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RIS Assisted UAV for Weather-Dependent Satellite
Terrestrial Integrated Network With
Hybrid FSO/RF Systems

Xin Li%”, Yongjun Li

Abstract—In this paper, we investigate the performance of hy-
brid free-space optical (FSO) and radio frequency (RF) relay
systems in satellite terrestrial integrated network where the effect
of weather conditions is taking into consideration. Specifically, we
design three different relay schemes in different weather conditions
based on high-altitude platform station (HAPS) and reconfigurable
intelligent surface (RIS) assisted unmanned aerial vehicle (UAV).
The RF link is modeled by shadowed Rician model while the FSO
link is assumed to follow the Gamma-Gamma distribution in the
presence of path loss, pointing errors and angle-of-arrival (AOA)
fluctuations where it operates under either intensity modulation
with direct detection (IM/DD) or heterodyne detection (HD). The
performance of our proposed scheme is evaluated in terms of outage
probability, average bit-error rate (BER) and ergodic capacity in
the form of bivariate Fox’s H function and bivariate Meijer’s G
function. Moreover, asymptotic results and diversity order for the
outage and average BER at high signal-to-noise ratio (SNR) regime
are also obtained to get more insights. Finally, numerical results
and comparison scheme are provided to verify the accuracy and
superiority of our scheme.

Index Terms—Average bit-error rate (BER), ergodic capacity,
hybrid radio frequency (RF)/free-space optical (FSO), outage
probability, reconfigurable intelligent surface (RIS), relay link,
satellite terrestrial integrated network.

1. INTRODUCTION
A. Background

ECENTLY, with the explosive growth of people’s demand

for seamless reliable and high data rate services at anytime
and anywhere on the earth, the traditional terrestrial network
has been unable to meet this demand [1], [2]. Fortunately,
due to the development of satellite communication technology,
the popularity of high-altitude platform station (HAPS) and
maturity of unmanned aerial vehicles (UAV) technology, the
satellite terrestrial integrated network along with aerial network
is a promising development trend for future sixth-generation
(6G) wireless communications [3], [4]. More specifically, the
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HAPS or UAV can be used as a relay node to forward signals
from satellite to different ground stations (GS) [5].

Free space optical (FSO) communication has attracted great
attention due to its advantages over radio frequency (RF) com-
munication, such as very high bandwidth, heavily secured links,
robustness to electromagnetic interference, and ease of deploy-
ment [6], [7], [8]. In addition, the combination of FSO commu-
nication and satellite technology can achieve ubiquitous cover-
age and high transmission capacity which can meet the future
requirements [9], [10]. However, FSO communication requires
perfect line-of-sight (LOS) connectivity due to its narrow trans-
mit bandwidth. Furthermore, the fading caused by atmospheric
turbulence and weather conditions such as cloud, fog and snow
will have an enormous impact on FSO communication [11],
[12], [13], [14]. In comparison, the RF communication is only
sensitive to rainy weather, and these different kinds of weather
rarely occur at the same time. Therefore, FSO link and RF link
can serve as complementary link to reduce the impact of weather
conditions.

Relay technology is another alternative means to reduce the
impact of weather conditions on FSO communication [15], [16].
Due to the advantages of flexible deployment, easy maintenance,
less costs and environmental friendliness, HAPS is widely used
in astronomy, disaster monitoring, and emergency communi-
cation [17], [18]. Therefore, HAPS can be used as the relay
node between satellite and GS to further improve the perfor-
mance of FSO communication. The HAPS can operate at the
altitudes of 17-32 km above sea level and the satellite-to-GS
downlink can be split into two parts: 1) satellite-to-HAPS link
and 2) HAPS-to-GS link. Considering the actual atmospheric
conditions, the HAPS-to-GS FSO link will be more affected
by weather conditions. Hence, it is necessary to use this link
together with the RF link or perform spatial diversity. The
reconfigurable intelligent surface (RIS) assisted UAV is a better
choice to performing spatial diversity [19], [20].

B. Related Works

Hybrid FSO/RF communication and relay communication
have been fully studied in the terrestrial network [21], [22]. The
physical layer security (PLS) performance of hybrid FSO/RF
communication system was studied in [21], optimal power al-
location optimization and diversity technology were also used
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to further improve system performance. Considering the mul-
tiuser terrestrial amplify-and-forward (AF) relay system with
FSO/RF links, the author in [22] presented a detail analysis
of the system outage performance. Recently, the research of
the hybrid FSO/RF system was also extended to the satellite
terrestrial integrated network [23], [24]. In [23], the performance
of satellite terrestrial hybrid FSO/RF link with high throughput
FSO feeder link was studied, and the nonlinearity of satellite
power amplifier was also taken into account. The author in
[24] discussed the impact of rain attenuation on the outage
performance and ergodic capacity of hybrid FSO/RF links. The
influence of solar scintillation on the performance of hybrid
FSO/RF link was studied in [25], [26], and some intractable
challenges and improvement methods were also addressed.

However, in some cases such as clouds obstruction, the LOS
link between HAPS and GS may not exist, an alternative method
is to deploy an UAV as a relay node to forward signal to the
GS. The channel modeling and parameter optimization about
UAV were sufficiently studied in [27], [28]. Considering the
multiuser scheduling for asymmetric FSO/RF links in satellite-
UAV-terrestrial network, the author in [29] proposed a fairness
resource scheduling method base on Jain’s fairness index (JFI).
In order to improve the outage performance of the satellite-
aerial-terrestrial network with mixed FSO/RF channels, a robust
beamforming scheme was proposed in [30]. A rate adaptation
scheme based on satellite-HAPS-UAV-terrestrial network was
proposed in [31], by reducing frequently switching between FSO
and RF, the system outage performance and spectrum efficiency
were improved compared with fixed rate design. Recently, RIS
has also been applied to FSO/RF relay communication. In [32],
the author proposed a dual-hop RIS based FSO/RF communi-
cation system, where the RIS was utilized to improve the cov-
erage and system performance. Taking satellite-UAV-terrestrial
network into consideration, a RIS-assisted hybrid FSO/RF link
with pointing errors and phase shift errors was analyzed in [33],
diversity order and coding gain were also obtained to get more
insights. In [34], a RIS assisted hybrid FSO/RF satellite-aerial-
ground network was proposed where RIS was used to reflect the
signals from the HAP, but a closed-form solution and asymptotic
analysis were not obtained in this paper.

C. Motivation and Contribution

For the case of satellite terrestrial integrated network, most
of existing studies have focused on collaborative switching and
relay transmission of FSO link and RF link. However, due to the
effect of complex weather conditions, FSO link and RF link may
face performance degradation or even unavailability in some
case. Moreover, even in clear weather condition, FSO link may
face the situation where it is unavailable due to cloud block. It is
very essential to study the cooperative transmission strategy of
FSO link and RF link under complex weather conditions. Few
works have investigated from the weather conditions perspective
and to the best of the authors’ knowledge, only research works
[35] and [36] have made preliminary research on the impact
of weather conditions on FSO/RF system. In [35], considering
the effect of weather conditions, a hybrid RF/FSO transmission

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 5, OCTOBER 2023

strategy for satellite communication system was proposed for
improving power efficiency. In our previous work [36], the
performance of weather-dependent satellite terrestrial integrated
network with rate adaptation hybrid FSO/RF link was analyzed.
However, both of the above works didn’t take the impact of
relay links into consideration which are of great importance for
increasing the duration of each session and further improving
the link performance. Motivated by this, the main contributions
of our proposed work are summarized as follows:

® We give a detail description of our proposed weather-
dependent hybrid FSO/RF systems and the channel model
for three different relay schemes, which includes: the dual-
hop FSO relay link based on HAPS, the three-hop FSO
relay link based on HAPS and RIS assisted UAV, and the
dual-hop FSO/REF relay link based on HAPS. Moreover, a
description of the weather-dependent link selection scheme
is also presented.

® We consider the RIS assisted UAV as a relay node to
achieve spatial diversity of FSO link, and the impact of
(angle-of-arrival) AOA fluctuation on system performance
is also analyzed.

e Based on the expressions of end-to-end signal-to-noise
ratio (SNR), we derive the information-theoretic metrics
including outage probability, average bit-error rate (BER)
of different modulation schemes, and ergodic capacity,
which are in terms of bivariate Fox’s H function and bivari-
ate Meijer’s G function. Furthermore, asymptotic results
and diversity order for outage probability and average BER
at high SNR regime are also obtained to get more insights.

e The system performance can be significantly improved
by reducing turbulence level and increasing pointing error
parameters. Moreover, the system outage probability and
average BER will tend to a saturation in some case. Be-
sides, the diversity orders of outage probability and average
BER are determined by the smallest values of turbulence
parameters and pointing errors.

® QOur proposed scheme owns significant performance advan-
tages compared to the existing schemes which can be apply
to the satellite terrestrial integrated network. In addition,
due to the AOA fluctuation of UAV, there will exist a lower
limit in link outage probability and average BER.

The remainder of this paper is organized as follows. In Sec-
tion II, the system and channel models along with link switching
scheme are outlined. We derive the closed-form expressions of
outage probability, average BER and the ergodic capacity in
Section III and the asymptotic results at high SNR regime are
presented in Section IV. Section V presents the numerical and
simulation results to illustrate the system performance. Finally,
concluding remarks are drawn in Section VI.

II. SYSTEM AND CHANNEL MODELS

In this paper, we consider a downlink satellite communication
scenario, where the LEO satellite aims to communicate with GS
through a relay link. The reason why we adopt HAPS as relay
node is to counteract the impact of weather effects and further
improve the system performance. As shown in Fig. 1, the FSO
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Fig. 1. Architecture of weather-dependent satellite terrestrial integrated net-
work with hybrid FSO/RF systems.

link is adopted between satellite and HAPS, while the hybrid
FSO/RF links are used between HAPS and GS. The system
has four working modes: respectively named mode-1, mode-2,
mode-3 and mode-4. For mode 1, we consider clear weather
condition without cloud where FSO link is in good quality. For
mode 2, we consider rainy weather where RF link is in worse
condition. For mode 1 and mode 2, the LOS FSO link between
HAPS and GS is available, and AF relay under a fixed gain Q is
adopted. For mode 3, a RIS assisted UAV is deployed to forward
signal to the GS under a fixed gain Q when the LOS FSO link
between HAPS and GS becomes unavailable, which is mainly
due to clouds obstruction. For mode 4, the RF link is used to
transmit the signal to GS when the FSO link is unavailable due
to foggy weather.

A. Satellite-HAPS-GS Signal Model

At the satellite, the data modulated by quadrature amplitude
modulation (QAM) can be expressed as

sn(t) = Apr(t)g(t) cos(2m fot) — Ang(t)g(t) sin(2m f.t)
1
Where f. is the carrier frequency, g(t) is the pulse shaping
function, A,,; and A,,¢ are the in-phase and orthogonal compo-
nent of the amplitude [34], respectively. Then, the transmitted
optical signal modulated by QAM signal is given as

s(t) = Py [1 + mosy(t)] 2)

Where P, is the transmitted power at satellite, mg is the
modulation index (0 < mg < 1) which ensures that the laser
avoids over-modulation induced clipping. At the HAPS, the
received optical signal is forwarded to GS under different relay
modes. For mode 1, the O?tical signal is directly forwarded to
GS, so the received SNR g ;; and output signal y g ¢ (t) at HAPS
can be expressed as

= ’7£H (héH) i )

yus(t) = Grso {héHS(t) + ngH} “
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Where hg g7 1s the channel coefficient of the satellite-to-HAPS

2 p2
mg Pf

FSO link, 74, = ™
f

is the average SNR, Grgo is the
amplification factor limited by the maximum transmit power
of HAPS, ng  1s the additive white Gaussian noise (AWGN)
B,

SH
at GS by mode 1 is shown as

with variance ¢, . The received signal yg;(t) and SNR ’y};c

yar(t) = hranGrso [Ws(t) + nby| +nhe )

f f 2
(ﬁhHGGFsthHmoPt>
;o 6)
Tua ; 2 (
(nhHGGFSOUnf ) + 02,
SH "Ha

Where thG is the channel coefficient of the HAPS-to-GS
FSO link, n is the optical-to-electrical conversion coefficient,
nZ ¢ 1 the AWGN with variance ai s -Formode 2, we consider

rainy weather and the optical signal Is also directly forwarded to
GS. Therefore, the working mechanism of mode 1 and mode 2 is
the same which is HAPS based FSO/FSO relay link while with
different channel parameters, so we don’t provide any additional
introduction for mode 2 here.

For mode 3, the optical signal is firstly forwarded to UAV and
then reflected to GS by RIS, so the received signal y¢,,(t) and
SNR v at GS can be expressed as

Yeu (t) = hrenGrso {héHS(t) + ”EH} +nge ()

2
(nhlf{GGFSOhéHmOPt)

YHG = ®)
(

2
u 2
nhHGGFSOUngH ) + Intie

Where h%, is the channel coefficient of the HAPS-to-GS RIS
assisted FSO link, n% is the AWGN with variance UTQL}LI o For
mode 4, the optical signal is first converted into an RF signal by

a photodiode and then forwarded to GS, so the received signal
yar(t) and SNR v, at GS can be expressed as

yar (1) = Waeny/B (W gs(t) + ny| + 0l ©)
f 2
(/AL amo )
2
g 2
nh%G h;o'nf;H> + O—n};jG
Where h';; is the channel coefficient of the HAPS-to-GS RF

link, n%; is the AWGN with variance crflr , hj is the path loss
HG
defined as [35]

(10)

v}}a(

h; [dB} =Gr+ G — 2010g10 <47TfLO) _woxyLO — WrainLo

(11)
where G is the transmitter antenna gain (in dB), G is the
receiver antenna gain (in dB), f is the RF frequency (in GHz), L
is the distance between HAPS and GS (in km), w,zy and wy.qin
are the attenuation coefficients due to the oxygen absorption and
rain scattering, respectively.
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B. Satellite-to-HAP FSO Link

For the satellite-to-HAP FSO link, the channel coefficient
hl, can be given by hl, = hlyh% h%,, where bk, in-
dicates the atmospheric attenuation, k%, defines the pointing
error, and h$y is the atmospheric turbulence. Due to the ab-
sorption and scattering by particles in the atmosphere, optical
beam will experience power loss during the propagation, which
can be described by Beers-Lambert law as

hlsy = exp(—aoLy) (12)

Where L; is the length of FSO link between satellite and
HAPS, « represents the weather dependent attenuation coeffi-
cient [31, Eq. (16)]

3.91 <A [nm] ) —h
ag =
V [km] \ 550

Where A is the optical wavelength, V' is the visibility, qq is the
size distribution of the scattering particles given by Kim model
[37]. The pointing error is mainly caused by the laser beam
displacement along elevation and azimuth which can be modeled
as independent and identical Gaussian distributions expressed
as hig = Agexp(—2r¢ /w?). Where Aj is the fraction of the
collected power at beam center, 7 is the radial displacement
between beam center and detector center, w, is the equivalent
beam waist at the receiver [38]. And the probability density

(PDF) of the irradiance k%, is given by [39, eq. (11)]

&

13)

2_
fun, (W) = w&#“E0§%H§Ao (14)

Where £ is the ratio between the equivalent beam radius and
the jitter standard deviation at the receiver, which is used to
quantify the severity of the pointing error effect [39]. The atmo-
spheric turbulence is modeled by Gamma-Gamma distribution
due to its wide acceptance in the current literature, whose PDF
is given in [40] as

a1+81

2(a1 1)
F(al)F(ﬂl)

Kal*ﬂl(Z alﬁlhg‘H)?hg’H >0

Depending on the atmospheric conditions, the scintillation
parameters «; and 3 are calculated as shown in Appendix A.
Then, the combined PDF h’;  can be written in terms of Meijer
G-function G’y (-) which is defined in [41, eq. (9.301)], and
[42,07.34.02.0001.01], and given as [23, eq. (10)]

a1+B1
-1

fth( Su) = (h&u)

5)

g, ) = — S0P
b s = AR P T ()
o1 &2
16
[%%HSHﬁ—Lm—L&—l()

The PDF of the instantaneous SNR of FSO links can be
obtained from (16) using the power transformation of random
variable and the resultant unified PDF expression is given as [43,

IEEE PHOTONICS JOURNAL, VOL. 15, NO. 5, OCTOBER 2023

eq. (4)]
f _ f% 3,0
fvéH (73}1) b17d T ()T (51)G173
015151 Vs ﬁ f% +1 17
g+1 ( ) &, a1, b an

Where p; = ’75{11 for heterodyne detection and p; =

(£2+(f)2 —Z)O:f)l(f; H)’ys  for IM/DD detection, b; = 1 for HD
1

detection and by = 2 for IM/DD detection. The cumulative
distribution function (CDF) of 'yg g can be obtained from (17)
by using [42, eq. (07.34.21.0084.01)] given as

Db1 f 1 E
f 3by, 1 ,YSH 1
Fyg (Vsm) = Gblil 3b1+1 (b%blul ‘E2 0 (%)

1 _ 51 pyrtoe _ o€y _
Where F —(%)bl PRIk D, ZESE E, =
{ﬁ §i4bi-1 ar aitbi-1 B M}
SRR Ry et FRRRE e PR ey wan P o PR ey = ,
2 2
E = %,...,g%bl}. Mode 1 is adopted in cloudless

weather where FSO link is in good quality. For mode 1, we
assume the HAP-to-GS FSO link follows the same distribution
with the satellite-to-HAP link but with different parameters
g, B2, &2. a1 > g, P1 > [ are assumed due to the fact
that the HAP-to-GS FSO link is more affected by atmospheric
turbulence. £; < & is assumed due to the movement of satellite.
The CDF ~,, of HAP-to-GS FSO link is given by

Dyl o1 E
f 2 ~3ba, 2 Tua 3
F»YIJ;G(’VHG) F szil 3b2+1 | 7262 E, 0 (19)
2 M2 T4
Where by = 1 for HD detection and by, = 2 for IM/DD
d : F2 52 0‘2+52 ? D _ 042525% E, =
etection, m, 2= g1 4=
{i £2+bo—1 as as+ba—1 [o 52+b2*1}
TR e e T e N IEtT h vl 8
2
Es = {5217:1 b 52“’2} fo = %J;G for heterodyne detection

(§2+2)0‘2B252 ,7
(€241)% (a2 +1)(B2+1) 'H

and o = ¢ for IM/DD detection.

C. HAP-to-GS RIS Assisted UAV FSO Link

The HAP-to-GS RIS assisted UAV FSO link is adopted
when mode 1 is unavailable due to clouds obstruction. For the
HAP-to-GS RIS assisted UAV FSO link, h% can be given
by hgg = hi'hyhghgeq, where hy indicates the atmospheric
attenuation, hy, defines the average pointing error, hg is the
average atmospherlc turbulence, and Y, is the link interruption
due to AOA fluctuation. h}' is given by h}' = Zf\il hiiwigp,
where N is the number of reflecting meta-surfaces of the RIS,
hit = explaoLe) exp(—j6) and gt = exp(aoLs) exp(—ji)
are the channel gains of the HAPS-to-RIS FSO link and RIS-
to-GS FSO link, respectively. Ly and L3 are the length of two
links. u; = p(¢;)e’? is the reflection coefficient induced by the
ith reflector of the RIS. Considering the UAV hovering-induced
misalignment. i, can be obtained from (14) by replacing h% 4,
&€t with hl, &3. Similarly, h% can be obtained from (15) by
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substituting h&, o, f1 with hY, a3, B3. Similar to mode 1,
we assume that oy > asg, 51 > (3, & < &3.

Due to the relatively large orientation deviations of hovering
UAV, the incident laser arrives with 6, at the receiving plane
may be out of detector range occasionally, where 6, is the AOA.
According to [28], 6, can be modeled as Rayleigh-distributed

. . 2
with zero mean and variance oy, ., expressed as

0, 62
exp
52719[8 u 252ngle u

Considering the 0-1 distribution that describes whether the
incident laser is located on the receiving field-of-view (FoV) or
not. With a fixed 0 p,v-, the FSO link will be in outage (h},, = 0)

ft%, (ea) (20)

when 0, > 0p,y, and the maximum signal power (h{,, = 1)is
collect otherwise. The PDF of h{,, is given as [28]
Oroy
fh}foa (hZoa) = exp 270 4 (hgoa)
Uangle u
Orov
+ 1-— exp 2270 6 (hgoa — ].)
angle u
2h

Based on the above analysis, the PDF of h %, can be expressed
as

u 920 u
e (M) = eXP( PR )5( fc)
angleu

0Fov
1-— exp 2270
cmgle u

&azfs3 30
u 1,3
Aohi'T (a3)T'(B3)

{a?ﬁ:& £2
th}‘ HG 532, —las—1,83—-1

Therefore, the PDF of the instantaneous SNR of RIS assisted
UAV FSO links can be obtained from (22) using the power
transformation of random variable expressed as

01270V 41— exp Q%OV
20a71gle u 2Uangle u

+

} (22)

f’y};G (Yre) = exp(

» &3
b3vg L (a3)T(B3)
% 30 asB383 <71u{c) % £ +1
1.3 f% +1 U3 5:’%30‘37ﬂ3

(23)

Where b3 = 1 for HD detection and b3 = 2 for IM/DD detec-
tion. The CDF of 7}, can be obtained from (23) by using [43,

eq. (07.34.21.0084.01)] given as
2 92
FoV. 1— exp FoV
20angle u

u 0
Fy . (YBG) = eXP( %92 >+
angle,u
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b

« F3G3bal D¥yfig |1 Es

b3+1,3b3+1 bgbgug Es O
(24
_ asPsg} 3 _ €3pg3tr82 _
Where D3 = ZEs = @)% (a5 Eg =

B T e S e P

2 2

FEs = {g?’b:l ey 53;; bs }, 13 = g for heterodyne detection

and pi3 = (€8 +2)as st 7% for IM/DD detection.

T (841 (as+1)(Bs+1)

D. HAP-to-GS RF Link

The HAP-to-GS RF link is adopted when other modes are
unavailable, such as thick cloud or heavy fog weather. The RF
link is assumed to follow the shadowed Rician model which fits
well with land mobile satellite (LMS) channel model. The PDF

of hiy is given as [44, eq. (3)]
v 2m \™ _(tg)’
r _ '""H@G -
fryo(Wag) = b <2bm+Q> e 2
1 Q . ,
x & (m; Loy (2bm - Q) (hHG)2> >0

(25)

Where m represents the Nakagami-m severity parameter, )
and 2b are the average power of the LOS component and mul-
tipath component, ®; is the confluent hypergeometric function
defined in [41, eq. (9.26)]. When m is an arbitrary positive real
number, The CDF of shadowed Rician channel can be expressed
as [45, (eq. (8)]

1
Fiyy . (W) = koha®2 (1 —m,m; 2= s —s@h’{qc>
(26)
Where &, is the bivariate confluent hypergeometric function
definedin [41,eq. (9.26)], ko = 35 (57225) " and ¢ = 52
According to (25), the PDF of 'YHG can be given by using [42,
eq. (07.20.03.0009.01)] and then [42, eq. (07.02.03.0014.01)]

as

- 2bm mny
i (thc) g )

m m—1
= (%mm) oo (5

glite
Z

Me \"
- )k( ”;IG> (27)
- k 207k

And the CDF of ~;, is derived from (27) by applying [41,
eq. (3.351/2)] given as

2bm  \™ ! myy
U exp [ = 2JHG
2bm + Q Ve

m—1 k k k J
(1" - 1 (mypq
"t Kl <2bm> 2 ( ) (28)

Jj= ]' G

ngc(%ic) =




7304217

TABLE I
WEATHER-DEPENDENT LINK SELECTION SCHEME
Mode Wea.tl}er Description Link selection
condition
FSO link is in better HAPS relay
Mode-1 | Clear weather condition FSO/FSO link
Mode-2 Rainy RF link is' ip worse HAPS rele}y
Weather condition FSO/FSO link
Mode-3 Cloud Lipe—o'f—sight FSO RIS assisted UAV
Weather link is blocked relay FSO link
Mode-4 Foggy FSO link is in worse HAPS relay
Weather condition FSO/RF link

E. Links Switching Scheme Design

The HAPS is deployed with weather sensors which can
detect the ground weather conditions and adapt to different
transmission modes flexibly. Our proposed weather-dependent
link selection scheme is summarized in Table I. The channel
state information (CSI) conditions refer to the instantaneous
SNR of the received signal, and the CSI conditions in the
HAPS can be obtained through a 2-bit feedback signal from
the GS and different transmission modes will be selected based
on the received feedback signal. Firstly, the signal is directly
transmitted from satellite to HAPS as this link is less effected by
weather conditions. Then for mode 1, we consider clear weather
condition and the FSO signal is directly transmitted to GS due
to the availability and high-speed of FSO link. For mode 2, we
consider the rainy weather where the FSO link is selected due to
the huge rain attenuation of the RF link. For mode 3, the cloud
weather is considered where the LOS link is unavailable and the
FSO signal is firstly forwarded to the UAV and then reflected to
the GS by the RIS. For mode 4, the foggy weather is considered
and the RF link is selected due to the huge fog attenuation of the
FSO link, and the optical signal is firstly converted into electrical
signal by a photodiode in the HAPS, and then forwarded to the
GS.

III. PERFORMANCE EVALUATION

In this section, we perform an analysis of the outage probabil-
ity, average BER and ergodic capacity of our proposed system,
and derive their closed form expressions which are in terms of
bivariate Fox’s H function and bivariate Meijer’s G function.

A. Outage Probability

The outage probability is defined as that the instantaneous
SNR falls below a predefined SNR, and for different modes,
it can be expressed as Py k(en) = Prly < ], for k€
{1,2,3,4}. The expression of P, 1 (V.1) is given as

Pout,k:('yth) = F“/Ic (’Vth) (29)

Where F,, (-) is the CDF of overall SNR under different work-

ing modes. The overall SNR of the mode 1 under AF scheme

5ot
with a fixed relay gain @ can be expressed as v = M.

+Q
Therefore, the CDF of overall SNR of mode 1 is given aféc
§1F2 0,1: , 3:3by+1,0
By =Fy () - mH1 2iby.3by 1
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(1,1,1/b1)
(1-¢2,1), (1—a1,1),(1=Bi, )| € + 1 () \ DEQ
(=¢8,1),(0,1/b1) aBé? (7) 05" o
(E3>1)
i (E1,1),(0.1/b2) ]
(30)

Proof: Please refer to Appendix B.

Where H>7"'(-,-) is the bivariate Fox’s H function, and
when both FSO links are operating under heterodyne detection,
i.e., by = by = 1,(30) can be simplified in terms of the extended

generalized bivariate Meijer’s G function G '(-, -) expressed
as
GF? 0,1:0,3:3b5+1,0
Ey()=Fy () - mGL 32:by 3by + 1
1‘ 1-1-a,1-B| B3 | §+1 (ul>b1 DyQ
- —£2.0 E 0l a3\ v ) 7 b2 py
(31)

Therefore, the outage probability of mode 1 under heterodyne
detection can be expressed as

P, (ven) = Fo5 (ven) — & 0,1:0,3:3b241,0
out,1 t S t b ( ) (Bl) 1,0:3.2:b5 3bp + 1
B —&4.0 Ey, 0l a1 &3 \yin) " 0202,

(32)

Due to different weather attenuation coefficients, mode 2 has
the same expression as mode 1 but different average SNR 5.
Similarly, the outage probability of mode 3 under heterodyne
detection can be obtained in the same way as mode 1 given as

62 62
2FoV +l1= exp|— 2FoV
20 angle u 2Uangle,u

gre
v (FwéH (yen) — bl (1) T (1)
D@
b§b3u3
(33)

Pout,S (’Yth,) =€exp <

0,1:0,3:3b3+1,0
1,0:3,2:b3,3b3+1

E;5
E67

a1
1’ 1_§%a1_a171_ﬂ1 §1+1 (Ml)bl
1168 \ven)

_£%7 0
For mode 4, we consider the CSI-assisted relaying with gain
C, so the outage probability of mode 4 is given as

S ( 2bm ) '
Pou s =1-
b () r(al)r(m)(?w)bl*l 2+ €
m—1 k k
m) Q 0,1:2,0:0,3b
% O]Z k:'j k x b G10023b1,l111+1
0 - K, Cm bfbl(ffJfl)blUl (34)
A1, =)0 (356" (arie) v

Proof: Please refer to Appendix C.
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TABLE IT
PARAMETERS FOR DIFFERENT MODULATION SCHEMES
Modulation o p q, n Detection Type
OOK 1 0.5 0.5 1 IM/DD
BPSK 1 0.5 1 1 Heterodyne
2 L (u-1)z (% 1]
M-PSK 7max(logz M.2) 0.5 sin i max e Heterodyne
4 1 3(2u-1) M
- 1-— ¥
M-QAM log, M ( \/M] 0.5 5 (M - 1) 5 Heterodyne
The average outage probability of our proposed system can this page, respectively.
4 .
be expressed as Pyt (Ven) = D p—1 Pk Pout k(Ven ), Where py, is 9 o
T ; oF o §1F 1,3:3b2+1,0
the probability that the kth mode is selected. P.i= P _ Z oot
' 2T (p) 21T (e — 3,3:b2,3b2+1
B. Average Bit-Error Rate Performance
, , 11—, 1-a1,1-p1| Es (£%+1) + DyQ
The average BER for different modulation schemes can be _ —£2.0 Fy 0 5 (qupa) ™ ) 2by
1 4, alﬁlf b2 o
expressed as [23, eq. (46)] 37)

7 Zqﬁ/ 2P le WP Fy (x)dx (35)
0

Where n, o, p, and q,, vary depending on the type of detection
and modulation technique which can be found in Table II at the
top of next page.

Substituting (B.5) into (35), and by using [41, eq. (3.381/4)],
then [47, eq. (1)], the average BER of mode 1 can be obtained
as

__9 a&FF? 0,1:1,3:3b3+1,0
Pe,l - MFP_ 2b11“(a1)1“(51)1“( )Hl 0:3,3:b2,3b5+1
[ (lalyl/bl) |
(1—5%,1),(1-0&1,1),(1—51,1) 51"‘1( )ﬁ DSQQ
<p7 %) (7557 ]-) ’ (03 1/b1) O‘ﬁgl dulth ’ bng,UQ
(E371)
(E471)7(071/b2) i
(36)

Proof: Please refer to Appendix D.

Similar to the analysis of outage probability, when we only
consider heterodyne detection, the average BER of model and
mode 3 can be given by (37) and (38) shown at the bottom of

The average BER of mode 2 has the same expression as
mode 1 but different average SNR 1o due to different weather
attenuation coefficients. Substituting (C.5) into (35), and by
using [41, eq. (3.381/4)], then [48, eq. (1)], the average BER
of mode 4 can be obtained as (39) shown at the bottom of this
page.

Therefore, the average BER of our proposed system can be
given as P, = Zizl Pk Pe k-

C. Ergodic Capacity

Ergodic capacity is an important performance metric of wire-
less communication systems, which represents the time av-
erage of the maximum information rate of a random fading
channel. The ergodic capacity of the both FSO link and RF
link under HD and IM/DD techniques can be expressed as
[33, eq. (34)]

C = B [logy(1 + ¢v)]
1 o

=13 In(1 + ey) fy(v)dy

(40)

Where ¢ = 1 for heterodyne technique and ¢ = e¢/(27) for
IM/DD technique. For mode 1, the ergodic capacity can be

H%OV 9%0‘, oF, Uf%Fg’
P.3 = exp (—2027%67“ +(1—exp 552 =R | o1 (;) ~ T (@) T GIT0)
n 2 b
0113300410 | 1|1 =&, 1—aq,1— 61| Es (§1+1) L D3*@Q
X ZGLO 3.3 b2,23b2+1 [_‘ 1p, —£2.0 Eg, 0 a151§% (Quper)™ b2b3 (38)
u=1
p, =2 o€ T2 ( 2bm )mlxz":mlz’“: F1—m )k( 0 >’“
ed = —
2 20 ()l (BT (p) (2m)"H \2bm + Q e W 2bm
by
o (01:2,0:1,3b 0 K Cm 07" qu (&3 +1)" 1 (39)
1,0:0,2:3b1,b14+2 j’ (b17 51) ’Y}N-]G7 (alﬂlé-%)bl
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expressed as equation (41) shown at the bottom of this page,

Proof: Please refer to Appendix E.

Similar to the analysis of average BER, when we only consider
heterodyne detection, the ergodic capacity of model and mode
3 can be given by (42) and (43) shown at the bottom of this page,
respectively.

The ergodic capacity of mode 2 also has the same expression
as mode 1 but different average SNR o due to different weather
attenuation coefficients. Substituting (C.5) into (40), similar to
the derivation process of mode 1, the ergodic capacity of mode
4 can be obtained as

- £2b041+51 2 2bm el
C =
EC,4 T(a)T(3)(27 )b1 1 <2bm+9>
m-1 k k
m), [ Q2
x Z kljl 2bm
k=0 j=0
1,0:2,0:1,3b1 +1
X GI,O b1+11’—171+2
o). LK |@m i@ +1)"
1|1, A1, —61),0 |75 (mﬁﬁﬁ%)bl

(44)

Therefore, the ergodic capa<:1ty of our proposed system can
be calculated by Cpc = Zk 1 PkCEC k-
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IV. ASYMPTOTIC ANALYSIS

In this section, we perform asymptotic analysis of the sys-
tem outage probability and average BER under high SNR, the
diversity order is also obtained to get more insights.

A. Asymptotic Outage Probability Analysis

Using [42, eq. (07.34.06.0040.01)], [47,eq. (1.1)] and [46, eq.
(1.8.4)], the asymptotic outage probability of mode 1 is given
by

3by
'y
k=1

E9) T (Ear)

Hl,%>>1

~

Pout,l (fyth)

152 T (Ey —
J#k

bi1+1
Hj1:2 r

3

Eay,
lel%h ’
(E1j — Eg) (1 + Eoy) b

<a1515%>”1
= & +1
6 b1 2\ b2
P 0425252)
+; ( ) <£%+1

Where Es; and Es;, mean the jth and kth term of Es, Ey;

(ﬂ&ﬁ&&ﬁ)f{i

means the jth term of Fy, Gg = b T b b i )
and Z; are the polynomial about «;, 3;, &, b; (ie., i =1, 2)
and their expressions are not given for simplicity, G, and G7,;

mean the ith and jth term of GG41. From (45), we can observe that

Gl
Vth
M1

a1 $1&3
&+1

Qin
12

G
] (45)

212
= . 1 0,1:1,4:3b2+1,0
Crpc1=Fs+ —bll“(al)F(Bl)Hl 0:4/3:by,3ba+1
(171a1/b1)
(1—5%,1)7(1—061,1),(1_B1,1)7(1,1/b1) §1+1( )ﬁ Dl2)2Q (41)
(15 1/b1) ) (_5%5 1) 7(07 1/b1) Oé161§1 ’ bgbzﬂz
(E371)
(E4,7 1) ’ (Oa 1)
al €1F2 0,1:1,4:3b2+1,0
Crca=Fs+ T () T (31) 710 4/3:by 3ba b1
2 2 ba
R PO P Ll @)
- 17{170 527a27527 alﬂlfl bg Z,LLQ
— 92 62
Cpes=exp| 22— | +|1—exp | -2~
20 angleu 20 angleu
£1F2 0,1:1,4:3b3+1,0
X (FSJF biL (a) T (1) G1043b3,33b3+1
1-g1-a,1-p,1| 1+& |[&+1, 1 DFQ
et a2 43
H L0 | Goon e 0] i P e, “)
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(p12) "€, the diver-

Pout,l(’yth) X (Nll)iGdland Pout,l('yth) X
sity of mode 1 is given by G; = e T B B )
Due to oy > aw, 81 > P2, &1 < & and assume that both FSO

links use the same detection technology, the diversity of mode

= min(22, 22 £ Similarly, the

b1 by by
diversity of mode3 can be given as G'5 = min( ?)‘3 , f?’ , (5)1 ) under

the assumption that oy > a3, f1 > fs, §1 < 53 For mode 4,
starting from (C.3), using [46, eq. (1.5.9)] and then [46, eq.
(1.8.4)], the outage probability of mode 4 under high SNR can
be written asymptotically as

1 can be expressed by G,

P €2 2bm mel
P )~ 1 —
out,4 (Vth) I'(a)T(B )<2bm+Q
m—1 k
DIIC
k=0 j=0
) 4 Gt
(1—m), [ Q ' den)
kR (2 Jil —
TR \26m ) ; I}

(46)

Where Gy4 = (j,%ll,%, %) %, means the ith term of
G 44, J; is the polynomial about a1, 31, &1, by. The diversity

of mode 4 is given by G4 = min(j, 2‘1, fll,i—l) Therefore,

the asymptotic outage probability of our proposed system is

GOP = Hlil'l((;l7 G3, G4)

B. Asymptotic Average BER Analysis

Starting from (35), and similar to the asymptotic analysis of
outage probability, the asymptotic average BER of mode 1 is
given by

3by

1>l o F1
Pe,l ~ Z
2(p) =
1521 T (B — Ex) T (Ba)T (p+ Eox) /0 N\ B
];&k D1 Vth
[T (B — Bar) (1+ Bar) ( b )
Vi
pex | )
gt ! Pt &+1 qrp1
; . ) , Vj
&\ (b3 @ |
2% |le31) (e @
== £+ &5+ Qi 12

Where Vy; = (%,%,%,%,%,%) X; and Y; are the
polynomial about «;, (5;, &, b; (i.e., i = 1, 2). From 47, it
can be observed that P.; o (ul)fv‘“ and P, x (Mg)ivdl,
thus the asymptotic average BER of mode 1 is given by V; =
mm(51 @2 02)  Similarly, the asymptotic average BER of

by’ by by
mode 3 is given by V3 = min(%, 25 f—f) As for mode 4, the
asymptotic average can be obtained by substituting the CDF at

high SNR which can be obtained from (45), into (35), and using
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TABLE III
SYSTEM PARAMETERS

Parameter Value
Altitude of satellite, H; 550 Km (LEO)
Altitude of HAPS, £, 20 Km
Altitude of GS, A, 0.8Km

Zenith angle, ¢ 30°

Wavelength, 2 1550nm
RF frequency band, f 40GHz
Conversion coefficient, 17 80%

Fixed gain, O 1.2

amplification factor, Grso 50dBi
HAPS antenna gain, Gt 45dBi
GS antenna gain, Gr 45dBi

[41, eq. (3.381/4)], shown as

o (ma)

pi>1on
Py = ——
et 2 20(a

n m—-1 k
222
u=1 k=0 j=0

(1 — m)k [¢) k 4 i »
) G \20m x Z Jil (p+ Viz) (qupa) "
o i=1
(48)

Where V; 4 has the same expression with G4 4. Therefore,

the asymptotic average BER of mode 4 is given by V; =

min(j, 3, fl , i—l) The asymptotic average BER of our pro-

posed system is VABER = min(V1, V3, Vy).

V. NUMBER RESULTS AND DISCUSSION

In this section, we evaluate the performance of our proposed
system in terms of outage probability, average BER and ergodic
capacity, and its correctness is verified by means of Monte
Carlo simulations. The system parameters in our simulation are
shown in Table III. The threshold SNR is set as v, = 5dB
unless otherwise specified, the rain rate is set as 12.5 mm/h and
the oxygen scattering parameter is set as wozy= 0.1 dB/km.
For satellite-to-HAPS FSO link, we consider light turbulence
C2(0) =5 x 10713, a and 3 can be calculated from (A.1) and
(A.2) as (a, B) = (5.76,5.36) when beam wander effects are
ignored. And for HAPS-to-GS FSO link, we consider two types
of turbulence conditions, C2(0) = 1 x 10~'2 for moderate tur-
bulence and C2(0) = 5 x 107'2 for heavy turbulence. Hence,
from (A.1) and (A.2), o and 8 can be calculated as(c, 8) =
(3.62,3.29), (a, 5) = (1.65,1.36) when beam wander effects
are ignored. For RF link, we consider the moderate shadow-
ing {m,b,Q} = (5,0.251,0.279) which is provided in [18],
Table II. Moreover, without loss of generality, we assume that
the different weather conditions have the same probability of oc-
currence and satisfy Zizl pr = 1. Therefore, the probability of
different modes can be expressed as pp, = 1/4fork = 1,2, 3, 4.
We also compare the performance of our proposed system with
the existing schemes named FSO/FSO scheme and FSO/RF
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TABLE IV
WEATHER-DEPENDENT VARIABLES
Weather condition a, (dB/Km) @, ., (dB/Km)
Clear Weather 0.43 0.01
Rainy Weather 5.84 5.69
Cloud weather 3.34 0.1
Foggy Weather 16.67 0.1
100 - .
Strong Turbulence
10-1 L 4
2
E 192 |—0—FSO/FSO Scheme T
2 —4A—FSO/RF Scheme
& —&— Proposed Scheme i
[ *  Simulation
S0 F 3
O’ Moderate Turbulence q
10 E E
b
10—5 1 1 I 1 1 I L
0 5 10 15 20 25 30 35 40

Average SNR By (dB)

Fig.2. Outage probability under different turbulence conditions using IM/DD
technique.

scheme. In FSO/FSO scheme, both the links between satellite-
to-HAPS and HAPS-to-GS are FSO links, while in FSO/RF
scheme, the link between satellite-to-HAPS is FSO link and the
link between HAPS-to-GS is RF link. In addition, the values of
weather-dependent variables are tabulated in Table IV [49].

The outage probability of our proposed scheme under dif-
ferent turbulence conditions using IM/DD technique is plotted
in Fig. 2. The average SNR of HAP-to-GS link is assumed as
20 dB. The analytical results provide a perfect match to the
simulation results which prove the accuracy of our derivation. It
can be observed that the outage performance improves with the
increase of average SNR of satellite-to-HAPS FSO link. The
performance of FSO/FSO scheme severely deteriorates under
strong turbulence conditions compared to FSO/RF scheme and
our proposed scheme, which is due to the fact that strong turbu-
lence can lead to a severe decrease in the availability of FSO link
and our proposed scheme can flexibly switch to the RF link to
avoid it. As we assume that the satellites-to-HAPS link is almost
unaffected by turbulence, so the FSO/RF scheme is not affected
by turbulence conditions. Moreover, our proposed scheme can
achieve significant advantage under moderate turbulence which
attribute to the better availability of both FSO link and RF link
provides more switching options. Hence, our proposed scheme
can achieve better outage performance than FSO/FSO scheme
especially in moderate turbulence conditions, and is slightly
inferior to FSO/RF scheme in strong turbulence. In a nutshell,
our proposed scheme owns superiority in both stability and
reliability.
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Outage probability under different pointing errors using IM/DD tech-

The outage performance of our proposed scheme in oper-
ation under IM/DD technique with different pointing errors
is illustrated in Fig. 3. &5 means the pointing error of the
satellite-to-HAPS FSO link while £, means the pointing error
of the HAP-to-GS FSO link. We can observe that the outage
performance can be improved by increasing the pointing error
parameter &. This is due to the fact that a larger value of £ can
reduce the effect of beam jitter. Hence, the outage performance
of both satellite-to-HAPS FSO link and HAPS-to-GS FSO link
can be improved. It can also be found that our proposed scheme
can achieve better outage performance compared to FSO/FSO
scheme and FSO/RF scheme under different pointing errors. For
example, at SNR = 30 dB, for & = 2.1, &, = 2.7, the outage
probability of our proposed scheme is Py = 1.15 x 1073, and
itincreases to 5.48 x 103 and 1.85 x 10~2 for FSO/RF scheme
and FSO/FSO scheme, respectively, which is due to the fact that
the FSO/RF scheme will severely deteriorate in rainy weather
while FSO/FSO scheme will face performance degradation in
foggy weather. However, our proposed switching strategy can
avoid degradation by selecting different transmission modes.
Moreover, our proposed scheme owns significant advantages
with higher values of &, which is due to that the improvement of
FSO link provides more switching options.

Fig. 4 depicts the outage probability using both IM/DD and
HD technique under different pointing errors. We can observe
that HD technique can achieve a considerable improvement of
outage performance compared to IM/DD technique, especially
in cases of good pointing error. Due to the advantage of better
spectral efficiency and higher sensitivity, HD technique can be
a better choice to overcome the pointing errors and turbulence
effects, at the cost of higher complexity. Interestingly, we can
find that the outage performance under HD technique with good
pointing error tends to a saturation as j; continues increasing.
This can be attributed to the fact that the outage performance is
limited by maximum transmit power of HAPS and the fixed in-
terruption probability caused by AOA fluctuation. Consequently,
the deployment of RIS assisted UAV relay can provide spatial
diversity which can to some extent improve system performance.



LI et al.: RIS ASSISTED UAV FOR WEATHER-DEPENDENT SATELLITE

=
S
&

—a -1 ELS]
o £21, 6,727

*  Simulation

Outgae Probability
3 3

~

o
&
T

L L .

10-6 - 1 L 1 1 1
0 5 10 15 20 25 30 35 40

Average SNR I (dB)

Fig. 4. Outage probability using both IM/DD and HD technique under differ-
ent pointing errors.
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Outage probability under different threshold SNR using IM/DD tech-

However, the AOA fluctuation of the UAV may cause a bottle-
neck in improving the system outage performance.

The outage performance under different threshold SNR using
IM/DD technique is shown in Fig. 5. The turbulence level is
assumed to moderate turbulence and the pointing errors are
set as & = 2.1, & = 2.7. As can be seen, it can be inferred
that the outage performance decreases with an increasing of
threshold . For example, at SNR = 30, for our proposed
scheme,y;;, = 5 dB yields an outage probability of 6.07 x 10~*
while ,;, = 15 dB yields an outage probability of 2.74 x 1072,
Also, it’s evident that our proposed scheme is superior to the
FSO/FSO scheme and FSO/RF scheme under different threshold
SNR, especially in the case vy, = 5 dB. Moreover, the outage
performance of FSO/RF scheme is better than FSO/FSO scheme
which is because that the RF link is relatively not sensitive to
different weather conditions. Furthermore, our proposed scheme
can flexibly select different work modes to adapt to complex
weather conditions, so owns the best outage performance.

In Fig. 6(a), we analyze the asymptotic outage performance
under both HD and IM/DD technique for different values of
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Fig. 6. (a) Asymptotic outage performance analysis under both HD and

IM/DD technique for different values of «, 3, £. (b) Asymptotic average BER
analysis under both HD and IM/DD technique for different values of «, 3, &.

«, B, & We set two different sets of turbulence conditions
and pointing error values to verify the correctness and tight-
ness of our asymptotic analysis. It can clearly see that the
curves have the same slopes for (a, ,¢) = (1.36,1.80,2.1)
and (o, 3, &) = (3.62,1.36,2.7) with IM/DD technique or HD
technique, which means they have the same diversity. The reason
is that the diversity order of our proposed system is determined
by the minimum value of parameters «, 3, £, and this also
verifies the correctness of our asymptotic analysis. In addition,
the asymptotic analysis of average BER in Fig. 6(b) also showed
similar results. Therefore, it can be inferred that the link outage
performance and average BER performance are determined
by the smallest value of turbulence parameters and pointing
errors coefficients, which also provide some guidance when we
consider compensating for the link performance.

Fig. 7 depicts the average bit-error rate with OOK modulation
under different pointing errors using IM/DD technique. We can
observe that the average BER performance gets better with a
higher value of £, which due to the fact that a higher value of ¢
means that optical receiver can receive more optical power, so
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Fig. 7. Average bit-error rate with OOK modulation under different pointing

errors using IM/DD technique.

10° . : : ; .

—a €=l ESLS

+§1:2.1. {2:2.7
10°H  x

Average Bit-Error Rate
3

Simulation 4
10-6 I 1 1 1 1 L I
0 5 10 15 20 25 30 35 40
Average SNR 11, (dB)
Fig. 8. Average bit-error rate using both IM/DD and HD technique under

different pointing errors.

the performance of both satellite-to-HAPS FSO link and HAPS-
to-GS FSO link will be further improved. Furthermore, it can be
observed that our proposed scheme can achieve better average
BER performance than both FSO/FSO scheme and FSO/RF
scheme especially in higher value of ¢ which is due to the fact that
our proposed scheme can select the transmission mode which
is most suitable for the current weather conditions. Similar to
Fig. 4, the average BER tends to a saturation as p; continues
increasing, which can be attributed to maximum transmit power
limitation of HAPS and effect of the AOA fluctuation.

The average bit-error rate using both IM/DD technique and
HD technique under different pointing errors is depicted in
Fig. 8. Clearly, we can observe that the average BER perfor-
mance can be improved with a higher value of £. In addition, HD
technique can achieve a considerable improvement of average
BER compared to IM/DD technique in different pointing error
parameters. For example, when & = 2.1, & = 2.7, in order
to achieve average BER of 107*, the average SNR of IM/DD
technique is 30 dB while the average SNR of HD technique is 15
dB. Moreover, the diversity order of HD technique is higher than
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Fig. 9. Average bit-error rate for different modulation schemes using HD

technique.

IM/DD technique which is also consistent with our asymptotic
analysis in Section IV. We can also observe that the average BER
tends to a saturation as p1 continues increasing, and the reason
is that with a high value of y;, the average BER of our proposed
scheme is mainly determined by the average BER caused by the
first term of formula (38). The maximum transmission power of
HAPS also has a certain impact.

The average bit-error rate for BPSK, 16-PSK, 16-QAM and
64-QAM modulation schemes under HD detection technique
is plotted in Fig. 9. We can observe that the 64-QAM owns
the worst average BER performance as expected, and 16-QAM
outperforms 16-PSK which is consistent with [S0]. BPSK modu-
lation can achieve the best average BER performance compared
to the other modulation techniques. Thus, BPSK modulation
under HD technique is a better choice for achieving stable and
reliable transmission under complex weather conditions. Also,
average BER tends to saturate as ;4; continues increasing and
the gap of average BER between different modulation methods
gradually decrease. Furthermore, from Figs. 7 and 8, we can
infer that HD technology using BPSK, 16-PSK, 16-QAM and
64-QAM modulation scheme performs much better than IM/DD
technology using OOK modulation scheme.

The ergodic capacity using both IM/DD and HD technique un-
der different pointing errors is shown in Fig. 10. The turbulence
level is assumed to moderate turbulence and the average SNR
of HAP-to-GS link is assumed as 20 dB. It can be seen that with
the increasing of pointing error coefficient, the ergodic capacity
performance is improved for different detection techniques. It is
due to the fact that as the pointing error coefficient increases, the
impact of pointing error reduces, and the capacity performance
of both satellite-to-HAPS FSO link and HAPS-to-GS FSO link
improves significantly. The HD technology outperforms IM/DD
technology under different pointing error parameters, for ex-
ample, at SNR = 30 dB, for & = 2.1, & = 2.7, the ergodic
capacity improves by 28.2% using HD technology rather IM/DD
technology. Therefore, HD detection can be a better choice for
improving the capacity performance of satellite-to-GS backbone
links under complex weather conditions. Finally, the analytical
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results match well with the numerical simulation counterparts
which can verify the correctness of our derivation.

Fig. 11 presents the ergodic capacity for different schemes
using IM/DD technique under different pointing errors. It can
be observed that as the pointing error deteriorates, the ergodic
capacity performance of the system decreases which is due to the
that the ergodic capacity of both satellite-to-HAPS FSO link and
HAPS-to-GS FSO link will decrease with a smaller value of &.
And our proposed scheme is superior compared to the FSO/FSO
scheme and FSO/RF scheme under different pointing errors. It
is because that our proposed scheme can select the transmission
modes with better ergodic capacity performance. Interestingly,
with the increasing of 1 and the pointing error coefficient, the
superiority of our proposed scheme becomes more evident. In a
nutshell, our proposed scheme can further leverage the capacity
advantage of FSO links in satellite terrestrial integrated network
and achieve high-speed transmission of satellite terrestrial back-
bone links.
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VI. CONCLUSION

In this paper, we have proposed a new RIS-assisted UAV
relay scheme for hybrid FSO/RF satellite terrestrial integrated
network where the RF link is modeled by shadowed Rician
distribution while the FSO link is assumed to follow the Gamma-
Gamma distribution. The system performance is evaluated in
terms of outage probability, average BER and ergodic capacity
where the FSO link operates under either IM/DD or HD tech-
niques. These performance metrics are obtained in the form of
bivariate Fox’s H function and bivariate Meijer’s G function.
Asymptotic results and diversity order are also obtained to get
more insights. Numerical results reveal the notable effect of at-
mospheric turbulence, pointing errors, and threshold SNR on the
overall system performance. Increasing the turbulence level can
deteriorate the system performance and a higher pointing error
parameter can significantly improve the system performance.
The system performance can also be improved with a smaller
threshold SNR. Furthermore, the HD technique can consider-
ably improve the system outage probability, average BER and
ergodic capacity compared to IM/DD technology. Moreover,
our proposed scheme can outperform the FSO/FSO scheme
and FSO/RF scheme due to the flexible weather dependent link
switching and selection. Finally, the system outage probability
and average BER tend to saturation due to the limitation of max-
imum transmission power of HAPS and the influence of AOA.

APPENDIX A
FSO LINK TURBULENCE PARAMETERS

This appendix gives the calculation method of turbulence
parameters « and 3 of the FSO link. Considering the beam
wander, the turbulence parameter « and (5 can be expressed as

5

2Wo \ 3 /e \ 2
_ _ 2...2 “vvo pe
a= |5.95(Hs — hp)“sec (g)( . ) <W)
0.490]23
+ exp “2 - (A.1)
12\§
(1+0.560,,)
-1
5lo?
8= |exp 0-510%, —1 (A2)

12\3
(1+0.6973,)

Where H is the altitude of the LEO satellite in m, h,, is the
altitude of the HAP in m. < is the zenith angle, W refers to
beam radius at the transmitter and W denotes beam radius at
the receiver expressed as W = Wy/O2 + A3, © and Ag are
the transmitter beam parameters. 7 is the Fried parameter, o,
denotes the beam wander-induced angular pointing error and
0%, is the Rytov variance given by

02, = 2.25k% (H, — hy)Ssec® () [ C2(h)
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The Fried parameter r( can be expressed as Substituting (17), (18) and (19) into (B.3), we can obtain
3
H, 5 R R
ro = l0.42 sec (<) k:2/ C%(h)dh (A.4) ()= =y (7)+[y_0 ;Gb2+173b2+1
hyp -
ba

C?2(h) is the refractive index structure parameter given as [18, £2 Qv |LEs
eq. (52)] b1 t— | B0
cﬂm)—omm%(w)ﬁu)%fowp(}l) Lo [ g (VT g dt (B4)

n : 27 1000 N & 00,5 '

h h
+2.7x10 ¥ exp (— 1500) +C 2( ) exp (- 100> Changing the integrals variable x = ¢ — r, and using defini-
(A5) tion of the Meijer’s G functionin [41, eq. (9.301)], then using the
' integral identity in [41, eq. (3.194/3)], (B.4) can be re-written as
Where C?(0) refers to the ground level turbulence in 1m~2/3
and w denotes the rms windspeed in m/s. cv,. can be expressed by F

E2F? 1
. . .. Y1 (V)ZFf (7) !
Qpe = Ope/L, wWhere o, is the beam wander-induced pointing

b1l (1) T (B1) (2mi)?

error variance b2 1 §2+i )
—s
2 5
A\ [
9 0
=054(Hs—h —_ bg 1 w )
Tpe ( ») sec? ()(2WO> ( o ) LiJLs ] (=2 s
C2W2 /72 3 bat a2 +1 b2t B +i
x |1— —L520 A6 x [|T -s)x]]T —s
[ (T ho 1l e,
. . . . "
And L is the distance between transmitter and receiver express XT(—s)xT (2 +s
as L = (Hs — hy) sec(q). by
L(&+¢)T t)yx T t
APPENDIX B (& +1)T (a1 +1) (B1+1)
CDF OF THE END-TO-END SNR OF MODE 1 I +1+1)T0 <1 + %)
The CDF of end-to-end SNR of mode 1 under AF relay with b s/ g ANt
: : Dy*Q G+1 (™
a fixed gain () can be written as 5| — dsdt (B.5)
i b2"2 11y P \ v
_ TsaVHG
Fy () = Pr 7]{[ +Q < 7] (B.1) Where L, and L are the s-plane and #-plane contours, respec-
¢ tively. By using [47,eq. (1.1)], we can obtain the end-to-end SNR
Which can be further expressed as given in (30).

——— £ (%J; G) vt APPENDIX C

/ VHG + Q)
véu

Yaa CDF OF THE END-TO-END SNR OF MODE 4
ooy This appendix derives closed-form expression for the CDF of
= ~/a:70 /t—O - )fﬁqc () dtdz Fy (7). Similar to (B.1)—(B.3), we start by deriving the CDF of
Y+ / /
x) dxdt
/x . /t VSH sz;c (x) dtdz (B.2) Fy, ( o) 75H 71’;@ (x)
Interchanging the integrals yields, the CDF becomes / / WSH v,’;g () dxdt
¥ 00 t=y Jx=
=[] £y, 01, @ «
t=0 Jo=o " TsH " THG _ - (Cy
L =FE (7)+/0 Fy o ( . )fng (2 +7)dz
o drdt (C.1)
+ ) Fop, @) for () de
. O~ Substituting (17), (18) and (28) into (C.1), using the definition
=F; (v)+ / f ( ) for (t)dt of the Meijer’s G function given in [41, eq. (9.301)], transform-
YsH Yoe \ t — ol YsH

ing the exp (-) function to its correspondent Meijer’s G function
(B.3) [42,eq.(01.03.26.0004.01)], and interchanging the integrals, the
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CDF can be expressed as H?;Bl F(alﬂ + 1) Hbl 1 F(Béij‘i +1)
2 2 ml L(t+1
Fu(y)=1- 1 b ( )
blI‘(al)I‘(ﬁl) 2bm + Q 2 b1,2b t
(& +1) by
m-1 k & s —— | dsdt (C4)
(=D)"A-m) (a1 pi€f)"
<y e
141
k=0 j=0 klj! With the help of [48, eq. (1)], the CDF of can be derived in
a\* Cmy i terms of the bivariate Meijer’s G function as
X <2bm> (V}A{G > (27_”)2 " (,.Y) L €2b(11+51 -2 ( 2%m, >7nl
5. = b
/] )(Onﬂ)SF(f% )T (o — 1) 4 D()L(8)(2m)" " \2bm + &
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1L, Vi L(Ef+1-1) T E ()R - m)
DD D
2 ' k=0 j=0 kijt
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LB —t) x % 0 \F
2 b1 1,0:2,0:0,3b
(&5 + 1)y X (2bm) X G10.0'2:3; by +1
00 i ﬁ—l
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. 2 —r 5 L
where L, and Lo represent the s-plane and ¢-plane con- 7y 1| A(b1, =€), 0 THG (alﬁlf%)b v

tours, respectively. Accord to [41, eq. (3.194/3)] and then (C.5)
[41, eq. (8.384/D)], [°y7~*(y+~)™ 'dy can reduce to

PR i ) . . ) Where Kl = A(bl, §1) (bl, ) A(bl, 1— 61)
()T = j = 8)T(j + 5 — 3-)/T(1 — ), andbyusing  A(by, ) = g et 7’”})“ The PDF can be obtained by
variable replacement, C.2 can be written as taking the derivative of (C.5), given as

£2 2bm  \"" poithr=2 2bm "
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(1)L(B ) m + D(a)D(B)(2m)" 1y \ 2bm + Q
m—1 k
EHA-m), s (D= m)
<3y & i
15 X .
=0 j=0 k J k=0 jgo k!
o\ 1 k
r t Q 1,0:2,0:0,3b
” (2bm> (27”-)2 /L1 /L2 (s+1) X (2bm> ><G10023b1 l1;1+1
s by
I'(j—s)'(1 —3)( ) ol ~ K Cm b (€ + 1) i
2 —r )
fyHG al A(bh_gl)vl TG (Oélﬁlg%)bl'}/
L&+ b1t)T (o + bit)L(B1 + bit) (C.6)
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) by ¢ APPENDIX D
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o ((51 + )2 Ml) dsdt C3) AVERAGE BIT-REEOR RATE
gy Substituting (B.5) into (35) and using [41, eq (3.381/4)], the
Plugging T'(nz) = . (277)177” nl F(z n ) (neN) average BER can be re-written as (D1) shown at the bottom of
in (C.3) yields the next page.
' Where £}, is given by
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- = b 14 2
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k=0 j=0 k J: bivariate Fox’s H function given in (36)
Q * 1 ; APPENDIX E
X | —=— T(s+t)T'(j —s)
2om ) (27i)° Jro, Jis ERGODIC CAPACITY
bl 01 F(ﬁfﬂ‘ +1) The PDF of end-to-end SNR of mode 1 can be obtained by
I'l-s ( ) Lo differentiating (30), and using [41, eq. (8.331/1)] given as (E1)

b 1 24140
o T ( =+ t) shown at the bottom of the next page.
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