
G2 T 1)
X; 2(1) 2’3(30) 0’1_7"1’_7"1>
(16)
m,n ai, ..., dp .. i
where GM (x by ... bq) denotes the Meijer G
function  [31, (07.34.02.0001.01)], T = &*/Bsn,»

(i) = (—1)T(esy, )/ [T (@sy, — (1 + )71, and
T5(i) = (1 +i)( mlz n /7:—1{2)/3% 2 In satellite to HAPS
communication, we apply the aperture averaging technique
as it can reduce signal fluctuations. Therefore, the aperture
size-dependent scintillation index can be expressed as [17,
(40)]. For s,, the end-to-end instantaneous SNR at the
destination D can be obtained as

Yo? = min {YG.1,5 V.85 VsHa: Viad ) (17)

where yy, p 1s the instantaneous SNR at the destination,
which can be written very similar to (2).

[ll.  PERFORMANCE ANALYSIS
A. Outage Probability (OP)

The OP can be described as the probability that the
instantaneous SNR 1y, falls below a predefined outage
threshold Y,y and it can be written as

Pout = Pr[VO = Vout]~ (18)

More precisely, the OP can be derived from the CDF of the
end-to-end SNR y; as Poy = Fy, (You). Furthermore, in the
case of multihop communication, the OP is the probability
that the transmitted message is not decoded correctly by at
least one of the users at the end of the communication. For
s1, the equivalent CDF of the system SNR y; can be given
as

x (1 - F,%_D(y))] (19)

2The infinite summation in (16) converges very fast after five iterations
with 107 convergence error.
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where Fyy o, (V) indicates the CDF of yy, 7. For s,, the

CDF of the end-to-end SNR can be written as
Fr(y) =1 [(1 = Fpp, ) (1 = By ()
X (1= Fr, ) (1 = By )] (20)

The final expressions of the OP for both scenarios are given
as (21) and (22), shown at the bottom of this page.

B. High SNR Analysis

We now focus on the high SNR evaluation and obtain di-
versity orders for the proposed models as the obtained exact
closed-form expressions provide limited physical insights.
Specifically, in the high SNR regime, the OP is given as

P25 (You) = GV (23)

where G, presents the coding gain and G, indicates the
diversity order. The diversity order that defines the slope
of the OP versus average SNR curve at asymptotically high
SNR, can be calculated as G; = — limy_ %.

For sy, if the average SNRs of RF links (¥ 3,,» ¥V 3,.0)
and the average SNR of the FSO link (7, 3,,) 20 to infinity,
therefore, after a few manipulations and by removing the

high-order terms, the asymptotic OP can be written as

N

v Ip,
Péilioo(yout) = _Hl—yout + _D,—)/out

Yo, i1 VoD,

Yout 2
+ —
<(nH1’H21%1sz)2VHI,H2
(24)

and the diversity order can obtained as

o, 1, BH, Ho ,N) _
2
Similarly, for s,, if the average SNRs of RF links (7(;,7{1 s

¥ #,.p) and the average SNR of the FSO links (¥, s, Vs.%,)
go to infinity, the asymptotic OP can be obtained as

G,; = min (1, 25)

N
19Di Yout

H, Yout + oL
i1 YH..D;

0%
(Vout) = —
YG.H,

P00

out

Oy 5PH, .S
2

n 3/out —
(nHl,Slleys) V?—LI,S

A

Thereafter, the diversity order for s, can written as

o5,y P Hy
2
Yout
(15,7150, PV 570,

(26)

ay, sBu,.s s, BsH,
2 ’ 2

Gy = min (1, ,N) . (27)
It can be noted that the diversity order depends on the
turbulence parameters of the FSO link and the number of
antennas of the RF links.

C. Error Probability Analysis

In this subsection, novel expressions for the BER are de-
rived for both scenarios. For different modulation schemes,
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TABLE I
BER Parameters for Various Modulation Techniques

[ Binary modulation [u Jv |
Coherent binary frequency shift keying (CBFSK) 0.5 | 0.
Coherent binary phase shift keying (CBPSK) 05 |1
Non-coherent binary frequency shift keying (NBFSK) | 1 0.5
Differential binary phase shift keying (DBPSK) 1 1

the BER can be written as

@]
— u—1,(=vy)
- eTE, (y)d (28)
2T () /0 14 nylay

where u and v present the different binary modulation
schemes as given in Table 1.

1) HAPS-Aided Mixed RF/FSO/RF Communication:
By substituting (19) into (28) with few manipulations and
by using infinite series expansion,® the BER for s, can be
obtained as

P'=1 —L+5. (29)

The solution of P;' depends on the number of the ground
receivers, therefore, for the sake of simplicity, we will
consider the presence of two receivers in our derivation that
experience the same channel parameters. The integral of /;
can be easily obtained as

(30)

I, and Iz can be derived by first using the following
equality exp(—bx) = Gy (bx| 5 ) [32, (11)]. Thereafter, by

invoking [31, (07.34.21.0013.01)], I, and /5 can be obtained
as in (31) and (32), shown at the bottom of this page.
Finally, by substituting (30)—(32) into (29), the closed-form
expression of the BER can be obtained.

2) Satellite-Aided Mixed RF/FSO/FSO/RF Communi-
cation: For s,, the expression of the BER can be obtained
by substituting (20) into (28) as

PP =L — L+ 14 (33)

where L| = % and the expressions of L, and L3 can be
given as (34) and (35), shown at the bottom of the next
page. Therefore, by substituting (34) and (35) into (33), the

closed-form expression of the BER for s, can be obtained.

D. Ergodic Capacity

Ergodic capacity (C,) is defined as the maximum achiev-
able capacity of the overall system. Mathematically speak-
ing, it can be written as [33]

.- o) [*
n 0

1
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3Please note that using infinite series expansion leads to a mismatch
between analytical and simulation curves as can be seen in Figs. 7 and
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where n shows the total transmission time, which is 3 for s;
and 4 for s, and fyo(y) =1 — F, (y). To the best of the au-
thors’ knowledge, the expression of the ergodic capacity in
closed form for both scenarios cannot be derived. Therefore,
by using the following approximation, the ergodic capacity
can be tightly upper bounded [6]:

1 1
Ce = - Ellogy(1 + )] ~ C.F < —logy (1 + Elyp)).
(37

For s;, with the aid of (12), C;>*' can be expressed as

1 .
Cr = 3 log, (1 + min (Ely6.2, 1, Elyn, 2.1 Elva.ol) )

(38)
where E[y 7, ] can be obtained as
Elygu,1 = / (1 = Fyo, (¥ )dy
0
My -1 |
Vo, (1 —myy, )r.(— ) (g+1)
= +
; qzo 9P T, >I+ll' Fi+alv,
(39)

whereas K[y, 7,] can be obtained as

E[y'Hl-,Hz] = / (1 - FVHlvHZ (V))dy
0

o0 5 2
_ Z (aquH2>(_1)p+1pﬁH1,H2 r [1 + }
P B,

p=1

1 —1
X — . (40)
((UHI,HJ%,,HZ)ZVHI,H)
The expression of E[yy, p] can be given as
Elyw,.p] = max [Elyw, p,], ... Elys,.n,1] - (41)

By substituting (39)—(41) into (38), the expression for C;*""'
can be obtained. Similarly, C,”"* for s, can be easily ob-
tained by following the same steps, where C,”**>can be given
as

G = llog (1 + min (Elyg., 1, Elyy, s
e 4 2 sl do 1s ’

Elyss1. Elvi.pl) ) (42)

E. Energy Efficiency (EE)

EE (in bits/Hz/Joule) is defined as the ratio of the
spectral efficiency (C,, in bits/s/Hz) to the total power
consumption (P, in Watt). The EE can be expressed as [34]

C.
EE ==
P

For s;, we assume equal power consumption. Therefore,
total power consumption can be denoted as P! = %(PG +

Py, + Py,). Note that the coefficient % accounts for the fact
that the entire communication take place in three phases. C,
is obtained as in (38). Therefore, by substituting (39)—(41)
into (38), the expression for the spectral efficiency C, can
be obtained so as the expression of EE in (43). Similarly,
the EE for s, can be easily obtained where the total power

is given as B> = {(Pg + Py, + Ps + Py,).

(43)
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Fig. 2. Outage probability performance of s; for different number of
multicast users and HAPS distances Ly, 3, .

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we investigate the performance of our
proposed setup based on the theoretical derivations devel-
oped in the previous section. We first verify the derived
expressions with Monte Carlo (MC) simulations. For RF
communication, we consider different shadowing sever-
ity levels: frequent heavy shadowing (m = 1.0, b = 0.063,
Q = 8.94 x 10~*), average shadowing (m = 10, = 0.126,
Q = 0.835), and infrequent light shadowing (m = 19, b =
0.158, 2 = 1.29) [27]. For s, we assume C> = 10~ ¥ m=2/3
and different propagation distances between the two HAPS
systems. For s,, the LEO satellite is located at 500 km
of altitude, both HAPS systems are at altitude of 18 km.
Furthermore, the beam radius at 4, is set to W, = 2 cm,
Cy = 10-'8 m_2/3,"§7.[l,5 = &5y, = 70°,and ug = uy, = 65
m/s. For stratospheric attenuation, we consider the case of
molecular absorption at the HAPS node, whichis ¢ = 1073,
For all figures, the outage threshold is set to y,, = 7 dB.

Fig. 2 illustrates the OP as a function of the average
SNR per hop for a different number of ground receivers
when the source experiences the average shadowing and the
receivers experience the frequent heavy shadowing level.
As we can see from the figure, the theoretical results are in
good agreement with the MC simulations. In addition, it is
obvious that increasing the propagation distance between
the HAPS systems deteriorates the overall performance as
the scintillation index Glil.wz increases with the distance
from 0.6925 to 1.7667, which means that the turbulence in-
duced fading can severely affect the communication quality.
Furthermore, as expected, serving more users at the same
time enhances the outage performance.

In Fig. 3, we evaluate the OP performance of the HAPS-
aided scenario for different shadowing levels. Precisely, we
consider a propagation distance of 100 km between the
HAPS systems and a cluster of ten ground users. Moreover,
we assume that the transmitter and the receivers experience
the same shadowing level. It is clear from the figure that
decreasing the shadowing level improves the overall outage
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Fig. 3. Outage probability performance of s; for various shadowing

levels.
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Fig. 4. Outage probability performance of s, for different shadowing
levels and various number of multicast users.

performance. Finally, we can see from the figure that the
asymptotic OP curves almost match the exact OP curves
for the high SNR region, which validates the obtained
expressions.

Fig. 4 evaluates the OP of the second scenario s,.
For the HAPS to satellite (H;, S) and satellite to HAPS
communication (S, H;,), we consider the same zenith angle
and same wind speed. The simulation results showed that
the scintillation index is the same for uplink and downlink
communications even when considering the presence of
beam wander-induced pointing error this is due to the fact
that the HAPS node is located above the clouds’ level and
it is less sensitive to channel distortion. Furthermore, from
this figure, we can observe that the results agree well with
MC simulations validating our theoretical expressions. Sim-
ilarly, the exact OP results tend to the asymptotic OP results
at a high SNR regime, which verifies the correctness of our
derivations. Also, we can see that the OP is significantly
enhanced by increasing the number of downlink receivers.

FEBRUARY 2023

Authorized licensed use limited to: ULAKBIM-UASL - Ibn Haldun Universitesi. Downloaded on October 11,2025 at 08:15:05 UTC from IEEE Xplore. Restrictions apply.



102 8

Infrequent light shadowing
Your=TdB

| N=5
0=223 urad
o,=10 cm

Outage Probability
=)

" —8— D¢ = 15 cm, {53, = 70, pointing error
107 ¢ D¢ = 20 cm, g3, = 70, pointing error
—&— D¢ = 30 cm, &g, = 70, pointing error
—@— D¢ = 30 cm, &gy, = 60, pointing error
—€@— D¢ = 15 cm, &gy, = 70, without pointing error

0 5 10 15 20 25 30 35 40
Average SNR per Hop [dB]

Fig. 5.

Outage probability performance of s, for various aperture sizes
in the presence of the pointing error at #.
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Fig. 6. Comparison of sy, 52, and single-hop FSO-based SatCom in
terms of outage probability.

Finally, we observe that increasing the Nakagami-m sever-
ity parameter boosts the OP performance.

In Fig. 5, we examine the outage performance of s, by
considering the impact of pointing errors in the downlink
FSO communication for different aperture sizes. The beam
divergence angle is set to 8 = 225 prad [35] and the jitter
standard deviation is taken as o, = 10 cm. As expected, the
presence of pointing errors deteriorates the communication
and this is due to the misalignment between the satellite
and the HAPS H,. As illustrated in the figure, increasing
the aperture size improves the overall performance as it
increases the amount of gathered information. Furthermore,
choosing lower values of the zenith angle can yield a better
performance of the proposed scheme.

Fig. 6 compares the OP performance of the proposed
scenarios and the OP of single-hop FSO-based SatCom.
For s;, we consider two different propagation distances
between H; and H,. For s,, we assume &3/, s = &59, = 70°
and ug = uy, = 65 m/s, which results in 2.6486 x 10° km
of separation between the two HAPS systems. For the

10° X ‘
N Frequent heavy shadowing

Ly, 7,=200 km

Zenith angle: £=80°

Bit Error Rate
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Cloud type: Thin cirrus

<
&

N=1, s;
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== — Asymptotic
10 0 5 10 15 20 25 30 35 40
Average SNR per Hop [dB]

Fig. 7. Bit error rate versus average SNR for s;.

single-hop FSO-based SatCom system, we assume a ground
station that seeks to send the same information to a set
of ground destinations through an LEO satellite located at
500- km altitude using optical communication. The FSO
channels follow the EW fading. We also consider thin cirrus
clouds and thin fog conditions for the ground receivers.
The zenith angle is set to & =70° and v = 2.8 m/s for
wind speed. For all scenarios, we consider five multicast
users and that all RF channels experience infrequent light
shadowing. It is inferred from the figure that for larger
distances between the communicating users, s, iS more
practical as it performs better even in windy weather and
high zenith angles. As expected, at higher propagation
distances, the overall performance of s; decreases. On one
hand, we observe that the outage performance of single-hop
FSO-based SatCom outperforms s; for thin cirrus condition.
On the other hand, as expected, for foggy weather, s; could
provide a better performance than a single-hop FSO-based
SatCom as FSO communication is highly deteriorated by
fog conditions. Finally, s, performs better than single-hop
FSO-based SatCom as the use of the HAPS as a relay node
in SatCom enhances the communication even though we
consider harsh wind speed level.

Figs. 7 and 8 depict the BER versus average SNR for
both scenarios while considering CBPSK modulation as
it provides a better performance. For s;, we consider the
frequent heavy shadowing effect for all RF links and 200
km that separate #; and H, for N =1 and N = 3. For
s, we assume N = 2 and different shadowing levels. The
zenith angle is setto &3, s = &s5.9, = 70°. For the single-hop
FSO-based SatCom, we assume a zenith angle of & = 80°
due to the large distance, wind speed level as v = 11.176
m/s [17], thin cirrus conditions, and the presence of Mie
scattering [17]. As can be seen in Fig. 7, increasing N yields
an enhanced performance. In Fig. 8, as expected, the system
yields a better performance when considering the average
shadowing effect. In addition, under these assumptions, our
proposed models perform better than single-hop FSO-based
SatCom, especially atalow SNR. Furthermore, as observed,
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Fig. 9. Ergodic capacity performance versus average SNR for s;.
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Fig. 10. Ergodic capacity performance versus average SNR for s,.

the simulation results confirm the theoretical derivations.
Finally, the asymptotic curves, represented by dashed lines,
converge to the exact performance curves in the high SNR
region.

Figs. 9 and 10 show the ergodic capacity performance
for 5| and s, using the upper bound ergodic capacity and MC
simulations for the exact ergodic capacity. As can be seen in
the figures, for heavy shadowing, the approximate findings
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are in good agreement with the exact results. However, for
average shadowing, the exact results are upper bounded
with the approximate curves. Furthermore, as expected,
the ergodic capacity in average shadowing outperforms
the results of heavy shadowing. Additionally, the upper
bound curves agree well with MC simulations confirming
the accuracy of the theoretical analysis. It is also inferred
from the figures that s, achieves better capacity than s,.

Fig. 11 illustrates the EE of both scenarios s; and s,
while assuming the same conditions of shadowing. As can
be seen, the EE increases at first, and then, deteriorates as
P; increases in both scenarios. Moreover, the results have
shown that s; could achieve a higher EE than s,.

Finally, some design guidelines can be summarized as
follows:

1) We observe from the results that the effect of beam
wander-induced pointing error from the HAPS to
satellite is almost negligible. Thus, deploying an
HAPS node as arelay between the ground station and
the LEO satellite significantly improves the uplink
performance.

2) The results have shown that multicast services can
increase the diversity gain and achieves a better
outage performance.

3) The simulations have shown that the use of an LEO
satellite can be a promising solution for inter-HAPS
communication when HAPS systems are deployed
far from each other.

4) The results have shown that the presence of pointing
errors in downlink FSO communication deteriorates
the overall performance. However, decreasing the
zenith angle or increasing the aperture size of the
receiver lens can mitigate the impact of pointing
errors as they decrease the impact of stratospheric
turbulence.

5) As observed s, could achieve better OP, whereas, s,
achieves higher EE. Thus, there is a tradeoff between
EE and the OP of the proposed scenarios.

6) On the one hand, using an LEO satellite as a relay
node provides a better performance in terms of OP.
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On the other hand, using HAPS nodes as arelay node
is more suitable for nondelay tolerant and real-time
applications and also provides better coverage.

V. CONCLUSION

In this article, we proposed two different use cases
for multicast applications namely HAPS-aided mixed
RF/FSO/RF and satellite-aided mixed RF/FSO/FSO/RF
schemes. For the proposed setups, OP expressions are
derived in closed form by considering shadowed-Rician
fading for RF links and EW fading for FSO communi-
cation. The derived expressions are validated with MC
simulations. For the proposed models, we investigated the
impact of beam wander, pointing errors, zenith angle, and
aperture averaging technique for FSO communications and
the impact of shadowing level for RF communication. From
the results, we observed that the use of the HAPS as an
intermediate node in uplink SatCom alleviates the impact of
beam wander-induced pointing error. In addition, the results
showed that for larger distances, the satellite-aided mixed
RF/FSO/FSO/RF scenario performed better. The aperture
averaging technique can be adopted to minimize the effect
of atmospheric turbulence and improve the communication
in the presence of misalignment errors. Finally, the results
have shown that the satellite-aided mixed RE/FSO/FSO/RF
scenario achieves better OP and is able to serve more
distant users. However, the HAPS-aided mixed RF/FSO/RF
scenario achieves better EE.

The future work directions can be summarized as fol-
lows. Optimal power allocation at the source and the HAPS
can be studied to further improve the outage performance.
Specifically, maximizing the EE while minimizing the OP.
In addition, we aim to investigate these schemes while as-
suming hybrid RF/FSO for ground communication. Finally,
the secrecy performance analysis for multicast services will
be carried out over generalized FSO and RF distributions to
understand the performance of the considered system from
a secrecy perspective.

APPENDIX
The Fried’s parameter in (14) is given as [28, Sec. (12)]

Hs —=3/5
r0=[0.42sec(gﬂ,,5)1<2 / C,f(h)dh} . (44)

HHI

In uplink communication, C2(h) is written as

Us\2 ;. < \10 h
C2(h) = 0.00594 —) 10-5h o
n () (27 (107°%) exP( 1000)

h h
+27x 107 %exp( ——— | + Coexp [ ——
1500 100
(45)

where ug = \/v§ + 30.69vg + 348.91 is the root-mean-
square of the wind speed, vg is the wind speed in m/s, and
Cy is the nominal value of C? at the receiver. Generally, C>
varies from 10712 m~%/3 for the strong turbulence to 10~

where Ly, s denotes the propagation distance from #, to S,
and age is the beam wander-induced pointing errors variance
given as

5 ( ) 2( ) A 2 2“70 5/3
pe S Hy .S 2% 0

C2Wo?/ro” e
X [1— — s
1+ C "Wy~ /ro?

where C, is a scaling constant, which is assumed as 7
for A = 1550 nm, W = wy/©3 + A3, where A( and O
denotes the beam parameters at the transmitter, which can
be expressed as @y = 1 — Ly, 5/Fp and Ag = % Fyis
the phase front radius of curvature at the transmitter and

(46)

O = (“)%(:)ro A Finally, o, can be expressed as
05 = 8. 703, K"/*(Hs — Hy )0 sec' /&y, 5)  (47)
where 113, i given as
Hg
o = / Cohlis(1 — ) Sdh  (48)
H

and ¢ is the normalized distance variable given as ¢ = 1 —
(h — Hy,)/(Hs — Hy,) for the uplink communication.
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