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Abstract

Increasing the spectrum and time utilization rate is the goal of the next wireless com-
munication networks. This work studies the outage performance of the reconfigurable
intelligent surface (RIS)-aided integrated satellite duplex unmanned-aerial-vehicle
relay terrestrial networks. Especially, the RIS is installed in the tall building to enhance
the communication. To further increase the time utilization rate, the duplex unmanned
aerial vehicle is utilized to enhance the time utilization efficiency. However, owing

to the practical reasons, the imperfect hardware and co-channel interference are
further researched in this paper. Particularly, the accurate expression for the outage
probability (OP) is gotten to confirm the effects of RIS parameters, channel parameters
and imperfect hardware on the considered network. To gain more insights of the OP
at high signal-to-noise ratios, the asymptotic analysis for the OP is derived. Finally, some
Monte Carlo simulations are provided to verify the rightness of the theoretical analy-
sis. The simulations indicate that the OP is mainly judged by the satellite transmission
link. The results also indicate that although RIS can enhance the system performance,
the system performance is not decided by RIS.

Keywords: Reconfigurable intelligent surface (RIS), Integrated satellite duplex UAV
terrestrial networks, Imperfect hardware, Co-channel interference, Outage probability

1 Introduction

Satellite communication (SatCom) is regarded as a wishing method to achieve the goal
of the next generation wireless communication networks for its own characters, for
instance, wide coverage and high energy utilization efficiency [1-3]. However, owing to
the some practical reasons, the satellite sometimes cannot communicate with the ter-
restrial users directly, which needs the help of the terrestrial/aerial networks [4—9]. On
this foundation, the combination of the SatCom and terrestrial/aerial networks appears,
which forms the integrated satellite terrestrial/aerial networks (IST/ANs) [10-12]. IST/
ANs overcome the shortages of the SatCom and terrestrial/aerial networks. Besides,
IST/ANs utilize the advantages of the both networks, which have been regarded as
the future issue for the next wireless communication networks [13, 14]. IST/ANs have
been considered as the important part in the practical systems, such as Digital Video
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Broadcasting (DVB) networks and the Space-Ground Integrated Information Network
Engineering of China [15, 16].

1.1 Related literatures

The investigation for IST/ANs is regarding as a hot topic these years, it has attract so
many interests [17-20]. In [19], the authors proposed a relay selection algorithm for a
representative uplink IST/AN, moreover, the outage probability (OP) was investigated
along with the asymptotic analysis. In [20], the threshold was introduced into the ter-
restrial selection algorithm for the considered IST/AN with several terrestrial relays and
several users. In addition, the system complexity was further investigated after the OP
analysis. In [21], the max-max terrestrial relay/user scheduling algorithm was proposed
to improve the system performance, i.e., reducing the OP. In [22], the secondary net-
works selection algorithm was utilized to enhance the ergodic capacity (EC) for the IST/
AN in the presence for several terrestrial relays and several users. The authors in [23]
gave a user scheduling algorithm for an uplink IST/AN with two channel state informa-
tion (CSI) scenarios. To enhance the spectrum utilization, cognitive technology is used
for the IST/ANs [24-26]. Through [17], the secure problem was researched for the IST/
ANs with cognitive technology, furthermore, the secrecy OP was studied. The authors
in [24] researched the secure beamforming issue for the cognitive IST/ANs by using
wireless power. In [25], the authors researched the EC for the non-orthogonal multiple
access (NOMA)-assisted IST/ANs by utilizing cognitive technology. In [26], the authors
proposed an optimization issue by jointly utilizing the terrestrial beamforming design
and the satellite scheduling for the IST/ANSs. In [27], the authors investigated the delay
optimization problem for the IST/ANs by utilizing the multi-tier computing method.

As announced before, high energy utilization efficiency is one of the target require-
ments of the next generation networks. To achieve this goal, two-way and duplex relay
technique come to our sights [28—31]. Owing to the fact that in the common networks,
the relay or the UAV will take two time slots for the whole communication in only one
transmission link, namely, the uplink transmission link or the downlink [32, 33]. In [34],
a two-way terrestrial relay was utilized in the IST/ANs to enhance the transmission,
besides, the OP was deeply investigated along with the closed-form expressions. In [35],
several two-way terrestrial relays were utilized to enhance the communication quality
and improve the energy efficiency in the presence of closed-form and asymptotic expres-
sions for the IST/ANSs. In [36], several two-way terrestrial relays were used for the IST/
ANs with non-ideal hardware, particularly, the secrecy OP (SOP) was further investi-
gated, besides, the secrecy diversity order and secrecy coding gain were also gotten. In
[37], the authors proposed the optimization method, whose goal is optimize the full-
duplex IST/ANs with NOMA. In [38], the authors researched the secrecy problem for
the IST/ANs against eavesdropping and jamming.

Another famous technology that can improve the energy utilization efficiency is the
reconfigurable intelligent surface (RIS) technology [39-41]. RIS can save the energy by
utilizing the man-made electromagnetic surfaces which can be controlled through elec-
tronic tools [42]. RIS has been the widely investigated in the terrestrial networks, also
consisted of the UAV networks [43]. In [44], the widely used RIS channel was proposed
in this paper, which provided a computable probability density function (PDF) for the
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terrestrial networks. Besides, the OP was deeply investigated along with the closed-form
expressions. In [45], the authors researched the OP for the RIS-enabled IST/ANs with
the help of a UAV along with the non-ideal hardware. The most importance was that the
famous RIS channel model used came from [44]. In [46], the authors explored the rate-
splitting multiple access scheme RIS-enabled vehicle networks along with the UAV and
interference. Particularly, the average OP was analyzed. In [47], the capacity of the sys-
tem was maximized for the RIS-UAV networks in the presence of trajectory and phase
shift optimization. In [48], RIS was used in the NOMA -assisted networks to enhance the
system performance, particularly, they formulated an optimization issue whose goal is to
enhance the sum rate. In [49], the secrecy performance was investigated in the RIS-aided
communication systems through the help of UAVs. In [50], the SOP was investigated for
the IST/ANs with multiple eavesdroppers, particularly, the accurate expressions for the
SOP were along derived. In [51], the authors investigated the impact of simultaneously
transmitting and reflecting-RIS on the cognitive IST/ANs, furthermore, the authors
obtained closed-form expressions of OP for the secondary users.

As mentioned before, the satellite owns wider coverage when compared with the ter-
restrial nodes, which leads to the fact that several terrestrial relays/UAVs exist in one
satellite transmission beam [52-55]. In addition, to simplify the analysis, relay selection
algorithm is always utilized, through the selection algorithm, two famous algorithms are
used in the literatures, namely, the opportunistic relay selection algorithm and partial
relay selection algorithm [53, 55]. However, the opportunistic selection scheme needs
the whole CSI of the whole links. Thus, the partial selection scheme appears, which
needs only the CSI of one transmission link not the whole link which reduces the com-
plexity and can get the acceptable performance [20]. Above all, in our work, we use the
partial selection algorithm to analyze the system performance.

1.2 Motivations

To its regret, most of the former works focused on the perfect hardware, which is not
practical in real systems. In practical scenarios, the hardware often suffers from several
kinds of imperfect limitations, for example high power amplifier nonlinearity, phase
noise, and the other issues [56—58]. In [59], the authors summarized the whole issues
and gave a popular imperfect hardware (IH) model which is widely utilized in so many
papers. In [60], the authors researched the influence of IH on the SatCom, besides, the
detailed investigations of OP was further investigated. In [61], the effect of IH was ana-
lyzed on the secrecy IST/ANs along with NOMA along with opportunistic terrestrial
relay selection algorithm. In [19], the influence of IH was investigated for the uplink IST/
AN’ along with several terrestrial relays. In [20], the authors utilized the threshold-based
terrestrial scheduling algorithm for the IST/ANs in the presence of IH, particularly, the
impact of IH was investigated for the considered system through the system complexity
analysis. Furthermore, the investigations for the SOP were obtained. The influence of IH
on the two-way terrestrial relay for the IST/ANs has been investigated in [34, 35]. How-
ever, to the authors’ best efforts, the investigations for the RIS-assisted IST/ANs in the
presence of a full-duplex UAV remain unreported, especially by considering the IH. The
above illustrations motivate the major work of this paper.
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1.3 Our contributions

Discussed by the above observations, by both considering the IH, RIS and a duplex UAV
into our consideration, this paper investigates the performance for the regarded ISAN
by utilizing partial UAV selection scheme. Particularly, self-interference and co-channel
interference are also analyzed in this paper. The major work of this paper is given in the

following

+ By both taking the IH and duplex UAV relay into our consideration, this paper forms
an investigated model, namely, the integrated satellite multiple duplex UAV relay ter-
restrial networks (ISMDURTN:S). In this system model, several UAVs are utilized.
In addition, decode-and-forward (DF) scheme is used at UAVs to help the satellite
transmit the transmission signals.

+ Upon the considered network, we get the accurate analysis for the OP. To reduce the
secrecy complexity, partial UAV selection algorithm is applied to balance the com-
plexity and performance. Moreover, the investigations for the OP are gotten, which
can guide the engineering work.

+ The analysis for the OP in high signal-to-noise ratio (SNR) regime is also given.
Relied on these derivations, the coding gain and diversity order are also gotten. The
results show that IH has great impact on the OP. Besides, partial UAV selection algo-
rithm also has a great influence on the OP.

The remaining of our paper is shown as what follow. In Sect. 2, the system model is illus-
trated along with the signal transmission process. In Sect. 3, the OP is detailed inves-
tigated, particularly, the satellite transmission model, the RIS channel model and the
accurate analysis for OP is further researched. In Sect. 4, the asymptotic analysis for the
OP is gotten along with the coding gain and diversity order. Through Sect. 5, some rep-
resentative Monte Carlo (MC) simulation results are given to confirm the theoretical
analysis. Finally, the whole summary of our work is provided in Sect. 6.

2 System model and signal transmission
As introduced in Fig. 1, in our work, we investigate an ISMDURTN, which contains a
satellite (S), P duplex UAVs (R) and a vehicle user (D). Owing to some practical reasons,
the S or UAV cannot transmit the signal to D, directly'. On this foundation, the RIS is
installed in a tall building to assist the transmission. Besides, owing to the wide cover-
age, M interferers are considered to affect the R and D. To balance the system complexity
and performance, partial UAV selection algorithm is utilized to gain better system. All
the transmission nodes own one antenna”. For the whole system, it needs 2 time slots to
complete the transmission.

In the 1st time slot, S sends it signal s(¢) with E[|s(t)|2] = 1to R, as R is the duplex
relay with two antennas, thus the received signal at R is given as

! Owing to obstacles, weather conditions like rain, fog and the other reasons, no direct link is considered in this paper,
which is a widely used assumption [45, 50].

2 It is mentioned that, in this paper, the terrestrial nodes are equipped with only one antenna, while the results are also
suitable to the case that transmission nodes are equipped with multiple antennas and beamforming (BF) is utilized at
each multiple antenna node.
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Transactions Link S
""""""""""""""""""" > Interference Link
SR, hg
R, >RIS: A,

RIS > D :h,,
I, > R, :h,er

Fig. 1 lllustration of the system model

&, (£) = \/Pshsg, [s(t) + 15()] + /Pre,hzr, [szr, (&) + 1zr, (¢)]

M 1)
+ Z VPLh,R, [51,(E) + n1,r, (8)] + 1, (8),

r=1

where Pg depicts the transmission power for S, /isg, depicts the channel issue between S
and the pth R which suffers from the shadowed-Rician (SR) fading, s (¢) is the distortion
noise cased by the IH [62, 63] that satisfies ns(£) ~ CN (0, k2) with ks being the IH level
(62, 63] at S. Pre, depicts the power of the pth R for the self-interference caused by the
duplex mode, hRRp denotes the channel fading for the self-interference which suffers
Rayleigh fading, SRR, (t) is the self-interference signal with E “smp (t)ﬂ =1, nre, (t) is

the distortion noise cased by the IH that satisfies ngg,(f) ~ CN (0, kzzsz) with kgg,

denoting the IH level at the pth self-interference R. Pj, represents the interference power
from the rth I, i, g, represents the channel shadowing between the rth I and pth R with
suffering Rayleigh fading, ny,g,(¢) is the distortion noise cased by the IH that satisfies
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LR, (&) ~ CN (0, kIZr Rp) with k7, z, giving as the IH level at the rth I for the I, — R, link.
ng, (t) represents the additive white Gaussian noise (AWGN) at the pth R with the form
as ng,, (t) ~ CN (0, 512?1,)'

For the 2nd time slot, as announced before, the chosen R re-transmits the received

signal s(¢) to D via the help of the RIS element. At the same time, M interferes affect D by
sending the information signal. Finally, the gotten signal at D is seen as

N
yr,0(t) = /PR, (Z the"”‘hwo> [s(®) + nr, ()]

i=1

M
+ Z V/PLhip [s1,(®) + n1,p(8) | +1p(2),

r=1

where Pp, depicts the transmission power for the pth R of the R — D link, N is the num-
ber of the RIS elements. ¢; depicts the phase shift utilized by the ith reflecting factor of
the RIS, /gy, and hy,p are the channel gains with presentations as gy, = x;e~ %/ VLRV,
hy,p = ke / m, respectively. x; and «; are the Rayleigh random variable with mean
/7 /2and variance (4 — ) /4. Ly, = 10log,, (dgvl,) + Aand Ly,p = 10log;, (d};iD) +A
denote the path loss, where A denotes as a fixed value which relies on the transmission
frequency and transmission environment, dry, and dy,p represent the distance of the
R — RIS and RIS — D links with ¥ being the path loss issue. ng,, (¢) is the distortion noise

cased by the IH that satisfies R, (£) ~ CN (O, kf;,p) with kg, being the IH level at the pth
transmission R. &, p depicts the channel factor between the rth I and D which suffers
from Rayleigh fading, 7, p(¢) represents the distortion noise cased by the IH that satisfies
n1,.p(&) ~ CN (0, k12, D) with k;,p regarding as the IH level at the rth I for the I, — D link.
np(t) depicts the AWGN at the D which is represented as np () ~ CN (O, 8123).

From (1), the obtained signal-to-interference-and-noise-plus-distortion ratio (SINDR)

is shown as

/SR,
VSR, = ’ 3)
2 2 ] 2
iSRka + )"RRP (1 + kRRp) + 4IR, (1 + k[pr) +1
2 2 2
Ps|hsr, Prry | hrRy , M Py, |y g,
where )'SRP = ‘ 3 ‘ , /IRRP = ﬁand /LIRI, = Z %
$ ) )
Rp Rp r=1 Rp

Owing to the partial selection scheme, the derived SINDR for the first transmission
link is given by?

YSR = per{l}iiwp} ()/SRI,). (4)

With the help of [45], by letting ¢; = ¢; + 6;, the maximal output signal for the R — D
link is written as

3 In partial selection scheme, the transmission link with best system performance factor is chosen. In this paper, this sys-
tem performance factor is the signal-to-interference-and-noise plus distortion ratio (SINDR), thus (4) appears.
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N
yp(t) = \/Pr, (Z xm) [s(t) + nr, (1))

i=1

M
+ Z VP, h,p [s1,() + 1,00 +1p (D).

r=1

From (2), the signal-to-noise and distortion ratio (SNDR) for the second transmission
link is derived as

)\,R D
YRD = VR,D = . ) (6)
) 2 2
/LR,,DkRpD + A (1 + kI,D) +1
Pr, (2N :
p Rp( i=1 X""") M Py |h1 ol
where /4 = lin = 17y
RPD LRVI-LVZ'D‘S%) » MDD r=1 8D

As described before, DF forward protocol is utilized at R, thus the total SINDR of the
whole network is written as

Ye = min (Ysg, YRD)- (7)

3 System performance evaluation
During this Section, the detailed investigations for the OP of the considered system will
be given. At the very beginning, the illustration of the channel model is given.

3.1 The channel model

3.1.1 The interference link model

In the system model, we have illustrated that there are M interferes interfering the R and
D. As the popular assumption, the channel model for /“L[RP and /jp are considered to suf-
fer from the Rayleigh fading, relied on [20], then the PDF for 10, Q € {IRp, ID} is given

by
r(4o) q(4a) 4/(40)7 = .
fio@ =" Z = 1)'Q(q ®Lexp (‘x/iQ@)’ (8)
q=1 j=1

where Ag = diag (IQI, . ,IQq, . 7EQM ), ,o(AQ) represents the number of distinct fac-

(r(40))
the multiplicity of IQ< o and wgi (Aq) denotes the (g, /)th characteristic factor of A [20].

tors of Ag, AQuy > AQp >+ > 4Q depicts the ascending order of IQW 7,(Ag) is

By utilizing [34], the channel mode for the self-interference link of the duplex R is
given by

Fing, ) = =—e "™, )

ARR,

where Z denotes the channel gain.
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3.1.2 The R— D link model
By utilizing [45], the PDF for /g,p can be written as

_ 2 o
—(x—sA 2827 -2
Fingp®) =€ (’C § RpD) / ( R,,D) /,/2;152)%17,3, (10)

where s = N7 /4 and 8% = N(l — n2/16).
Then, by utilizing some calculating steps, the cumulative distribution function (CDF)
for )“Rp p has the expression as

1
Fig,p¥) = ——=—=
p )52
\/ 27m8%2p b

where

2
®(A,B,C,x) = ”;/A exp (B —AC )erf(«/_x+ﬂ) 12)

Besides, erf (x) depicts the error function

[CD(A) B; C; x) - CD(Ar B; C; O)]:

1 —S
where A= ——, B=-—5="—and C =
= 2 952°
ZARPD 26 )vaD 25

which has been defined in [64]. By [64], erf (x) has the following expression as

x2 o0 2 2k+1
erf (x) = kz e (13)

where (-)!! represents the double factorial function [64].

3.1.3 The satellite transmission model

In our work, the geosynchronous Earth orbit (GEO) satellite* is taken for an example.
In addition, the satellite is considered to own several transmission beams. time division
multiple access (TDMA) [65] is used for the GEO. kg, can be written as

hsr, = Csr,fsr, (14)

where fSRp depicts the SR issue. CSR,, is the influence of the antenna pattern and the free
space loss (FSL), which has the form as

Cop = SV OSRGR_ s
\p ’
8m2f\/d? + d?

where ¢ is regarding as the communication speed, f represents the communica-
tion frequency. d is the distance between the satellite’s center and the UAV. Besides,
dy ~ 35,786 km, Gng represents the gain of the UAV antenna. G depicts the on-board
beam gain of the satellite.

From the similar method of [60], Gr has the following expression as

4 Although GEO is taken an example for an example, however the derived results are still fit for the scenario with MEO
and LEO satellite.
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émax: for OO <?¥ < 10
GRr(dB) = { 32 — 25 log ¥, for 1" <9 <48 (16)
—10, for 48" < ¥ < 180°,

where Gnax denotes the maximal value of the beam gain. ¥ depicts the angle of the off-
boresight. By investigating Gsg,, 0k is assumed as the angle of the transmission. Oy is
expressed as the 3 dB angle. By considering all of these factors, Gsg, can be re-written as
[18, 60]

Ki(u Ks(u
GSRp :Gmax< 1( k) + 36 3( k)>: (17)

3
2uy uy

where Gy depicts the largest value of the beam gain. Besides,
ur = 2.07123 sin 0y / sin O, K3 and K represents the 1st-kind bessel function of order 3
and order 1, respectively. In order to get the best beam gain, 6 is set as 0 value, which
can results into the fact that GSR,, ~ Gmax. Based on these considerations,
hsg, = Cg}?‘;"fs]g , can be gotten.

By considering the fsz,, a widely utilized fading model is provided in [66], which has been
the popular assumption for the land mobile satellite (LMS) communication [18]. In [60],
ngP has the expression as ngp :fSRp + stp, where ﬁ;Rp has the consideration as i.i.d Ray-

leigh fading distribution. In addition, fSRp represents the factor of line-of-sight (LoS) com-
ponent which has the fading as i.i.d Nakagami-m shadowing.

Moreover, the PDF of /g, = ISR,, mixngp is derived as

-1 k
" asg, (11— msg,), (—8sw,) txh
Fisn, @ =Y o : (18)
k=0 (k1) ASR,, exp (Angx)
where ZSRP denotes the average SNR between the satellite and UAV. Asg, = &R’iﬂ,
SRp

Qsry,
)
(ZbSR,, msR, +S2R, ) 2bsg,,

where mgg, > 0, 2bng and QSR,, are t the channel factors with the definition as the fading

msg
2bsr, msR, ) »

SR, = (m /2bSRp, 5SRp = Bsr, = 1/2bSRp,

severity parameter, the multipath’s component’s power and the LoS element’s average
power. From the popular consideration, mgg, is regarded as an integer in this paper [22].
When MgR, —> 00, the shadowed-Rician channel will be reduced to the Rician fading. At
last, (-)¢, represents the Pochhammer symbol [64].

By utilizing (18) and the help of [21], the CDF of /sg, has been shown as

Mt as, (- msy,), (bsw,)"

Figg, () =1 Z Z —ki+1 /q t+1 ‘ (19)

k=0 t=0 ki't!4gp ~Ag exp (Asr,x)

3.2 The OP
By utilizing [60], the OP is defined as

Pout(v0) = Pr (ve < v0)- (20)
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With the help of (7), (20) can be re-given as

Poyut (yo) = Pr[min (ysg, YrD) < 0]

21
= Pr (ysr < v0) +Pr(yrp < y0) — Pr (¥sr < y0) Pr (Yrp < 0). 21)

The accurate expression for OP will be given in Theorem 1.
Theorem 1 The closed-form expression for OP of the considered system is given by
- P
Pour(y0) = 1~ X_j (-1 ( l)

MR, —

XZZ

ask, (1= ms,), (~bsg, )¢5

k+1 ki—t+17
ke A,

LSS () (SACT B iy (A
% Z ZZ s/\ v ) _ J\Ry
i=1  j=1 s=0v=0 (f_l)!ﬂllk,,<i>
!
sl(v4j—1)!
- s+1 -1 v+j

SR, = 1 ki

P asr, (1 — msg, 55R,,k
DS Lo B> T

ki+1 5 k t+1« A C
h=0 =0 klvm“ Al ARR, € (22)
P(AIRP> T (AIRp>

i=1  j=1 s=0v=0 (- 1)!21}13},

st(v+j—1)!
- s+1 -1 v+j
(ASR[,AI + I/ARRP) (ASRI,B + }LIRp(i)>

752 .
i (S/ 20%g,p ) PAD) T A) Hq, (AID))~Ill)<q>
x +

2 ; (j—1)/m

q=1 j=1

oo 2n+1 np2n+l—rpr(;
2n+1\\ (=1)"F E'(j—1+r)!
22 (7)) o

=0 r—0 ;/1!(2;1—}—1)11D<q>

2 2
(i) () o g (HEa)n
1=Ky’ 1-ky 1- k§yo (1 K2 Dyo)

_ _ 272
F_[l e s]/ 2827 .

— )
where A = 28%/g,p and

Proof The detailed step can be seen in “Appendix 1”. O

Page 10 of 20
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4 The asymptotic OP
To derive further investigations of the major issues on the OP, the approximate
analysis for the OP can be obtained in the following analysis. When ysg, — 00 and
YR,D —> 00, (19) and (11) has the expression as

asR,

Fisg, (6) = 5L+ 0(0), (23)

2

Eyp )= 22
Arpp ) = —
Q/QJT(SZ&RPD

where o(x) represents the higher order of x.

+o(x), (24)

The asymptotic analysis for OP is given in Theorem 2.

Theorem 2 The asymptotic expression for OP of the considered network is obtained as

2
— 2572 p(Amp) Tq(AD)

Kaqyj (AID)z;é@L

Po(vo) = ———— | ,
\/27182)3{191) =1 j=1 V-1

P
p (Alkp> T (AIRp) (25)
QSR = .3
+ =2 | CH+Avre,+B > > wij(Ar, )iz,
ASR, — — @
i=1 j=1
Proof The detailed proof will be given in “Appendix 2”. O

5 Numerical results
Some representative MC figures are shown to investigate the correctness of the theoreti-
cal results. Channel and system parameters are provided in Table 1 [2] and Table 2 [18],
respectively. Besides, Lry; = Ly,p = L = 20 is assumed. In addition, j-SR,, = ;IRPD =7y,
ks = ki,r, = kr,p = ki,p = k, 83 , = 83 = 8% =1, Jyr, = 4,0 = V1> and g, = Vrr. By
utilizing the infinite series function, when N = 2, 10 terms are acceptable; when N = 10,
30 terms are needed to gain the suitable performance.

Figure 2 examines the OP versus y for some shadow fading and IH level with y; =
5dB, yo =1dB, ypr =10 dB, M = 3, P = 3 and N = 5. Firstly, we can find that the
simulation results are nearly the same with the theoretical results which verify the

Table 1 Channel parameters

Shadowing msg, bsg, Qsp,
Frequent heavy shadowing (FHS) 1 0.063 0.0007
Average shadowing (AS) 5 0.251 0.279

Infrequent light shadowing (ILS) 10 0.158 1.29
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Table 2 System parameters

Parameters Value
Satellite orbit GEO
Frequency band f=2GHz
3 dBangle 6, =08°
Maximal Beam Gain Gmax = 48 dB
The Antenna Gain Gpr =4dB
10°e3
107"
107
&
~ 10
o5
10"
O ILS MC Simulations
& 0O AS MC Simulations
10 /A FHS MC Simulations
Analytical Results
10° — — — Asymptotic Results ‘ ‘
0 5 10 15 20 25 30 35 40
7 (dB)
Fig. 2 OP versus y for different shadow fading and IH level with 3, =5 dB, yp = 1dB, 7z = 10dB,M = 3,
P=3andN =5
10°
107"
1072
£
f i
107
3
/A P=3 MC Simulations
107 0O  P=2 MC Simulations N
O P=1 MC Simulations
Analytical Results \
10 — — — Asymptotic Results ‘ ‘ N
15 20 25

5 ap) 30 35 40

Fig. 3 OP versus y for different P and IH level with =5 dB, ¥y = 1dB, gz = 10dB,M = 3and N = 5in FHS
scenario
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10’ —EE5E 5 RER
E \}\\\\ A
r NN
r AN
10_15
<10
S
107 O k=0 MC Simulations
A k=0.3 MC Simulations 3
O k=0.6 MC Simulations o}
Analytical Results Y
1074 — — — Asymptotic Results ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35 40
7 (dB)
Fig. 4 OP versus y for different N and IH level with =5 dB, yp = 1dB, s = 10dB,M = 3and P = 1in FHS
scenario
10°
10” E
107 E
2 i
S 10° 5=0dB,3dB,6dB )
: :
2 k=0 MC Simulations a
10 B k=0.3 MC Simulations 4
O k=0.6 MC Simulations T
Analytical Results
— — — Asymptotic Results ‘ ‘ ‘
10 15 20 25 30 35 40
7 (dB)
Fig. 5 OP versus y for different y and IH level with yp = 1dB, ygr = 10dB,M = 3,N = 5,and P = 3in FHS
scenario

rightness of our analysis. Moreover, at high SNRs, the asymptotic results are the tight
across the simulation results, which also proves the rightness of our analytical inves-
tigations. In addition, it can be found that when the channel is under light fading, the
OP will be smaller. At last, if the system suffers light IH, the OP will be smaller, too.

Figure 3 illustrates the OP versus y for some P and IH level with y; =5 dB, yp =1
dB, yrr = 10 dB, M = 3 and N =5 in FHS scenario. From Fig. 3, the same insights
with the theoretical results, P has a serious impact on the OP, and the diversity order
is the function of P. When P is smaller, the OP will be higher.

Figure 4 examines the OP versus y for some N and IH level with y =5 dB, yp =1
dB, yrr = 10 dB, M = 3 and P =1 in FHS scenario. From Fig. 4, it can be seen that
the N has an influence on the OP. When N is smaller, the OP will be higher. However,
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10
10™
10
& 10
§ Frr=5dB,10dB,15dB
107"
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& 0 k=0.3 MC Simulations
10 O k=0.6 MC Simulations
— Analytical Results
107 — — — Asymptotic Results ‘ ‘ ‘
10 15 20 5 ) 30 35 40

Fig. 6 OP versus y for different yzz and IH level with yp = 1dB, 7 = 3dB,M = 3,N = 2,and P = 3in FHS
scenario

10
10"
107
ig/
o 7y=1dB,2dB,4dB
10 |
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104 ©  k=0.3 MC Simulations g
O k=0.6 MC Simulations 3
Analytical Results
10° — — — Asymptotic Results ‘ ‘ ‘
5 10 15 207 (dB) 25 30 35 40

Fig. 7 OP versus y for different yp and IH level with ygg = 5dB, 7 = 5dB,M = 3,N = 2,and P = 3in AS

scenario

it is a conclusion that gap between the curves with different N is small for the reason
that the satellite transmission link is the major decision of the OP performance. which
leads to results of these curves. From Fig. 4, we can see that these curves are relatively
closely spaced, which indicate that the RIS transmission link is not the decision link.
Figure 5 introduces the OP versus 7 for some 77 and IH level with Y9 = 1dB, yzg = 10
dB, M =3, N =5, and P = 3 in FHS scenario. From Fig. 5, we could know that when
interference’s power become smaller, the OP will be lower. Besides, we can observe that
these curves with different y; are parallel for the reason that the diversity order is the

same.

Page 14 of 20
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Fig. 8 OP versus yq for different P and IH level with y = 20dB, yps = 5dB, 3 = 5dB,M = 3and N = 2in FHS

scenario

Figure 6 shows the OP versus y for some ygg and IH level with yp = 1dB, y; = 3 dB,
M =3, N =2, and P =3 in FHS scenario. Moreover, we can find that when gz is
becoming larger, the OP will be larger. In addition, we see that in high SNR regime, these
curves has the trend that they have the same OP, which is the inherent character of the
NI system.

Figure 7 plots the OP versus y for some yy and IH level with ygr = 5 dB, y; = 5 dB,
M =3, N=2,and P =3 in AS scenario. From Fig. 7, it has the scenario that with
yo becoming larger, the OP will be larger, too. This is because that the outage thresh-
old is getting larger, which indicates that the system needs larger power to keep the
transmission.

Figure 8 illustrates the OP versus y, for some P and IH level with y =20 dB, yrr =5
dB, y; =5dB, M = 3and N = 2 in FHS scenario. Form Fig. 8, it can be found that when
o is larger than a fixed value, the OP will be always 1, and this fixed values has not influ-
ence with the P. When the NI level is lager, this fixed value is smaller. This is the inherent
character of the IH system.

6 Conclusion

Through this work, we researched the OP for the RIS-aided ISDURTNSs. To gain the bal-
ance between the performance and complexity, partial UAV selection scheme was uti-
lized in the considered network. Particularly, the accurate expression for the OP was
gotten, which has given an efficient way to verify the impacts of major parameters on
the OP. In addition, the asymptotic analysis for the OP was further studied in high SNR
regime. From the simulation results, it could be derived that the light channel fading, the
larger N, the weaker IH level and the less interference power would lead to a lower OP,

which guide the future engineering design.
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Appendix 1

Proof of Theorem 1
From (21), we can get the first thing is to get the CDF of Pr (ysg < y0) and CDF of
Pr (yrp < y0). In the following, Pr (ysg < yp) will be given at first.

By utilizing (4), Pr (ysg < yo) will written as

Pr (ysg < y0) = Pr Jmax, (vsz,) < vo| = [Pr (vsz, < 0)]"- (26)

,,,,,

In (26), we should derive the expression for Pr (ngp < yo), then, with the help of (3),
Pr (ngp < yo) is obtained as

ASR
Pr (ysg, < v0) = Pr v . v =
) 2 \RRy LRy
/LSRpkg + 5 N1 5 )L +1
<1+kRRp) (1+k’r"’p) (27)
Pr [Asr, < A1/rR, + Bz, + C < y0],70 < é
) Ly > é

By using [60], when yp < k—lz, (27) has the following expression as
S
Pr (ysr, < ¥0) = Pr [Asg, < A1igr, + Bz, + C < 0]

e 28
= /0 /0 Flgkp (Aly + Bz + C)f/lRRp (y)fmkp (Z)dydz ( )

Then with the help of (19), (8) and (8), (28) can be re-written as (29), which is shown as

Pr (ysr, < W)
Mmsry—1 [y aSRp mSRP)k (—55Rp)k] (Ay + Bz + C)t

S PP

k=0 =0 kKi't! kuHAkl T lexp [Asz, (Ay+ Bz +C)]

p(AIRp> 7 (AIRp) i) (AIRP>11_1§ 71

X _L Z Z - il dydz.

AR, i1 j=1 exp </1R3; + z/iIRpm) (j—1)!
p

msrp =1 (AIR") Tl(AIRp) Mt] A[Rp O‘SRp(l WISR,,) ( SSRp)kl

Z Z Z Z (]_1)% 117 /<1+1Ak1 1f+1/;~
IRp ;) RRp

=0 t=0 i=1

j—1
/ / (Ay+Bz+C)'z dyde.

exp |:ASRP (A1y+Bz + C) + ﬁ +Z//7L[Rp(i>:|

J1

After some simple steps, /1 can be re-derived as (30), which can be seen as

Page 16 of 20
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t t—s
t t—
]1 _ Z Z <S> < ) S)AiBVCt_S_Ve_ASRpC

s=0 v
o —(Agg,A L) S —(A B+-—1 ) (30)
X / ye ( BT T, ydy / 2l W g ) gy
0 0
J2 J3
By using [64, Eq. 3.351.1], /> and /3 can be re-written as
—s—1
1
Jo=s!| Asp, A1+ =—
ARR,,
A (31)
Js=(v+j—1)!| Asg,B+ = )
ARy,
Then, by using (1—-x)N=1-3N, (IY )(—=1)"1x%, the final expression for

Pr (ngp < yo) will be derived.
At first, the accurate expression for Fpr b (10) is obtained. By recalling (6), FVRP »(v0) has
the following expression as

4p (1442 ) vo+vo
Pr )”RpD < % » Yo = l/kae D
FVRPD ()/0) = RpDY0 ? (32)

2
1,y > l/kRPD.
Whenyy <1/ kI%p 1 with the help of (32) and after some steps, (32) is obtained as
o
Fyp,p(¥0) = /0 FiRpD @xK + G)f,, (v)dx, (33)

where K = (1 + /(IZ,D) vo/ (1 — kﬁpro) and G = yo/(l — k]%,,DVO)'
Then by substituting (8) and (11) into (33), (33) is re-given by

1 [ s
Fyr,p(¥0) = 3 erf (Ex + F) + erf ——
0 \/28%% p
(Ap) bl ’ (34)
p(Ap) Tq(AID . = _
Xq,j (AID)AID(q) . %/
j—1_—%/4D
X Z Z (j—l)! e (@) dx.
g=1 j=1
Next, by some calculation steps, the accurate expression for F,, (yo) is obtained as
972 _
E oo erf <S/ 26 AR,,D) +p(A1D) 74(Ap) Mq,j(AID)/ljé@
n o) = Ny =
2 pr (} — 1)!ﬁ (35)

0 2041 (214 1\ (=D)"FHITE (j— 14 7))
3 Y ( ) 1)

r=0 r nl(2n + 1)2;5;

The proof is completed.
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Appendix 2

Proof of Theorem 2
Firstly, it should be known that when y — 00, Py, (o) has the following approximation
as

Pout(v0) & Pr (ysr < o) + Pr (v&,0 < y0). (36)

Then, by replacing (19) and (11) with (23) and (24), with the similar method of Theo-
rem 1, the asymptotic expression for OP will be gotten.
The proof is over.
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