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ABSTRACT With an objective of ubiquitous connectivity around the world with enhanced spectral efficiency,
intelligent reflecting surfaces (IRS) integrated satellite-terrestrial communications is a topic of research interest
specially in infrastructure-deficient terrains. In line with this vision, this paper entails the performance analysis of
satellite-terrestrial networks leveraging both aerial and terrestrial IRS nodes, with the support of high altitude platforms
(HAPS) over diverse fading channels including shadowed Rician, Rician, and Nakagami-m fading channels. The
merits of IRS in enhancing spectral efficiency is analyzed through closed-form expressions of outage probability and
ergodic rate. Further, the average symbol error rate analysis for the higher-order quadrature amplitude modulation
(QAM) schemes such as hexagonal QAM, rectangular QAM, cross QAM, and square QAM is performed. Practical
constraints like antenna gains, path loss, and link fading are considered to characterize the satellite terrestrial links.
Finally, a comparison between the HAPs based IRS node and terrestrial IRS nodes is performed and various insights
are drawn under various fading scenarios and path loss conditions. Our results demonstrate that aerial IRS nodes
offer superior performance in terms of outage probability, ergodic rate, and symbol error rate for higher-order QAM
schemes. Additionally, the study reveals that the ergodic rate in aerial IRS systems scales with the number of IRS
elements, while terrestrial IRS systems rely on the diversity of the satellite-HAP link.

INDEX TERMS IRS, HAP, Nakagami-m, Rician, shadowed Rician, ergodic rate, HQAM, RQAM, XQAM.

I. INTRODUCTION
RIVEN by the desire for unprecedented seamless con-
nectivity and ultra-low latency, the research community
is rapidly advancing towards 6G communications. However,
the current terrestrial networks poses fundamental chal-
lenges in achieving the ambitious 6G KPIs [1]. Existing
TN infrastructure is vulnerable to natural disasters and

network densification inevitably causing serious economic
and environmental concerns as well as energy crunch [2].
To circumvent these limitations, in the blueprint of beyond
5G and 6G future telecommunications, the non-terrestrial
networks (NTNs) play an important role in achieving the
ambitious KPIs which were not fulfilled by the TN alone [3].
With the recent technological advancement and evolution,
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TABLE 1. Comparison of the presented work with other similar works.

[9] [23] [21] [22] [24] This work

System Model Satellite Terrestrial Sat.-Ter. Sat.-Ter. UAV-Ter. Sat.-Ter.

Communications | Communications | Communications Communications Communications | Communications
Channel model Terahertz links Rician Shadowed Rician Shadowed Rician Rayleigh Shadowed Rician

Rayleigh Rician Rician
Nakagami-m

Terrestrial IRS
node X v v v X v
Aerial IRS node X X X X v v
Comparative study X X X X X v
Outage analysis X v v X X v
Ergodic rate analy- .
s v v v Weighted sum rate X v
ASER Analysis BPSK X QPSK X SQAM v
{S. R, H, X}QAM

3GPP has embrassed this potential vision and detailed it in
technical reports [4].

In general, the NTNs are satellites, HAPs, and UAVs
which are distinguished based on the height, frequency,
coverage area, and propagation of flight operation [5]. HAPs
act as data center between the UAVs and the satellites. Aerial
networks are capable of ensuring unmatched connectivity and
services even in the remote inaccessible terrains. However,
in practice, aerial networks performance is hampered due to
shadowing, path losses, antenna misalignment, power con-
straints, and hardware limitations [6]. With the technological
advances, an innovative solution in the form of IRS has
emerged which plays a crucial role in realizing the system
level KPIs for TN and NTNs for 6G communications.

IRS generates an intelligent smart radio propagation
environment to control the planar wavefront of the inci-
dent signal to increase the signal strength [7]. IRS is a
group of planar software defined advanced microelectrical
mechanical systems and metamaterials which are engineered
electronically to reconfigure the wave steering to realize a
desired transformation in time-varying wireless propagation
environments [8]. Hence, IRS is appealing technology to
integrate with the satellite-terrestrial communications to meet
the 6G KPIs.

Research community in the academia and industry presented
their studies on prospects of potential improvements in
the wireless systems with the integration of IRS. Authors
in [9] investigated the performance of IRS based satellite
communications and analyzed the error rates. Xu et al. [10],
addressed the secured cooperative communications with IRS
for satellite-terrestrial links. The authors in [11] performed
secrecy maximization for high mobility drone communi-
cation with IRS. To address the challenge of design and
optimization of beamforming for the IRS within a NTN, the
authors presented their study in [12], [13], [14]. To address
the prospects of coverage area improvements, the authors
of [15], [16] proposed satellite-IRS-user links deployments.
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The potential use cases and challenges associated with IRS
integration with aerial platforms are presented in [5], [17].
In [18], authors studied IRS assisted non-terrestrial and
inter-planetary communications, along with the performance
of IRS assisted NTNs. A comparative study is presented
with IRS and cooperative relays systems in [19], [20] to
explore the potentiality of IRS over relays. Dolas and
Bhatnagar [21] studied satellite-terrestrial system in terms of
outage probability and error rate analysis by modeling satellite
to relay link with Shadowed-Rician distributed and cascaded
relay-IRS-destination link is Rayleigh distributed. In [22],
authorsinvestigated an IRS-aided integrated terrestrial-satellite
network system by deploying IRS to assist both the terrestrial
and satellite systems. Majority of work in the literature consider
IRS in the terrestrial link of NTNs considered. However,
analysis of IRS in NTNs as a aerial node versus a terrestrial
node is missing. It is expected that in the future IRS to be
mounted as aerial nodes. Thus we attempt to address the
issue by considering IRS as a aerial node and a terrestrial
node for a integrated satellite HAP ground communication.
A comparative study with the similar works is presented in
TABLE 1. In TABLE 1, Sat. indicates satellite and Ter. to
Terrestrial.

On the other hand, the signal characteristics especially
modulation schemes play a vital role for a reliable power-
efficient high-speed communications. In this prospective, the
bandwidth and power efficient higher-order QAM schemes
have gained significant attraction. Depending on the con-
stellations, family of QAMs includes SQAM, RQAM, cross
QAM (XQAM), and HQAM [25]. In the past, majority
of the works on the ASER of higher-order QAM schemes
are performed in RF communications, OWC (especially
ultra-violet communications and free space optics), and
in mixed RF/OWC systems [26], [27], [28], [29], [30].
Thus it is of high interest to perform ASER analysis
of higher order QAM schemes for the system employing
IRS.
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TABLE 2. List of acronyms and their descriptions.

2D 2 dimensional

6G Sixth-generation

3GPP Third Generation Partnership Project
AWGN Additive white Gaussian noise

AF Amplify-and-forward

AG Air-to-ground

ASER Average symbol-error-rate

AWGN Additive white Gaussian noise

BS Base station

BER Bit-error-rate

BPSK Binary phase shift keying

CDF Cumulative distribution function

CSI channel state information

DF Decode-and-forward

eZe End-to-end

FSO Free space optics

HQAM Hexagonal QAM

HAPs High-altitude platforms

1id. Independent and identically distributed
IRS Intelligent Reflecting Surfaces

ITU International Telecommunication Union
KPIs key Performance Indicators

LAPs Low-altitude platforms

LBFGS Limited-memory Broyden-Fletcher-Goldfarb-Shanno

LoS Line-of-sight

MIMO Multiple-input and multiple-output
MMSE Minimum mean square error
MOP Minimum outage probability
NTNs Non-Terrestrial Networks

OwWC Optical wireless communication
PDF Probability density function
QAM Quadrature amplitude modulation
QoS Quality-of-service

QPSK Quadrature phase shift keying
RF Radio frequency

RQAM Rectangular QAM

SQAM Square QAM

SER Symbol-error-rate

SEP Symbol-error-probability

SIR Signal-to-interference-ratio
SNR Signal-to-noise ratio

TN Terrestrial Network

UAVs Unmanned aerial vehicles

UvC Ultraviolet communication

UEs User Equipments

XQAM Cross QAM

A. MOTIVATION

By incorporating an Intelligent Reflecting Surface (IRS) into
wireless networks, a highly probabilistic radio environment
with programmable and partially deterministic space is
established. In existing literature, most works predomi-
nantly examines IRS by taking similar channel models into
consideration for the transmission from the transmitter to
the receiver via an IRS. However, such models often fall
short in fully capturing the complexity of the propagation
environment. This article seeks to address this limitation
by exploring a wider range of channel models to capture
the complexities of real-world propagation environments.
Another objective of this article is to underscore the
versatility of IRS, demonstrating its potential to function
effectively either as a terrestrial or aerial node within network
infrastructures. In this context, the present work focuses on
two distinct system models with LOS (Aerial IRS Nodes)
and Non-LoS (Terrestrial IRS Nodes)

B. CONTRIBUTION
Considering the above system models, the main contributions
of this work are as follows:
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o Analytical framework: We derive closed-form expres-
sions for the end-to-end (e2e) signal-to-noise ratio
(SNR) cumulative distribution function (CDF) and out-
age probability for both system models. This includes
illustrating the impact of antenna beam, path loss, and
satellite beam gains on system performance.

o ASER analysis: We investigate the ASER performance
of different QAM schemes (HQAM, RQAM, XQAM)
in both scenarios, providing valuable insights into
system behavior in attaining the rates of transmission.

o Capacity analysis: We derive closed-form expressions
for the ergodic rate of both systems, enabling the deter-
mination of their maximum achievable transmission
rates. Furthermore, we demonstrate the improvement in
the capacity with an increase in IRS elements under
challenging channel conditions.

o Impact of system parameters We comprehensively ana-
lyze the influence of various parameters on system
performance, including path losses (antenna beam, rain
attenuation, free-space path loss), satellite beam angle,
and the number of IRS elements. We also consider
diverse fading channel conditions in this analysis.

Notations: Column vectors are denoted by bold lower-
case letters; Squared Frobenius norm is denoted by [|-[|>.
Nakagami-m distribution with fading severity m and variance
o is denoted by Nak(m, o.2). Complex Gaussian distribution
with mean 0, variance o2 is denoted by CN(0, 02).
Confluent Hypergeometric function (HF) of first kind and
Gauss HF are represented by 1F(a, b, ¢) and 2F(a, b, ¢, d),
respectively. Probability density function (PDF) and cumu-
lative distribution function (CDF) are given by f(-) and F(-),
respectively. Generalized Marcum Q-function is given by
Om(-, -). Statistical expectation operator and variance are
denoted by E{(-)} and Var{(-)}, respectively. Modified Bessel
function of first kind with order 9 is denoted as Iy(-).
Bessel function of first kind with order o is denoted as J,(-).
Exponential integral function is denoted as Ei(-). Gamma
function is represented by I'(-). Upper incomplete gamma
function with parameters {a,b} is represented as I'(a, D).

mon (@1, 02, -5 ap
Gp’q bi,by, ..., by
with 0 <m < g and 0 < n < p, where m, n, p, and g are
integers.

Finally, z) is the Meijer-G function

Il. SYSTEM MODELING
In this Section, the system models considered are presented
and discussed.

o System Model 1 (LoS): This model involves three
nodes: a satellite (S) as the information source, an IRS
mounted on a High-Altitude Platform (HAP) with N-
elements (Hj), and an end user (U) as the destination
node. The channel link S — Hj exhibits dominant
LoS propagation, modeled by Rician fading. The link
H; — U is modeled using SR fading to capture the
impact of NTN-TN links. This is referred to as SM-1
in the paper.

3777



SHAIK et al.: ON PERFORMANCE OF INTEGRATED SATELLITE HAPS GROUND COMMUNICATION

o System Model 2 (Non-LoS (NLoS)): The possibility
existence of proper LoS propagation from satellite to
IRS directly may not be feasible due to the large
distance, non-static stratospheric winds, or stratospheric
attenuation [31], [32], [33], [34], [35]. Hence, we have
considered HAP as a relay between the satellite to
TNs. This model involves four nodes: a satellite (S)
as the information source, a HAP acting as a decode-
and-forward (DF) relay (HR), a terrestrial IRS with
N-elements (In), and an end user (U) as the destination
node. The S — Hpg link assumes an LoS path modeled
by Rician fading (hs). The link HI — Iy is modeled
with SR fading (%;), while the terrestrial link Iy — U
is modeled using generalized Nakagami-m flat fading
channels. This configuration is designed to handle NLoS
scenarios effectively by employing a terrestrial relay
node with IRS deployment to forward data from the
HAP to terrestrial users. This is referred to as SM-2 in
the paper.

For both system models, it is assumed that a communication-
oriented software ensures precise control of phase-shifts for
incident signals on the IRS, enabling coherent/constructive
signal combining at the end user (U) to maximize the
e2e signal-to-noise ratio (SNR). This coherent combining
technique enhances the overall system performance.

lll. STATISTICAL CHARACTERIZATION OF CHANNEL
A. CHANNEL MODELING
This section focuses on the statistical properties and the
channel models of both the satellite and the terrestrial links,
present in the considered system models. For the design
and performance analysis of the real-time operation based
satellite-terrestrial mobile communications, shadowed Rician
(SR) model is employed to model both narrowband and
wideband communications [36].

The statistical characterization of the channels is as
follows:

1) RICIAN FADING CHANNEL

The channel gain y is noncentral- x?2 distributed and the
probability density function (PDF) of the Rician fading
channel is given as [37],

K+ e X —(K+1>
fopy = KX D S5

Vi

x10<2 M) y=0 (1)
Yi

where K is the Rician K-factor, y; = %, 2; is the average
N

fading power of the i link, and a,% is the power of the
AWGN component. The CDF is given as [38],

2(K +1
Fy,<y)—1—Q1(\/(2K K+ )V), y=0 @
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where Sg = ug and local-mean scattered power is given as

2 _
Op =

is given as E[xX] = (201%)51"(1 +

2
25_112' The k” moment of the Rician fading channels
DIF1(=5, 1, =K).

2) SHADOWED RICIAN FADING CHANNEL

The components of SR fading channels are considered
to be independent and identically distributed as g; =
Zexp(j¢) + Aexp(jyr) [36], where independent stationary
random processes Z and A are the amplitudes of the LoS
and the scatter components, which follow Nakagami-m and
Rayleigh distributions, respectively. In addition, ¢ is the
deterministic phase of the LoS component, while i is the
stationary random phase process with uniform distribution
over [0,2m), which are independent of Z and A. The
shadowed Rician fading channel PDF of |g;|? is given as [36],
PX1F) (s 1 8),

Jigp = ae” x>0 3)

2bm_ym
wherea:@,ﬁ:ﬁ,andézm,Qisthe
average power of the LoS component (Z) given by Q =
E[Z?]. Also, the average power of the scatter component is
given by 2b = E[A%], m = (%r[zz] , Nakagami-m parameter
corresponding to severity of fading, and Rician parameter
K = 2—%. For different types of shadowing, the values of
(b, m, Q) are given in [36, Table III]. The kK moment of
the shadowed Rician fading channels is given as [36]

_ 2bom " k)2 ]_(
E[xk] - <—2b0m - Q) (2bo) 1“(2 + 1)

F k-i—l 1 @

X y b 9 7—
TR et Q

k=0 1,2, ... @)

The closed-form PDF expression of ||g,-||2 = vazl |g,~|2
is given as [3, eq. (26)]
LN e P Fy (Nm; N; 8x),

Sigar = x>0 (5

o
(V)
3) NAKAGAMI-M FADING CHANNEL

The PDF of the Nakagami-m flat fading channel is given
as [38]

2 y2mg—1 )
fl-(x)=—e><p<—), x>0 (6)
¢ F(mg)fgm ¢ Gg
The K moment of the Nakagami-m fading

Tm+%) o2k
o (50 1381,

o2
where {g = -£.
8

channels is given as E[xf] =

4) PATHLOSS MODELING

In this subsection, path losses are discussed which are
essential in modeling the realistic scenarios of satellite-
terrestrial communication
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% Satellite

(a) System Model 1

(b) System Model 2

dol.

FIGURE 1. Integrated satellite HAPs ground Inication sy

5) S — H LINK

The considered path loss includes the effects of antenna
beam and free path loss and is given as [39]

A/ GsGH
4mdsy/KTny BN, ’

where A. is the operating carrier wavelength, Gy is the gain
of HAP, dsy is the distance between the GEO stationary
satellite and the HAP, Kg is the Boltzmann constant (1.38 x
10723 joule/K), TN, is the system noise temperature (300 K),
and By, is the receiver noise bandwidth (20 MHz). Further,
Gs is the satellite beam gain which is given as

PLsy =

)

2
J J
Gs =GMax< 1 (un) 436 3(1;H)) ’ )
2uy upy

where Gyax is the maximum satellite beam gain. Also, uy =
2.07123% with ¢sy being the angle between H and S
and ¢3gp is the 3dB satellite beam angle.

6) OTHER LINKS

In the system model of Figure 1(a), for the Hf — U
link and in system model Figurel(b), for HR — Iy link,
the path loss are modeled as PLyy)[dB] = Grx + Grx —
LpspL — LRain — Latm. — Loth, Where {uv} € {HjU, HrIx},
Gtx is the transmitter antenna gain (in dB), Grx is the
receiver antenna gain (in dB), Lgai, is the rain induced loss
(in dB/km), L. is the gaseous atmospheric absorption
loss, Lo are other miscellaneous losses (in dB). Further,
Lrspr is the free-space path loss (in dB), given as Lgspr, =
92.45 + 201log(fe)+20log o (duy) Wwith f. being the carrier
frequency, and d,,y is the distance between the nodes u and v.

7) Iy — U LINK

In system model of Figure 1(b), the path loss cor-
responding to the Iy — U link is modeled as:
PLay—u)[dB] = 40logg(diyu) — 10log;o(Gtirs) —
10logo(Gruy) — 201logg(h;) —201logo(h,), where diu is
the distance between Ix and U, Gtrs is the gain induced by
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IRS network, Gry is the gain of U, h, is the height of the
building upon which IRS is mounted, and A, is the height
at which the UE is situated.

IV. PERFORMANCE OF SYSTEM MODEL 1

For the analysis, the channels are block-faded, where within
the coherence interval, the channels are considered to be
static and frequency flat. S — Hi link is represented
as h; whereas the Hf — U link is represented as g;.
Further, 0 < i < N indicates indices of the IRS element. As
considered, when a signal is incident on the IRS, the phase-
shifts of the incident signals are controlled perfectly, whereas
the signals reflected from the IRS surface are attenuated as
per the reflective coefficient. Hence, S — Hy — U channel
links for the i IRS element is given in the polar form as

gi = pid?, )

where «o; = |h;| and B; = |g;| are the channel amplitudes,
respectively, and 6; and ¢; are the phases. The PDF of |o;|?
and |B;|? are given in [36]. In the analysis, perfect knowledge
of the channel phases of h; and g; for i = 1,2,...,N at
the IRS is assumed, which corresponds to the best scenario
in terms of system operation and yields a performance
benchmark for practical applications. The signal received at
the destination is given as

y=Pgthx +n,

where P; is the

hi = Otide,

(10)

transmit power, h and g are

the channel vectors given as h = (A1, hay .o BT
g = [g!,gz,...,gN]T, respectiyely. Further, & =
diag[|x1]e®1, [kale P2, ..., [knle7®N] is a matrix of IRS

meta-surface induced complex valued reflection coefficient
with attenuation coefficient « € [0, 1] and phase shift ® €
[0, 27]. Also, x is the symbol transmitted with E[|x|2] =1,
and n is the AWGN with zero mean and 01\2, variance at U.
The received signal at U can thus be written as

N
y= JE[Z hikieﬂ"'gi}x +n
i=1
N .
=P [Z ai,BiKie_J@i_ei_(pi)]x +n, (D
i=1

Hence, the SNR at U is obtained as

N
Z aiﬂixie_l(¢i_0i_¢i)
i=1

2

y=v 12)

where the average SNR is y = (%. To maximize the SNR at

U, reflection coefficient inducedbe Hj is chosen optimally
such that constructive interference arises and hence, k; = 1Vi
and ®; = 6; 4 ¢;Vi [40]. The optimal maximized SNR at U
is given as

2

Yy =v (13)

N
> i
i=1
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A. PERFORMANCE METRICS
1) OUTAGE PROBABILITY

A system is in outage if the instantaneous SNR (y) of the e2e
link falls bellow a threshold SNR (yy). For conventionally
large number of IRS elements, the outage probability can be
expressed as

Pour = Pr(y < yum). (14)

Lemma 1: For sufficiently large number of IRS elements,
the CDF of e2e link is given as

0 (ﬂ R
2\oy V7o
Proof: Given in Appendix A. |

Fyp, (v) =1— ) y>0 (15

2) ASER ANALYSIS

In this subsection, ASER analysis of the SM-1 for various
modulation schemes is performed. The generalized ASER
expression for a digital modulation scheme by using the CDF
approach [26] is given as

Py(e) = —/0 Py(ely)Fa,, ()dy, (16)

3) HEXAGONAL QAM

For M-ary HQAM scheme the conditional SEP expression
over the AWGN channel is defined as [29], [41]

2 2
HoQ(\/any) + SHeQ? (,/%”) ~2H,

< o(vam)e( )

where the parameters H,, Hp, and «y, for irregular HQAM
are defined in [25].

Lemma 2: The generalized ASER expression for HQAM
is given as

H, 2H, Hj
P”HQTQ_?_TZFIO Lo 2)+ 4

F1131—|—F1131
X s =y = —
e N 207 2

r 1
+A2<a” x (%(5 %(Hb — Hy)Fa(u, @, B1)

H
3b 3 Fz(u,a B2) + T,I%Fz(ﬂ,a, /33))

+ Z LMZ: )]Fz(ﬂz, a, ﬁ4)(2Hbah (al)"

Pg(ely) =

A7)

V3H,

- O 3
Hyop [ rap\" | roap\"
&)+ (5)1)) a®)
—a/ 1
= 7(
wherein = Zk)‘koe al,v:%—l—kba—zygz,ﬂ_
rid+)

B =% b= =% w=n+1 and py =4,
Proof: Given in Appendix . |
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4) RECTANGULAR QAM

Over the AWGN channel, the conditional SEP of RQAM
scheme is given as [42, eq. (14)]

PR(ely) = 2[RiQ(ary/7) + R20(br/7)
— 2RiR20(a,/7) (b7 |,
1 _q_ 1 — 6
R =1-35. ar = MZ=)+MZ—1)d,?
and b, = da,, wherein M; and Mg are the number of in-
phase and quadrature-phase constellation points, respectively.
Also, d, = Lfl—?, where d; and dg indicate the in-phase and

quadrature decision distances, respectively.
Lemma 3: The generalized ASER expression for RQAM

is given as
abR1R2 3 B,
P R~1 . Fi(l, =, —
5 R+ ——B; {1 1( > ,33)
3 A)}
1,
2" B3

+ 1F1<1
r R
+Az(a”($<“¢% x (Ry — DE (. o, 1)
biRy(Ry — 1)
—F bl 9
+ P o

_ Z arbyR\Ry T (2 +v)
n2

19)

where R = 1—

Fa (2, @, B3) (B} +A’,1)>>,

(20)
where Ig = —a,R| (Ra— D) —b Ro(Ri —1), A, = %5, B, = %
v=%+k1;a=—2y.u12, =3 Bi=A, =B, 2=
n+ 1, and where 83 = (a2 +b?) +b ) . SQAM is a special case of
RQAM which can be obtalned by taking M; = Mg = VM
and d]Q =1.

Proof: Given in Appendix C. |

5) CROSS QAM

The conditional SEP of XQAM scheme over AWGN channel
is given as [43, eq. (53)]

X(ely) = |2
P* (ely) —AnQ< ax)
8 2y
a2
My — Ny |2y 2y 2y
ol 2 e )l )
BV
5% 2 Oy (02
where A, = 4—22p400 Zl:ZIM;ZNA ko= 4—aathi

ﬁ, oy = g(%u}/[ N 1), M,, and N, are the number of
columns and rows corresponding to RQAM.
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Lemma 4: The generalized ASER expression for XQAM
is given as

PX~ —

(Tt [ Ax As,
+A2<a ( n <2 —na ]FQ([L,Q,,B])— ,_T[le

F(M2+v) —16 I
x Fa(u, o, B2)) + (

Z M,N, Xl: T Ol
1\"  /4P2\"\ 24,

x F (12, @, f3) (—) +(—> -
Oy Oy TTOly
1 [A2\" ke

y ((—) + (—) )Fz(uz,a, Ba) -
Oy Oy TT Oy

1 n
x Fa(ua, o, ﬁs)(—) )))

Ax

(22)

where Ay = =55, Ay, = Aﬁj‘l NN", and A,, — 4 'H . Further
1 1 A2 L
=3 +k17 a = m’ M1 = 2’ 181 = Ot ,32 = xl le’
1+A7,
m2=n+1, 3 =Ay, Ba = ., and Bs =
Proof: Given in Appendix D |

6) ERGODIC RATE ANALYSIS

Ergodic rate is defined as the expected value of the
instantaneous mutual information between the source and
the receiver. It indicates the maximum rate attained by the
system. The ergodic rate of the system model Figure 1(a)
can be expressed as

1 1
Cr = E<§ log, (1 + Ve2e)> = E(E log, (1 + )/))

1 *1-F
— / yeZe(y)dy
212 Jo 1+y

Lemma 5: Ergodic rate of the considered system is given
as

(23)

]

ki
20 1 fof 1 1
oSt (5)
Papar’ kit\ 2 F(%+kl>2ln2
2.3 1 0,1
X G3’1 (2}701% O, 0’ % +k1> (24)
Proof: Given in Appendix E. |

V. PERFORMANCE OF SYSTEM MODEL 2

In this system model, it is assumed that the direct link
between the S and U is not available due to severe blockage.
S communicate with U through a DF Hg and Iy. In the first
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time slot, S transmit the information to Hr through an LoS
path. The signal received at the Hr from S is given as

Yr= VPshsx+ns»

where Pg is the transmit power at S, x is the transmitted
symbol with E[|x|2] = 1 and ny is the AWGN of the S — Hgr
link with n ~ CN(0, 02). The instantaneous SNR of the
S — HRr link is expressed as

(25)

Vs = Vslhsl? (26)

where y = 5—3. During the second time slot, node R, decodes
the signal received from the S and transmits the re-encoded
symbol to the U via IRS. The signal received at U reflected
by IRS is given as

Yu = VPth;;hux‘i‘ns

where Pp is the transmit power at Hr, hy, and g, are
the channel vectors corresponding to shadowed Rician
fading and Nakagami-m fading and are denoted as h, =
[hs,s Bsys - > hsy]T and gu = [gs;> &sps - -» &syl!» TESpEC-
tively. ¢ = diag[|o1]e 7?1, |o2le®2, ..., lonle7®N] is a
matrix of IRS meta-surface induced complex valued reflec-
tion coefficient with attenuation coefficient o € [0, 1] and
phase shift ® € [0, 27]. In our analysis, we assume perfect
knowledge of the channel phases of Ay, and g, for i =
1,2,..., N at the Iy, which corresponds to the best scenarios
in terms of system operation and yields a performance
benchmark for practical applications. The received signal can
be re-written as

N
Yu = \/17h|:2 hs,»Qs,-e_jq)S"gs,-]x +n

i=1

27)

= Ph|:ZA iKs,05,€ —i(®s; =6y, ¢5):|x+n, (28)

The SNR at U is given as

N
(i —
Z)Ls,-/(si@sie j( !

i=1

2

Vi = Vu O5;—¢s;) (29)

where y, = %. To maximize the SNR at U, reflection
coefficient induced by Iy must be chosen optimally such
that constructive interference increases and hence, g5, = 1
Vi and ®;; = 0, + ¢y, Vi. The optimal maximized SNR at
U is given as

2

Yu = Yu 30)

N
i=1

The e2e SNR of the S — Hr — I — U link is given as

N 2

Z)‘sz"‘sl‘

i=1

Vsu = min(yy, ) = min | plhsl?, 7 .31
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A. PERFORMANCE METRICS
1) OUTAGE PROBABILITY

The e2e outage probability of the considered system model

Figure 1(b) is given as

Poyr = Pr(min(yy, yu) < vin)

=1— (1= Fy,m)(1
= Fys(]/th) + Fyu Vin)

= Fysu(y)’
- Fyu(yth))

= Fy,(ym)Fy, (ym).  (32)

Lemma 6: For sufficiently large number of IRS elements,
the CDF of the e2e link is given as

Ky, \/7 Ky, ¥V
Fm(y)—l—Q< >Q1<—,—),V>0
” Oy, \/_Uyu Oy, Oy,
(33)
Proof: Given in Appendix F. |

2) ASER ANALYSIS

For ASER analysis, (33) can be re-written in series form [44,
eq. (18)] as

Pous = 1 = Asexp[~Qyu |1 (M2 + ko, B3/2) v (34)

\/7 ,and Q = (K-H)

1 M
where My = 5, ap = 2, po = N o
u

3) REMARK

The above series is terminated at 1=20 and verified in
Mathematica. The series k; is terminated at 150 and verified
by both Mathematica and MATLAB.

4) HEXAGONAL QAM

For SM-2, the generalized ASER expression of HQAM can
be obtained in a similar manner as shown in Appendix B.
Also, we apply the identities [45, eq. (3.351.3), (7.522.9),
(6.455.1), (9.14.1)] to obtain the generalized ASER expres-
sion of HQAM as

V3H)
P =22 PR (11,
2 2 3 3x° 1( 2’ 2>+ 4

Fil1,1 31 Fil1,1, 31
X<2 1(’ 2 2>+2 1( 2 4))
r 1
+As3 <a”(¥(§,/ zoil(Hh — Ha)Fa (i, @, B1)
H,
; Fz(u,a Bo) + f,/;‘—hwu,a, ﬂ3)>
T

1"(Mz +v) 2Hpay (ap\?
D I ﬁ4)< o (5)
1

3

Hpayp ap\i ap\i
- - - , 35
A (CR))) )
where v = +k1’ o = By, p = ”+%, =%+,
/32=23h+§2 and B3 = h+Q.Further,,u2=n+i+1and
Bs=F+Q

5) RECTANGULAR QAM

For SM-2, the generalized ASER expression of RQAM can
be obtained in a similar manner as shown in Appendix C.
Also, we apply the identities [45, eq. (3.351.3), (7.522.9),
(6.455.1), (9.14.1)] to obtain the generalized ASER expres-
sion of RQAM as

arbR1Ry 3 B,
PR = g+ L7rTT2 AL,
52 R+ T ﬁ3 111 ) /33

+1F1<1 1,

AT+ (aR
A 7
* 3(a ( w («/ﬂ )

brRy(Ry — 1
4 2R ® Vg 4, ﬂz))

)]

(R2 — DF2 (i, o, B1)

V2
a;byR1Ry T (2 +v) i i
-y P Faua, o, o) (B + A7) | ).

~ @ 1

(36)

_ 1
- 2)/,,02 ’
(@’+b?) +br

Wherev:%—i—kl; M:”+%,ﬂ1:A + Q,

B> =B, + R, and B3 = ). Further, o = n+i+ 1,

2 2
ﬂ4: (ar ;br)_'_Q

6) CROSS QAM

For SM-2, the generalized ASER expression of XQAM can
be obtained in a similar manner as shown in Appendix D.
Also, we apply the identities [45, eq. (3.351.3), (7.522.9),
(6.455.1), (9.14.1)] to obtain the generalized ASER expres-
sion of XQAM as

—Ax | 2 16 !
PX=—"%4 + o
2T 2 TMN, T M,

A (av<1"(u+v) 8 <AXF2(M7055 B1)
3 w 2 /oy

Ay,
-~ ml@zw, @, ﬁz>) + Z
C(uy +v) [ —16 l 1\"

8 j7%) (MxNx ; naxFZ(M’ * '33)<(O‘x)

42\" Ay, 1\"
+ () -2 Fa (2, a, ﬂ4)<()

oy Ty Oy

A2\« 1\"
(8))-meromem()))) o

Oy Qx
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FIGURE 2. PDFs and CDFs of IRS links of system models 1, 2 (as shown in
Figure 1(a) and Figure 1(b)).

where v = 3 I
2

A
and B = —L + Q. Further, uo =n+i+ 1, f3 = Ay, + R,
1+A2
Bs = +X‘—}—Q and Bs =

7) ERGODIC RATE ANALYSIS
The ergodic rate for system model SM-2 can be obtained
by substituting the e2e SNR of SM-2 in (23).

Lemma 7: The generalized ergodic rate expression of the
system model 1(b) is given as

_1_ = 1 -1
2]/0.23 1—n+25ﬂ1—ax+9’

—X-i-Q.

A3 ( Q)j ] 2+1,0+1 l—p,al,...,ap
Cr, = 21n2/2(; J! r(1)61+1v2+‘ ﬂa—p,bl,...,bq ’
(38)
where
1 2\ k2
ot DSy (4) S
i = (l)!n!kg. 2 (M + k)
Further,p:n+j+1,,31=1,o=1 =B, m=
2,n= 0,p=1,and g = 2.
Proof: Proof is given in Appendix G. |

VI. NUMERICAL ANALYSIS
In this section, the numerical results are presented and the
accuracy of the analytical expressions is evaluated with
the Monte-Carlo simulations. Unless otherwise stated, the
considered simulation parameters are given in TABLE 4.
In figures, ‘Ana’, Asym., and ‘Sim’, indicate the ‘ana-
lytical’, ‘asymptotic’ and ‘simulation results’, respectively.
Further ‘SM-1" and ‘SM-2’ indicate the considered System
Model 1 and System Model 2 (as shown in Figure 1(a) and
Figure 1(b)), respectively. In figures, Analytical results are
represented by solid lines whereas the simulation results are
represented by markers.

In Figure 2, the PDFs and CDFs correspond to the IRS
links of system models 1 and 2, respectively are presented
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(a) OP vs transmit power of SM-1 and SM-2 for 30 IRS
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FIGURE 3. Outage probability versus transmit power of SM-1 and SM-2.

to verify the central limit theorem (CLT). In Figure 2(a),
CLT is verified through the histogram plot for both PDF and
CDF correspond to S — Hy — U link with Rician and SR
fading. In Figure 2(b), CLT is verified through the histogram
plot for both PDF and CDF corresponding to HR — I — U
link with SR and Nakagami-m fading.

The OP curves are presented in Figure 3 for both
system models under HS fading with 30 IRS elements.
In Figure 3(a), for SM-1, HAP gain is considered to be
IRS elements gain whereas in SM-2, HAP gain of 30 dB
is considered. The overall system performance of SM-2
is dominated by the S — Hg link performance than the
Hr — I — U link. Thus, the system with the aerial
assisted IRS node (SM-1) outperforms the system with the
terrestrial assisted IRS node (SM-2). In Figure 3(b), SM-1
OP results are compared with SM-2 OP results for various
HAP gains. To ensure a fair comparison, we consider 30
IRS elements and set K to 5 in the SM-1 scenario. IRS
elements gain constitutes the HAP gain for SM-1. Results
illustrate that with the increase in HAP gain from 30 dB
to 105 dBm [46], OP performance of SM-2 improves over
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TABLE 3. Functional representation in arithmetic expressions.

TABLE 4. Simulation parameters.

Function Representation
A B S (g) exp|~K]
k7m0 =0 =0 (l)'n' ko! 2 F(Mg +k‘2)
= (Dy 1 a1

y;o; Fa(ai,bi,c1) yXZ:O(%)yy'v (bl+61)a1+192F1(1,a1 +19,a1+1,7b1+61).
Parameters System model 1 System model 2
Carrier frequency fc 5 GHz 5 GHz
Light velocity ¢ 3 x 108 m/s 3 x 108 m/s
Height of satellite 35,786 Km 35,786 Km
Height of HAP 20 Km 20 Km
GMax 56 dBi 56 dBi
{¢su, ¢3a } {0.4°,0.8°} {0.4°,0.8°}
Gy Nirs 105 dB [46], [47]
user gain GRre =2 Gry=2
LRain 0.01 dB/Km 0.01 dB/Km
Lam. 5.4 x 10~3 dB/Km 5.4 x 10~3 dB/Km
Lo 2 dB 2 dB
{ht, hr} {50, 5} m
diyu 300m
Heavy shadowing (HS) bp = 0.063 mg = 1 Qp = 0.0007 | bp = 0.063 mg = 1 Q¢ = 0.0007
Average shadowing (AS) |bo = 0.251 mg =5 Q¢ = 0.279 | by = 0.251 mg =5 Qo = 0.279
Light shadowing (LS) bo =0.158 mg =19 Qp =1.29 | bp = 0.158 mp = 19 Q¢ = 1.29

the SM-1 OP performance. Finally, simulation results match
well with the analytical results.

Results in Figure 4, demonstrate the impact of IRS
elements and the Rician parameter over the OP of the SM-1.
In Figure 4(a), OP versus transmit power is presented for
SM-1 for different IRS elements. For an OP of 1078, system
with 150 IRS elements provides a transmit power gain of
~ 35 dBm and ~ 4 dBm as compared to the system with 30
and 120 IRS elements, respectively. The increase in transmit
power gain reduces with the increase in IRS elements. In
Figure 4(b), OP performance of SM-1 is presented with
respect to the transmit power for different Rician fading
parameters and shadowing effects. For an OP of 1073, system
with K=3 has a transmit power gain of 0.75 dBm and ~
1.2 dBm over K = 6 and K = 9, respectively (irrespective
to the shadowing conditions). Further, for an OP of 1078,
LS has a transmit power gain of &~ 12 dBm and =~ 14 dBm
over AS and HS conditions.

Ergodic rate analysis is shown in Figure 5 and illustrated
the effect of fading conditions and the IRS elements for SM-
1 with K = 5. In Figure 5(a), the curves depicts the affect of
IRS elements under LS over ergodic rate. With an increase
in IRS elements from 30 to 960, the ergodic rate increases
from 15 bps/Hz to 25 bps/Hz. With every two-folds increase
in IRS elements, the ergodic rate increases by ~ 2 bps/Hz.
The effects of shadowing are shown in Figure 5(b). For 30
dBm transmit power, system under LS has ergodic rate gain
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of &~ 1.93 bps/Hz over the system under HS. Finally, the
derived simulation results matches closely with the analytical
results.

In Figure 6, ergodic rate analysis of the SM-2 is presented
with respect to the transmit power under LS. The comparison
between the ergodic rates of SM-1 and SM-2 are depicted in
Figure 6(a). For SM-1, 30 IRS elements are considered, while
SM-2 utilizes a HAP gain of 105 dBm. The results highlight
that the overall ergodic rate achieved in SM-2 is dominated
by the S — Hpg link, exhibiting a rate of 4.17 bps/Hz,
surpassing the ergodic rate of 44.59 bps/Hz for the HR —
I — U link at 30 dBm transmit power. Thus, the aerial IRS
node based SM-1 outperforms the terrestrial IRS node based
SM-2 with a ergodic rate of & 15 bps/Hz. In Figure 6(b),
ergodic rates of SM-2 are presented for Rician parameters
K = {1,3,6} for a HAP gain of 105 dBm. Additionally,
ergodic rates for K = 6 with HAP gains 105, 75,30 dBm
are shown to realize the effects of both K parameters and
HAP gain on the ergodic rates. The results indicate that,
for a transmit power of 30 dBm and a HAP gain of 105
dBm, the system with K = 6 achieves an ergodic rate gain
of 0.15 bps/Hz over the system with K = 1. This marginal
improvement signifies the changes in the HAP gain have
limited impact on the overall performance. For K = 6, the
system with a HAP gain of 105 dBm has an ergodic rate
gain of ~ 0.0025 bps/Hz over a system with a HAP gain of
30 dBm. This observation is attributed to the fact that the

VOLUME 5, 2024



IEEE Open Journal of the
Communications Society

~I|EEE
ComSoc

{SM1-N . -150}-Ana.
{SM1-N . -120}-Ana.
{ SM1-N ,-90}-Ana.
{ SM1-N,,-60}-Ana.
{ SM1-N -30}-Ana.

Outage Probability

-60 -55 -50 -45 -40 -35 -30 -25 -20 -15
Transmit power (dBm)

(a) OP performance of SM-1 for various IRS elements.

°.
&

Outage Probability
3
IS

{SM-1-K=3-LS}-Ana.
{SM-1-K=6-LS}-Ana.
1-K=9-L:

{SM-1-K=6-HS}-Ana.
{SM-1-K=9-HS}-Ana.
-60 -55 -50 -45 -40 -35 -30
Transmit power (dBm)

(b) OP performance of SM-1 for various various Rician param-

eters under different shadowing conditions.

FIGURE 4. Impact of IRS elements and the Rician factor over OP performance of
SM-1.

overall diversity gain of SM-2 is dominated by the diversity
gain of the S — Hpg link, while in SM-1, the ergodic rates
attained are directly proportional to the diversity gain of IRS
elements.

ASER results for various QAM schemes are demonstrated
in Figure 7 for SM-1 under HS scenario for K = 3. In
Figure 7(a) ASER analysis of SQAM, RQAM, and XQAM
are shown whereas in Figure 7(b) HQAM results are plotted
for constellation points 4, 8, 16, 32, and 64. Monte-Carlo
simulations closely align with the derived analytical results,
demonstrating good agreement. For an ASER of 1072, 32-
XQAM has a transmit power gain of &~ 2 dBm over § x 4
RQAM.

In Figure 8, even and odd higher order constellations
ASER results are shown for various QAM schemes under AS
scenario with 30 IRS elements and K = 3. In Figure 8(a), the
even constellation points 64, 256, and 1024 are presented.
The results clearly demonstrate that as the constellation sizes
increase from 64, 256, and 1024, HQAM outperforms the
SQAM with a transmit power gain of ~ 1 dBm. This
improvement is attributed to the optimum 2 dimensional
hexagonal lattice of HQAM with minimum peak and average
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FIGURE 5. Ergodic rate versus transmit power of SM-1.

power than the SQAM. In Figure 8(b), the ASER analysis
of RQAM, XQAM, and HQAM is presented with odd
constellation points (32, 128, and 512). It is observed that
for odd bits transmission also, HQAM outperforms both
RQAM and XQAM. For an ASER of 10~#, 32 HQAM has
transmit power gain of &~ 0.25 dBm over the XQAM and
~ 2 dBm over 8 x 4 RQAM. Additionally, for an ASER of
1072, HQAM has transmit power gain of ~ 0.2 dBm for
128 and 512 constellations sizes, respectively. These findings
indicates the superiority of HQAM in achieving improved
performance across different constellation sizes.

In Figure 9, comparative ASER analysis results for various
QAM schemes between SM-1 and SM-2 with 30 IRS
elements under HS scenario are presented. In Figure 9(a),
ASER analysis of HQAM for both SM-1 and SM-2 is
presented for constellation points 4, 8, 16, 32, and 64. For
an ASER of 107!, for all the constellation points, SM-1
consistently exhibits an average transmit power gain of ~
18 dBm over SM-2. The overall system performance in SM-
1 is significantly boosted with the IRS elements. On the
other hand, in SM-2, the system’s performance is influenced
by the S — Hgr link, impacting its overall efficiency. In
Figure 9(b), ASER analysis of HQAM, SQAM, RQAM, and
XQAM is represented for 16 and 32 constellation points for
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FIGURE 7. ASER vs transmit power of SM-1 for various constellations.

both SM-1 and SM-2. For an ASER of 1073, 16-HQAM
has a transmit power gain of ~ 0.85 dBm over 16-SQAM,
while for 32-constellation points, HQAM achieves a gain of
~ (0.3 dBm and ~ 1.5 dBm over the XQAM and RQAM
schemes, respectively. For SM-2, an ASER of 1071, 16-
HQAM exhibits a transmit power gain of ~ 0.6 dBm over
the 16-SQAM. The performance gain of HQAM over other
QAM schemes is due to its low peak and average energies
with optimum 2 dimensional hexagonal constellation.
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FIGURE 9. ASER analysis of various modulation schemes.

VIl. CONCLUSION

In this study, performance analysis of satellite-terrestrial
networks with aerial and terrestrial IRS nodes over
diverse fading channels, including shadowed Rician, Rician,
and Nakagami-m fading channels is presented. System
performance is examined through the closed-form expres-
sions of outage probability, ergodic rate, and average
symbol error rate for the higher-order modulation schemes.
Practical antenna gains, path losses, and various link fading
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scenarios are taken into account to characterize the satellite-
terrestrial links accurately. The analysis reveals that SM-1,
operating under heavy shadowing conditions, outperforms
SM-2, which operates under lighter shadowing. Aerial IRS
node based system exhibits superior performance compared
to the terrestrial IRS node based system. The overall ergodic
rate attained in an aerial IRS node system is proportional
to the IRS elements, whereas in the terrestrial IRS node-
based system, the overall ergodic rate is influenced by the
diversity provided by the satellite-HAP link. By considering
more HAP gain in SM-2, the overall system performance
can be enhanced compared to SM-1. Additionally, in SM-1,
a notable observation is that with every increase in IRS
elements by two-folds, the ergodic rate increases by =~ 2
bps/Hz whereas for SM-2, ergodic rate is dominated by
ergodic rate of the S — Hp link. It is also observed that for
both even and odd bits transmission, HQAM outperforms
the other QAM schemes.

APPENDIX A

PROOF OF LEMMA 1

Proof: In (13), it is observed that y is the sum of products of
a; and B; which are independent Rician and shadowed Rician
fading channels, respectively. To facilitate the mathematical
tractability the PDF and cumulative distribution function
(CDF) of y are approximated tightly.

STATISTICAL CHARACTERIZATION OF THE OPTIMAL
RECEIVED SNR

By invoking central limit theorem (CLT), in (13), the PDF
and CDF of y are approximated with R = 7Z>, where in
Z = Z OZ Let Z = XY where X and Y are independent
random variables. Mean and variance of Z are given as:

E(Z) (40Rb0> r(%)%’lﬂ (-% 1; —K)

3
X 2F1 (53 m, 11 Bl>’ (39)
N\ 202by)7? .
Var(Z) = R B2 1 —KRF2 1, B
(2bo)' 7 (3
—F — |BlMWFi(—1,1; —K
T+5 5 )Bot 1( )
3
X 2F1<§, m, 1, Bl>, 40)
here By = (5220 d B = 52 . M d
where By = (2bomh+sz) an I = Zpom7q- Mean an

variance of Z are given as uz = E[Z] = Zf\;l E[Z-] and
a% = Var[Z] = vaz 1 Var[Z-], respectively. In practice, the
meta-surface IRS elements are of conformal geometry, light
weight, low cost, and size. Hence, it is practically possible to
use large number of reflecting surfaces. Thus, for sufficiently
large number of reflecting meta-surfaces, and as per CLT
7% follows a non-central chi-square random variable with
one degree of freedom with mean uz = Nus and variance
022 =N 022.
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The PDF of y is given as

1y Y +uyy
) = 5o \7.2 ] P ——
oZy \ 71 2yoy
My\/?
x 1 1 = , y>0 (41)
2<¢703)
where u, = wuz and o, = oz. The CDF is given as
[38, eq. (2.3-35)]
Hy \/7
F(V)—l—Q( ) y >0 42)
oy Jvoy,
|

APPENDIX B
PROOF OF LEMMA 2
Proof: To derive the closed-form ASER expression for
HQAM, the first order derivative of the conditional SEP (17)
is obtained by using the identities Q(x) = 3[1 — erf(5)]
and [48, eq. (7.1.21)] and differentiating it w.r.t y as

To derive the closed-form ASER expression for HQAM,
the (15) can be rewritten by taking the approximation of
Marcum-Q function as given in [44, eq. (18)] as

klr( +k1’ yu )
Fu,(y)=1- “2/21(“1) —~ 7
Ye2e \V klzoe ki'\ 2 F(%—}-kl)
(43)

where By, = (2)/ ). On substituting P;(e|y) and F,,,, (y),

respectively into (16) we get

o
P = — /O Pi(ely)Fy,, (v)dy,
o o
— — [ Py +a [ Pty
1
X F(§ +k1,Byuy)dy = —Py, + Pu,, (44)
Py, can be resolved by using the identities
[45, eq. (3.351.3), eq. (7.522.9)] and is given as
—H, 2H, H, 31 3H,
Py =—+—+ —2F1| 1,1, =, =
H= T Ty g 22) 4

w E(1 3 Y vom (103 ] (45)
2 272) ! 24 )

Py, can be resolved by using

1
PH2=A2f P(e|y>r( ki, y,,y)dy,
0
/1 oy 1 _aqr  Hp [ap
—A Hy — e r — b [
2/0 <2 ~—(Hp —Hy)y ze R
_1 _wmy  Hy _l h)
X]/ 2e¢” 73 +— N 6
2H,

1 bah _ 2y
ki, B d A 3
<2+ 1 ) v+ 2/ ( o
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Hpay,

xF<13ah>

’_7_ - e

. 23y 2«/_7'[
F13a +F13ah

X _— —
1 22 11,2,63/

1
x T (5 + ki, Byuy)dy.

The above expression can be resolved by using the
identity [45, eq. (6.455.1), eq. (9.14.1)], and given as:

r 1 h
Pu, =A2<av<$<§,/ S (Hy ~ Ho) (. )
H,
;’,/3 2<u,aﬁz>—,/2‘—7’;&(u,a,ﬂs>)

r 2H,
+> XMFz(M,a, By = (%y
P M2

o 3
@)

@)

On substituting (45) and (47) in (44), to get the closed-form
expression as given in (18). [ |

2apy
-3

(40)

47)

APPENDIX C

PROOF OF LEMMA 3

Proof: ASER expression for the RQAM scheme is also

derived by using the CDF approach. The first order derivative

of conditional SEP of RQAM scheme is derived by following

the similar approach as in Appendix B.
Further, substituting Pi(e|y) and F),,

e2e

(y), respectively

into (16), we get
o
Pf= - fo PRely)Fy,, (v)dy,
o0 o0
= — [ pitetvray + a2 [ Pty
1
<2+k17 >dV7_—PR1+PR2, (48)
Pg, can be resolved by using the identities [45,
eq. (3.351.3), eq. (7.522.9)] as
a,b,R1Ry
Pg, = a;R{(Ry — 1) + b,Ry(Ry — 1) — ———p;"!
3 B, 3 A
x $1F1( 1, +1F1{ 1,1, . (49
2 B3 2 B3

Similarly, Pg, 1is resolved by wusing the identities

[45, eq. (9.14.1), eq. (6.455.1)] as

r FR1I(Ry — 1
pRzzAz(a“( (’””)(“ R = Dy, 1)

12 V2
bRy(Ry — 1) a,b;R1Ry
e XS ﬂz)) - Z —
r
x L2 1, a, ) (B +A':))). (50)

On substituting (49) and (50) in (48) to get the generalized
ASER expression for RQAM as given in (20). [ |
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APPENDIX D

PROOF OF LEMMA 4

Proof: First order derivative of conditional SEP expres-
sion (51) for XQAM is derived by following the similar
approach as in Appendix B and using the identity
[45, (9.14.1)] and is given as

Ay _»v Ay _A%ly _1
P/ e = ay — 2 2 +
x(ely) (2\/;1—% S ¥ e v’

« —16 Z l e—]/Ax3 L "+ ﬁ !
M,.N, il B Oy oy
_2A,C2€_),7(‘*a’f1) 1 n+ A_)Zfl ' _ ke

Ty oy oy oy

(51

()]
X e xx — .
Ox

Ax _
where Ay = (<Ay + ko + Y2 +1). The
generalized closed-form ASER expression of XQAM can
be obtained by substituting P;(e|y) and F,,, (y) from (51)

e

and (43), respectively in (16) and is given as
x o0
P = —f Py (ely)Fyq, (v)dy.
0

o0 o0
- - /O Pi(ely)dy + Az fo Pl(ely)

1
F(E + ki, Byuy>d7/

= —PX1 -I—PX2, (52)

Py, fOOOPS((eW)dy can be resolved by using the
identity [45, eq. (3.351.3)] as

2 16 L
M,N,

Ny

e 3 4P
« 2

o Amcxx 2" Ay

A 3 A2 31
—2=2p M\ F —L )+ 1Fi(1, 2, —

Ty 2 Baoy 2 Baox

s 1 Fi( Lz, —) )
X 2" Bsoy

Py, can be obtained by using the identity [45, eq. (6.455.1)]
as

X3

—1
Px, =

+ kx

(33)

I'(pn+ A
PX2=A2<O(V< (M/.,L V)<2«/;[(_%CIF2(M’C{7,31)
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1\" [A%\" ky
y (—> (20 VFaua. o ) —
oy Oy Ty
1 n
x Fa(u2, o, ,35)<—> )))
Qx

On substituting (53) and (54) in (52), the generalized
ASER expression for XQAM is obtained as in (22). [ |

(54)

APPENDIX E
PROOF OF LEMMA 5
Proof: On substituting (43) in (23), the integral is given as

. /ool—(l AT (% +ki, B ))d

Cp =
R=5m2 ), Y 4
A ooF( + ki, B vV )
= 2 f dy. (55)
2In2 Jo 1+y

The exact analysis of the above integral is not possible and
hence the I'(a, b) can be represented in terms of Meijer-G
function by using the identity given in [49, eq. (8.4.16.2)].
Eq. (55) can be re-written as

Ar o0
m/o 1+y(’3' )d%

where 8 = 5 L 4 ky. The above integral can be

resolved by usmg the 1dent1ty [45, eq. (7.8.11.5)] to get the
closed-form ergodic rate expression for S — H; — U link
as in (23). [ |

Cr, = (56)

APPENDIX F

PROOF OF LEMMA 6

Proof: The closed-form outage probability expression can
be obtained by derived the CDFs corresponding to y, and
Yu. Vs, 18 the instantaneous SNR corresponds to the S — R
link which is Rician fading channel. The CDF of y; is given
as [38, eq. (2.3-57)]

oy,
Fy(ym) =1 — Q1<—y, @> v >0 (57

Oys Oy

oy, =\ 2¢ [38, eq. (2).3-60]. In (30), y, is the sum of
products of A; and «; which are independent shadowed Rician
and Nakagami-m fading channels, respectively. A similar
approach is followed to characterize the PDF and CDF of
Yu as in Appendix A. Lets consider y, = v.A%, where in
A= Z OA Let A = BC where B and C are independent
random variables. The mean and variances of A are given
as ua = E(A) = YN | E(4;) = NE(A) and 0} = Var(4) =
ny:l Var(A,-) = NVar(A), respectively. Wherein

o T(mg+1) o2\2
E(A)=—< ¢ 2> %) g apg)2r (2
F(mg) g 2
3
X 2F1 <§7 mp, 15 Bl)a

(58)
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-\ F(mg+ 1) ng my
var(4) = T%)(m_g By (2b0)2F1(2, my, 1, By)

1 2\ 1
<F<mg+2> Gg 2Bmh 2b 1/2 (3>
(=2 (%) Byreen'r(2
T (mg) mg 2
3 2
X2F1 Ev mp, ]s Bl .

Thus, by invoking CLT for sufficiently large number of
reflecting meta-surfaces A2 follows a non-central chi-square
random variable with one degree of freedom with mean
ma = Npy and variance aj = No2. Hence, the CDF of Vsu
is given by [38, eq. (2.3-35)]

(39)

My, AV
Fyu(yu)=1—Q;(G:,¢_y_—G“>, Yu>0  (60)
U=Yu

where wuy,, = pma and o,, = o4. On substituting (57)
and (60) in (32), to get the closed-form expression as given
in (33). |
APPENDIX G

PROOF OF LEMMA 7
Proof: On substituting (34) in (23), the integral is given as

o /oo 1= (1-asexp[-2r]r(4 +k2,ﬁ22/2>y">d

’

" 2In2 Jo l+y

_ A3 *© n r( +hi, B 124 )

_ szo Y exp[—Qy]Tdy, 61)
By wusing the identities [49, eq. (8.4.16.2)] and

[45, eq. (1.211.1)], (61), can be re-written as

Az (- Q)’ i 1,20
2MZ / a+y)7'6y (ﬂy‘ )dy,

(62)

Cr, =

The above integral is resolved by using the identity [45,
eq. (7.811.5)] to get the closed expression for ergodic rate
of the system model Figure 1(b) as given in (38). |
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