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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

DRIVEN by the desire for unprecedented seamless
connectivity and ultra-low latency, the research com-

munity is rapidly advancing towards 6G communications.
However, the current terrestrial networks poses fundamental
challenges 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,
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. How-
ever, in practice, aerial networks performance is hampered
due to shadowing, path losses, antenna misalignment, power
constraints, and hardware limitations [6]. With the technolog-
ical advances, an innovative solution in the form of IRS has
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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 en-
vironment to control the planar wavefront of the incident
signal to increase the signal strength [7]. IRS is a group
of planar software defined advanced microelectrical me-
chanical 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 pre-
sented 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]–[14]. To address
the prospects of coverage area improvements, the authors
of [15], [16] proposed satellite-IRS-user links deployments.
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 et.al [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], authors
investigated an IRS-aided integrated terrestrial-satellite net-
work 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 I. In TABLE I, 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]–[30]. Thus it is of high interest to
perform ASER analysis of higher order QAM schemes for
the system employing IRS.

A. Motivation
By incorporating an Intelligent Reflecting Surface (IRS) into
wireless networks, a highly probabilistic radio environment
with programmable and partially deterministic space is estab-
lished. In existing literature, most works predominantly ex-
amines IRS by taking similar channel models into consider-
ation 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, demonstrat-
ing 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:

• Analytical framework: We derive closed-form ex-
pressions 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.

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

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

• Impact of system parameters We comprehensively
analyze 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 lowercase
letters; Squared Frobenius norm is denoted by || · ||2.
Nakagami-m distribution with fading severity m and vari-

2 VOLUME ,

This article has been accepted for publication in IEEE Open Journal of the Communications Society. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/OJCOMS.2024.3411314

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/



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

✗ ✓ ✓ ✓ ✗ ✓

Aerial IRS node ✗ ✗ ✗ ✗ ✓ ✓

Comparative study ✗ ✗ ✗ ✗ ✗ ✓

Outage analysis ✗ ✓ ✓ ✗ ✗ ✓

Ergodic rate analy-
sis

✓ ✓ ✓ Weighted sum rate ✗ ✓

ASER Analysis BPSK ✗ QPSK ✗ SQAM ✓

{S, R, H, X}QAM

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
e2e End-to-end
FSO Free space optics
HQAM Hexagonal QAM
HAPs High-altitude platforms
i.i.d. 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
OWC 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

ance σ2
m is denoted by Nak(m,σ2

m). Complex Gaussian dis-
tribution with mean 0, variance σ2 is denoted by CN (0, σ2).
Confluent Hypergeometric function (HF) of first kind and
Gauss HF are represented by 1F1(a, b, c) and 2F1(a, b, c, 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 Qm(·, ·). Statistical expectation operator and variance
are denoted by E{(·)} and Var{(·)}, respectively. Modified
Bessel function of first kind with order ϑ is denoted as Iϑ(·).
Bessel function of first kind with order ϱ is denoted as Jϱ(·).
Exponential integral function is denoted as Ei(·). Gamma
function is represented by Γ(·). Upper incomplete gamma
function with parameters {a,b} is represented as Γ(a, b).

Finally, Gm,n
p,q

(
a1, a2, ..., ap
b1, b2, ..., bq

∣∣∣∣z) is the Meijer-G function

with 0 ≤ m ≤ q and 0 ≤ n ≤ p, where m, n, p, and q
are integers.

II. System Modeling
In this Section, the system models considered are presented
and discussed.

• 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 (HI), and an end user (U) as the destination
node. The channel link S → HI exhibits dominant
LoS propagation, modeled by Rician fading. The link
HI → U is modeled using SR fading to capture the
impact of NTN-TN links. This is referred to as SM-1
in the paper.

• 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]–[35]. Hence, we have considered HAP
as a relay between the satellite to TNs. This model
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involves four nodes: a satellite (S) as the information
source, a HAP acting as a decode-and-forward (DF) re-
lay (HR), a terrestrial IRS with N-elements (IN), and an
end user (U) as the destination node. The S → HR link
assumes an LoS path modeled by Rician fading (hs).
The link HI → IN is modeled with SR fading (hi), while
the terrestrial link IN → 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.

III. 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].

(a) System Model 1 (b) System Model 2

FIGURE 1. Integrated satellite HAPs ground communication system
models

The statistical characterization of the channels is as fol-
lows:

1) Rician Fading Channel
The channel gain γ is noncentral- χ2 distributed and the
probability density function (PDF) of the Rician fading

channel is given as [37],

fγi
(γ) =

(K + 1)e−K

γ̄i
e

−(K+1)γ
γ̄i

× I0

(
2

√
K(K + 1)γ

γ̄i

)
, γ ≥ 0 (1)

where K is the Rician K-factor, γ̄i = Ωi

σ2
N

, Ωi is the average
fading power of the ith link, and σ2

N is the power of the
AWGN component. The CDF is given as [38],

Fγi(γ) = 1−Q1

(√
(2K),

√
2(K + 1)γ

γ̄i

)
, γ ≥ 0 (2)

where SR = µR and local-mean scattered power is given as

σ2
R =

√
S2
R

2K . The kth moment of the Rician fading channels

is given as E[xk] =
(
2σ2

R

) k
2 Γ
(
1 + k

2

)
1F1

(
−k

2 , 1,−K
)
.

2) Shadowed Rician Fading Channel
The components of SR fading channels are considered to be
independent and identically distributed as gi = Z exp(jζ)+
A exp(jψ) [36], where independent stationary random pro-
cesses Z and A are the amplitudes of the LoS and the
scatter components, which follow Nakagami-m and Rayleigh
distributions, respectively. In addition, ζ is the deterministic
phase of the LoS component, while ψ is the stationary
random phase process with uniform distribution over [0, 2π),
which are independent of Z and A. The shadowed Rician
fading channel PDF of |gi|2 is given as [36],

f|gi|2 = αe−βx
1F1 (m; 1; δx) , x ≥ 0 (3)

where α =
[ 2bm
2bm+Ω ]

m

2b , β = 1
2b , and δ = Ω

2b[2bm+Ω] , Ω is
the average power of the LoS component (Z) given by Ω =
E[Z2]. Also, the average power of the scatter component is
given by 2b = E[A2], m = (E[Z2])2

Var[Z2] , Nakagami-m parameter
corresponding to severity of fading, and Rician parameter
K = Ω

2b . For different types of shadowing, the values of
(b,m,Ω) are given in [36, Table III]. The kth moment of
the shadowed Rician fading channels is given as [36]

E[xk] =

(
2b0m

2b0m+Ω

)m

(2b0)
k/2Γ

(
k

2
+ 1

)
× 2F1

(
k

2
+ 1, m, 1,

Ω

2b0m+Ω

)
k = 0, 1, 2, . . . (4)

The closed-form PDF expression of ||gi||2 =
∑N

i=1 |gi|2
is given as [3, eq. 26]

f||gi||2 =
α

Γ(N)
xN−1e−βx

1F1 (Nm;N ; δx) , x ≥ 0 (5)
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3) Nakagami-m fading channel
The PDF of the Nakagami-m flat fading channel is given
as [38]

fgi(x) =
2x2mg−1

Γ(mg)ζ
mg
g

exp

(
−x2

ζg

)
, x ≥ 0 (6)

where ζg =
σ2
g

mg
. The kth moment of the Nakagami-m fading

channels is given as E[xk] =
Γ(m+ k

2 )

Γ(m)

(
σ2

m

) k
2

[38],

4) Pathloss Modeling
In this subsection, path losses are discussed which are
essential in modeling the realistic scenarios of satellite-
terrestrial communication

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

PLSH =
λc
√
GSGH

4πdSH
√
KBTN0BN0

, (7)

where λc is the operating carrier wavelength, GH is the gain
of HAP, dSH is the distance between the GEO stationary
satellite and the HAP, KB is the Boltzmann constant (1.38×
10−23 joule/K), TN0

is the system noise temperature (300 K),
and BN0

is the receiver noise bandwidth (20 MHz). Further,
GS is the satellite beam gain which is given as

GS = GMax

(
J1(uH)

2uH
+ 36

J3(uH)

u3H

)2

, (8)

where GMax is the maximum satellite beam gain. Also, uH =
2.07123 sin(ϕSH)

sin(ϕ3dB)
with ϕSH being the angle between H and S

and ϕ3dB is the 3dB satellite beam angle.

Other links:
In the system model of Figure 1(a), for the HI → U
link and in system model Figure1(b), for HR → IN link,
the path loss are modeled as PL(uv)[dB] = GTx + GRx −
LFSPL − LRain − LAtm. − Loth, where {uv} ∈ {HIU,HRIN},
GTx is the transmitter antenna gain (in dB), GRx is the
receiver antenna gain (in dB), LRain is the rain induced loss
(in dB/km), LAtm. is the gaseous atmospheric absorption
loss, Loth are other miscellaneous losses (in dB). Further,
LFSPL is the free-space path loss (in dB), given as LFSPL =
92.45+ 20 log10(fc)+20log10(duv) with fc being the carrier
frequency, and duv is the distance between the nodes u and
v.

IN → U link:
In system model of Figure 1(b), the path loss cor-
responding to the IN → U link is modeled as:
PL(IN→U)[dB] = 40 log10(dINU) − 10 log10(GtIRS) −

10 log10(GrU) − 20 log10(ht) −20 log10(hr), where dINU is
the distance between IN and U, GtIRS is the gain induced by
IRS network, GrU is the gain of U, ht is the height of the
building upon which IRS is mounted, and hr 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
hi whereas the HI → U link is represented as gi. 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 → HI → U channel
links for the ith IRS element is given in the polar form as

hi = αie
jθ, gi = βie

jϕ, (9)

where αi = |hi| and βi = |gi| are the channel amplitudes,
respectively, and θi and ϕi are the phases. The PDF of |αi|2
and |βi|2 are given in [36]. In the analysis, perfect knowledge
of the channel phases of hi and gi 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 =
√
PtgT ξhx+ n, (10)

where Pt is the transmit power, h and g are the
channel vectors given as h = [h1, h2, ..., hN ]T

g = [g1, g2, ..., gN ]T , respectively. Further,
ξ = diag[|κ1|e−jΦ1 , |κ2|e−jΦ2 , ..., |κN |e−jΦN ] is a matrix
of IRS meta-surface induced complex valued reflection
coefficient with attenuation coefficient κ ∈ [0, 1] and phase
shift Φ ∈ [0, 2π]. Also, x is the symbol transmitted with
E[|x|2] = 1, and n is the AWGN with zero mean and σ2

N

variance at U. The received signal at U can thus be written
as

y =
√
Pt

[
N∑
i=1

hiκie
−jΦigi

]
x+ n

=
√
Pt

[
N∑
i=1

αiβiκie
−j(Φi−θi−ϕi)

]
x+ n, (11)

Hence, the SNR at U is obtained as

γ = γ̄

∣∣∣∣∣
N∑
i=1

αiβiκie
−j(Φi−θi−ϕi)

∣∣∣∣∣
2

, (12)

where the average SNR is γ̄ = Pt

σ2
N

. To maximize the SNR at
U, reflection coefficient induced by HI is chosen optimally
such that constructive interference arises and hence, κi = 1∀i
and Φi = θi+ϕi∀i [40]. The optimal maximized SNR at U
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is given as

γ = γ̄

∣∣∣∣∣
N∑
i=1

αiβi

∣∣∣∣∣
2

. (13)

Performance Metrics:
1) Outage Probability
A system is in outage if the instantaneous SNR (γ) of the e2e
link falls bellow a threshold SNR (γth). For conventionally
large number of IRS elements, the outage probability can be
expressed as

Pout = Pr(γ < γth). (14)

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

Fγe2e1
(γ) = 1−Q 1

2

(
µγ

σγ
,

√
γ

√
γ̄σγ

)
, γ > 0 (15)

Proof:
Given in Appendix A.

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

Ps(e) = −
∫ ∞

0

P ′
s(e|γ)FΛe2e

(γ)dγ, (16)

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

Ps(e|γ) = HaQ(
√
αhγ) +

2

3
HcQ

2

(√
2αhγ

3

)
− 2Hb

×Q(
√
αhγ)Q

(√
αhγ

3

)
, (17)

where the parameters Ha, Hb, and αh for irregular HQAM
are defined in [25].

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

Ps1
H ≈ Ha

2
− 2Hb

3
− Hb

3π
2F1

(
1, 1,

3

2
,
1

2

)
+

√
3Hb

4π

×
(

2F1

(
1, 1,

3

2
,
1

2

)
+ 2F1

(
1, 1,

3

2
,
1

4

))
+A2

(
αν

×
(
Γ(µ+ ν)

µ

(
1

2

√
αh

2π

(
Hb −Ha

)
F2(µ, α, β1)

− Hb

3

√
αh

3π
F2(µ, α, β2) +

Hb

2

√
αh

6π
F2(µ, α, β3)

)
+
∑
n

Γ(µ2 + ν)

µ2
F2(µ2, α, β4)

(
2Hbαh

9π

(αh

3

)n
− Hbαh

2
√
3π

{(αh

2

)n
+
(αh

6

)n})))
, (18)

wherein A2 =
∑∞

k1=0 e
−α2

1/2 1
k1!

(
α2

1

2

)k1
1

Γ( 1
2+k1)

, ν =
1
2 + k1, α = 1

2γ̄uσ2
γu

, µ = 1
2 , β1 = αh

2 , β2 = αh

3 , β3 = αh

6 ,

µ2 = n+ 1, and β4 = 2αh

3 .

Proof:
Given in Appendix B.

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

Ps
R(e|γ) = 2

[
R1Q

(
ar
√
γ
)
+R2Q

(
br
√
γ
)

− 2R1R2Q
(
ar
√
γ
)
Q
(
br
√
γ
)]
, (19)

where R1 = 1 − 1
MI

, R2 = 1 − 1
MQ

, ar =√
6

(MI
2−1)+(M2

Q−1)dr
2 and br = drar, wherein MI and MQ

are the number of in-phase and quadrature-phase constel-
lation points, respectively. Also, dr =

dQ

dI
, where dI and

dQ indicate the in-phase and quadrature decision distances,
respectively.

Lemma 3. The generalized ASER expression for RQAM is
given as

Ps1
R ≈ IR +

arbrR1R2

π
β−1
3

{
1F1

(
1,

3

2
,
Br

β3

)
+ 1F1

(
1, 1,

3

2
,
Ar

β3

)}
+A2

(
αν

(
Γ(µ+ ν)

µ

(
arR1√
2π

× (R2 − 1)F2(µ, α, β1) +
brR2(R1 − 1)√

2π
F2(µ, α, β2)

−
∑
n

arbrR1R2

π

Γ(µ2 + ν)

µ2
F2(µ2, α, β3) (B

n
r +An

r )

))
,

(20)

where IR = −arR1(R2 − 1)− brR2(R1 − 1), Ar = ar
2

2 ,
Br = br

2

2 ν = 1
2 + k1; α = 1

2γ̄uσ2
γu

, µ = 1
2 , β1 = Ar,

β2 = Br, µ2 = n+1, and where β3 = (ar
2+br

2)
2 . SQAM is
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a special case of RQAM which can be obtained by taking
MI =MQ =

√
M and dIQ = 1.

Proof:
Given in Appendix C.

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

Ps
X
(
e|γ
)
= AnQ

(√
2γ

αx

)
+

8

MxNx

{∑
l

Q

(
2l

√
2γ

αx

)
+Q

(
Mx −Nx

2

√
2γ

αx

)
− 2

∑
l

Q

(
2l

√
2γ

αx

)
Q

(√
2γ

αx

)
−Q

(√
2γ

αx

)
Q

(
Mx −Nx

2

√
2γ

αx

)}
+ kxQ

2

(√
2γ

αx

)
,

(21)

where An = 4 − 2Mx+Nx

MxNx
,
∑
l

=
∑Mx−Nx

4 −1

l=1 kx = 4 −

4Mx+Nx

MxNx
+ 8

MxNx
, αx = 2

3 (
31MxNx

32 − 1), Mx, and Nx are
the number of columns and rows corresponding to RQAM.

Lemma 4. The generalized ASER expression for XQAM is
given as

PX
s1 ≈ −AX

2
+

2

MxNx
+

16

MxNx

∑
l

lA−1
x3

παx

(
1F1

(
1,

3

2
,
A−1

x3

αx

)
+ 1F1

(
1,

3

2
,

4l2

Ax3
αx

))
− 2

Ax2

παx
β−1
4

(
1F1

(
1,

3

2
,
A2

x1

β4αx

)
+ 1F1

(
1,

3

2
,

1

β4αx

))
+

kx
παx

β5
−1

1F1

(
1,

3

2
,

1

β5αx

))
+A2

(
αν

(
Γ(µ+ ν)

µ

(
AX

2
√
παx

F2(µ, α, β1)−
Ax2√
παx

× F2(µ, α, β2)

)
+
∑
n

Γ(µ2 + ν)

µ2

(
−16

MxNx

∑
l

l

παx

× F2(µ2, α, β3)

((
1

αx

)n

+

(
4l2

αx

)n)
− 2Ax2

παx

×

((
1

αx

)n

+

(
A2

x1

αx

)n
)
F2(µ2, α, β4)−

kx
παx

× F2(µ2, α, β5)

(
1

αx

)n)))
, (22)

where Ax1 = Mx−Nx

2 , Ax2 = Mx−Nx

MxNx
, and Ax3 = 4l2+1

αx
.

Further ν = 1
2 + k1, α = 1

2γ̄uσ2
γu

, µ1 = 1
2 , β1 = 1

αx
, β2 =

A2
x1

1
αx

, µ2 = n+ 1, β3 = Ax3 , β4 =
1+A2

x1

αx
, and β5 = 2

αx
.

Proof:
Given in Appendix D.

3) Ergodic Rate Analysis
Ergodic rate is defined as the expected value of the in-
stantaneous 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

CR = E

(
1

2
log2(1 + γe2e)

)
= E

(
1

2
log2(1 + γ)

)
=

1

2 ln 2

∫ ∞

0

1− Fγe2e
(γ)

1 + γ
dγ. (23)

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

CR1
=

∞∑
k1=0

e−α2
1/2

1

k1!

(
α2
1

2

)k1 1

Γ( 12 + k1)

1

2 ln 2

×G2,3
3,1

(
1

2γ̄σ2
Λ

∣∣∣∣ 0, 1
0, 0, 12 + 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 HR and IN. In the first
time slot, S transmit the information to HR through an LoS
path. The signal received at the HR from S is given as

yr =
√
Pshsx+ ns, (25)

where Ps is the transmit power at S, x is the transmitted
symbol with E[|x|2] = 1 and ns is the AWGN of the S → HR
link with n ∼ CN (0, σ2). The instantaneous SNR of the
S → HR link is expressed as

γs = γ̄s|hs|2 (26)

where γ̄ = Ps

σ2 . 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 =
√
PhgT

uζhux+ n, (27)

where Ph is the transmit power at HR, hu and gu are
the channel vectors corresponding to shadowed Rician fad-
ing and Nakagami-m fading and are denoted as hu =
[hs1 , hs2 , ..., hsN ]T and gu = [gs1 , gs2 , ..., gsN ]T , respec-
tively. ζ = diag[|ϱ1|e−jΦ1 , |ϱ2|e−jΦ2 , ..., |ϱN |e−jΦN ] is a
matrix of IRS meta-surface induced complex valued re-
flection coefficient with attenuation coefficient ϱ ∈ [0, 1]
and phase shift Φ ∈ [0, 2π]. In our analysis, we assume
perfect knowledge of the channel phases of hsi and gsi
for i = 1, 2, ..., N at the IN, which corresponds to the
best scenarios in terms of system operation and yields
a performance benchmark for practical applications. The
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:

received signal can be re-written as

yu =
√
Ph

[
N∑
i=1

hsiϱsie
−jΦsi gsi

]
x+ n

=
√
Ph

[
N∑
i=1

λiκsiϱsie
−j(Φsi

−θsi−ϕsi
)

]
x+ n, (28)

The SNR at U is given as

γu = γ̄u

∣∣∣∣∣
N∑
i=1

λsiκsiϱsie
−j(Φi−θsi−ϕsi

)

∣∣∣∣∣
2

, (29)

where γ̄u = Ph

σ2 . To maximize the SNR at U, reflection
coefficient induced by IN must be chosen optimally such
that constructive interference increases and hence, ϱsi = 1
∀i and Φsi = θsi + ϕsi ∀i. The optimal maximized SNR at
U is given as

γu = γ̄u

∣∣∣∣∣
N∑
i=1

λsiκsi

∣∣∣∣∣
2

. (30)

The e2e SNR of the S → HR → I → U link is given as

γsu = min (γs, γu) = min

γ̄s|hs|2, γ̄u
∣∣∣∣∣

N∑
i=1

λsiκsi

∣∣∣∣∣
2
 .

(31)

Performance Metrics
1) Outage Probability
The e2e outage probability of the considered system model
Figure 1(b) is given as

Pout = Pr(min(γs, γu) ≤ γth) = Fγsu(γ),

= 1− (1− Fγs(γth)) (1− Fγu(γth))

= Fγs(γth) + Fγu(γth)− Fγs(γth)Fγu(γth). (32)

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

Fγsu
(γ) = 1−Q 1

2

(
µγu

σγu

,

√
γ

√
γ̄σγu

)
Q1

(
µγs

σγs

,
γ

σγs

)
, γ > 0

(33)

Proof:
Given in Appendix F.

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

Pout = 1−A3 exp[−Ωγth]Γ(M2 + k2, β
2
2/2)γ

n
th, (34)

where M2 = 1
2 , α2 =

µγu

σγu
, β2 =

√
γth√

γ̄uσγu
, and Ω =

(
K+1
γSR

)
.

Remark
The above series is terminated at l=20 and verified in
Mathematica. The series k2 is terminated at 150 and verified
by both Mathematica and Matlab.

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

Ps2
H =

Ha

2
− 2Hb

3
− Hb

3π
2F1

(
1, 1,

3

2
,
1

2

)
+

√
3Hb

4π

×
(

2F1

(
1, 1,

3

2
,
1

2

)
+ 2F1

(
1, 1,

3

2
,
1

4

))
+A3

(
αν

(
Γ(µ+ ν)

µ

(
1

2

√
αh

2π

(
Hb −Ha

)
F2(µ, α, β1)

− Hb

3

√
αh

3π
F2(µ, α, β2) +

Hb

2

√
αh

6π
F2(µ, α, β3)

)
+
∑
i

Γ(µ2 + ν)

µ2
F2(µ2, α, β4)

(
2Hbαh

9π

(αh

3

)i
− Hbαh

2
√
3π

{(αh

2

)i
+
(αh

6

)i})))
, (35)

where ν = 1
2 + k1; α = Bγu

, µ = n + 1
2 , β1 = αh

2 + Ω,
β2 = αh

3 + Ω, and β3 = αh

6 + Ω. Further, µ2 = n + i + 1
and β4 = 2αh

3 +Ω.

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

Ps2
R = IR +

arbrR1R2

π
β−1
3

{
1F1

(
1,

3

2
,
Br

β3

)
+ 1F1

(
1, 1,

3

2
,
Ar

β3

)}
+A3

(
αν

(
Γ(µ+ ν)

µ

(
arR1√
2π

× (R2 − 1)F2(µ, α, β1) +
brR2(R1 − 1)√

2π
F2(µ2, α, β2)

)
−
∑
i

arbrR1R2

π

Γ(µ2 + ν)

µ2
F2(µ2, α, β4)

(
Bi

r +Ai
r

)))
,

(36)

where ν = 1
2 + k1; α = 1

2γ̄uσ2
γu

, µ = n+ 1
2 , β1 = Ar + Ω,

β2 = Br +Ω, and β3 = (ar
2+br

2)
2 . Further, µ2 = n+ i+ 1,

β4 = (ar
2+br

2)
2 +Ω.

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
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PX
s2 =

−AX

2
+

2

MxNx
+

16

MxNx

∑
l

l

παx
A−1

x3

×
(

1F1

(
1,

3

2
,

1

Ax3
αx

)
+ 1F1

(
1,

3

2
,

4l2

Ax3
αx

))
− 2

Ax2

παx
β−1
4

(
1F1

(
1,

3

2
,
A2

x1

β4αx

)
+ 1F1

(
1,

3

2
,

1

β4αx

))
+

kx
παx

β5
−1

1F1

(
1,

3

2
,

1

β5αx

))
+A3

(
αν

(
Γ(µ+ ν)

µ

×
(
AXF2(µ, α, β1)

2
√
παx

− Ax2√
παx

F2(µ, α, β2)

)
+
∑
n

× Γ(µ2 + ν)

µ2

(
−16

MxNx

∑
l

l

παx
F2(µ2, α, β3)

((
1

αx

)n

+

(
4l2

αx

)n
)

− 2
Ax2

παx
F2(µ2, α, β4)

((
1

αx

)n

+

(
A2

x1

αx

)n
)

− kx
παx

F2(µ2, α, β5)

(
1

αx

)n)))
,

(37)

where ν = 1
2 + k1; α = 1

2γ̄uσ2
γu

, µ1 = n+ 1
2 , β1 = 1

αx
+Ω,

and β2 =
A2

x1

αx
+Ω. Further, µ2 = n+ i+1, β3 = Ax3

+Ω,

β4 =
1+A2

x1

αx
+Ω, and β5 = 2

αx
+Ω.

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 expressio of the
system model 1(b) is given as

CR2
=

A3

2 ln 2

∞∑
j=0

(−Ω)j

j!

1n+j

Γ(1)
G2+1,0+1

1+1,2+1

(
β

∣∣∣∣1− ρ, a1, ..., ap
σ − ρ, b1, ..., bq

)
,

(38)

where

A3 = e−α2
2/2

∞∑
k2=0

∞∑
l=0

l∑
n=0

Kl
iΩ

n
i

(l)!n!

1

k2!

(
α2
2

2

)k2 exp[−K]

Γ(M2 + k2)
.

Further, ρ = n+ j + 1, β1 = 1, σ = 1, α = β, m = 2, n =
0, p = 1, and q = 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 ‘analytical’,
’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.

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

In Figure 2, the PDFs and CDFs correspond to the IRS
links of system models 1 and 2, respectively are presented 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 → HI → 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 → HR 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 the SM-1 OP performance. Finally,
simulation results match well with the analytical results.

Results in Figure 4, demonstrate the impact of IRS ele-
ments 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 10−8, 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
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TABLE 3. Functional representation in Arithmetic expressions

Function Representation

A3 e−α2
2/2

∞∑
k2=0

∞∑
l=0

l∑
n=0

Kl
iΩ

n
i

(l)!n!

1

k2!

(
α2
2

2

)k2 exp[−K]

Γ(M2 + k2)

∑
y=0

; F2(a1, b1, c1)

∞∑
y=0

(1)y

( 3
2
)
y
y!

;
1

(b1 + c1)
a1+ϑ 2F1

(
1, a1 + ϑ, a1 + 1,

c1

b1 + c1

)
.

TABLE 4. Simulation Parameters

Parameters System model 1 System model 2

Carrier frequency fc 5 GHz 5 GHz
Light velocity c 3× 108 m/s 3× 108 m/s
Height of satellite 35, 786 Km 35, 786 Km
Height of HAP 20 Km 20 Km
GMax 56 dBi 56 dBi
{ϕSH, ϕ3dB} {0.4◦, 0.8◦} {0.4◦, 0.8◦}
GH NIRS 105 dB [46], [47]
user gain GRx = 2 GrU = 2

LRain 0.01 dB/Km 0.01 dB/Km
LAtm. 5.4× 10−3 dB/Km 5.4× 10−3 dB/Km
Loth 2 dB 2 dB
{ht, hr} - {50, 5} m
dINU 300m
Heavy shadowing (HS) b0 = 0.063m0 = 1 Ω0 = 0.0007 b0 = 0.063m0 = 1 Ω0 = 0.0007

Average shadowing (AS) b0 = 0.251 m0 = 5 Ω0 = 0.279 b0 = 0.251 m0 = 5 Ω0 = 0.279

Light shadowing (LS) b0 = 0.158 m0 = 19 Ω0 = 1.29 b0 = 0.158 m0 = 19 Ω0 = 1.29

Figure 4(b), OP performance of SM-1 is presented with
respect to the transmit power for different Rician fading
paramters and shadowing effects. For an OP of 10−8, 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 10−8, 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
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 → HR 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
overall diversity gain of SM-2 is dominated by the diversity
gain of the S → HR 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
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FIGURE 3. Outage probability versus transmit power of SM-1 and SM-2.

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 10−2, 32-
XQAM has a transmit power gain of ≈ 2 dBm over 8 × 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
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 10−4, 32 HQAM has
transmit power gain of ≈ 0.25 dBm over the XQAM and
≈ 2 dBm over 8 × 4 RQAM. Additionally, for an ASER
of 10−2, HQAM has transmit power gain of ≈ 0.2 dBm for
128 and 512 constellations sizes, respectively. These findings
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FIGURE 4. Impact of IRS elements and the Rician factor over OP
performance of SM-1.

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 10−1, 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 → HR 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
both SM-1 and SM-2. For an ASER of 10−3, 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 10−1, 16-
HQAM exhibits a transmit power gain of ≈ 0.6 dBm over
the 16-SQAM. The performance gain of HQAM over other
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FIGURE 5. Ergodic rate versus transmit power of SM-1.

QAM schemes is due to its low peak and average energies
with optimum 2 dimensional hexagonal constellation.

VII. 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 perfor-
mance is examined through the closed-form expressions of
outage probability, ergodic rate, and average symbol error
rate for the higher-order modulation schemes. Practical an-
tenna gains, path losses, and various link fading 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 oper-
ates 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
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FIGURE 6. Ergodic rate versus transmit power.

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 → HR 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 γ is the sum of products of αi

and βi which are independent Rician and shadowed Rician
fading channels, respectively. To facilitate the mathematical
tractability the PDF and cumulative distribution function
(CDF) of γ are approximated tightly.

Statistical characterization of the optimal received SNR
By invoking central limit theorem (CLT), in (13), the PDF
and CDF of γ are approximated with R = γ̄Z2, where in
Z =

∑N
i=0 Z̃ Let Z̃ = XY where X and Y are independent
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random variables. Mean and variance of Z̃ are given as:

E(Z̃) =
(
4σ2

Rb0
)1/2

Γ

(
3

2

)
Bm

0 1F1

(
−1

2
, 1;−K

)
× 2F1

(
3

2
, m, 1, B1

)
, (39)

Var(Z̃) =
2(2b0)γ̄

2
i

(1 +K)2
Bm

0 1F1 (−2, 1;−K) 2F1 (2, m, 1, B1)

− (2b0)
1/2γ̄i

(1 +K)
Γ

(
3

2

)
Bm

0 1F1 (−1, 1;−K)

× 2F1

(
3

2
, m, 1, B1

)
, (40)

where B0 =
(

2b0mh

2b0mh+Ω

)
and B1 = Ω

2b0mh+Ω . Mean and

variance of Z are given as µZ = E[Z] =
∑N

i=1 E[Z̃i] and
σ2
Z = Var[Z] =

∑N
i=1 Var[Z̃i], 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
Z2 follows a non-central chi-square random variable with
one degree of freedom with mean µZ = NµZ̃ and variance
σ2
Z = Nσ2

Z̃
.
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The PDF of γ is given as

fγ (γ) =
1

2σ2
γ γ̄

(
γ

γ̄µ2
γ

)− 1
4

exp

(
−
γ + µ2

γ γ̄

2γ̄σ2
γ

)

× I− 1
2

(
µγ

√
γ

√
γ̄σ2

γ

)
, γ > 0 (41)

where µγ = µZ and σγ = σZ . The CDF is given as [38, eq.
(2.3-35)]

Fγ(γ) = 1−Q 1
2

(
µγ

σγ
,

√
γ

√
γ̄σγ

)
, γ > 0 (42)

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) = 1

2

[
1− erf

(
x√
2

)]
and [48, Eq.

(7.1.21)] and differentiating it w.r.t γ as
To derive the closed-form ASER expression for HQAM,

the (15) can be rewritten by taking the approximation of
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Marcum-Q function as given in [44, eq. 18] as

Fγe2e
(γ) = 1−

∞∑
k1=0

e−α2
1/2

1

k1!

(
α2
1

2

)k1 Γ( 12 + k1, Bγuγ)

Γ( 12 + k1)
.

(43)

where Bγu
=
(

1
2γ̄uσ2

γu

)
. On substituting P

′

s(e|γ) and
Fγe2e(γ), respectively into (16), we get

Ps
H =−

∫ ∞

0

P ′
s(e|γ)Fγe2e

(γ)dγ,

=−
∫ ∞

0

P ′
s(e|γ)dγ +A2

∫ ∞

0

P ′
s(e|γ)

× Γ

(
1

2
+ k1, Bγuγ

)
dγ = −PH1 + PH2 , (44)

PH1 can be resolved by using the identities [45, eq. 3.351.3,
eq. 7.522.9] and is given as

PH1 =
−Ha

2
+

2Hb

3
+
Hb

3π
2F1

(
1, 1,

3

2
,
1

2

)
+

3Hb

4
√
3π

×
(

2F1

(
1, 1,

3

2
,
1

2

)
+ 2F1

(
1, 1,

3

2
,
1

4

))
. (45)

PH2 can be resolved by using

PH2
=A2

∫ ∞

0

P ′
s(e|γ)Γ

(
1

2
+ k1, Bγu

γ

)
dγ,

=A2
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(
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√
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(
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)
γ−

1
2 e−

αhγ

2 − Hb

3

√
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× γ−
1
2 e−

αhγ

3 +
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2

√
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2 e−
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6

)
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2
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3

× 1F1
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3

2
,
αh

3
γ
)
− Hbαh

2
√
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3

×
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1F1
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3

2
,
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2
γ
)
+ 1F1

(
1,

3

2
,
αh

6
γ
)})

× Γ

(
1

2
+ k1, Bγuγ

)
dγ. (46)

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

PH2
= A2

(
αν

(
Γ(µ+ ν)

µ

(
1

2

√
αh

2π

(
Hb −Ha

)
F2(µ, α, β1)

− Hb

3

√
αh

3π
F2(µ, α, β2)

Hb

2

√
αh

6π
F2(µ, α, β3)

)
+
∑
n
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µ2
F2(µ2, α, β4)

(
2Hbαh

9π

(αh

3

)n
− Hbαh

2
√
3π

×
{(αh

2

)n
+
(αh

6

)n})))
. (47)

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

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 P
′

s(e|γ) and Fγe2e
(γ), respectively

into (16), we get

Ps
R =−

∫ ∞

0

P ′
R(e|γ)Fγe2e(γ)dγ,

=−
∫ ∞

0

P ′
R(e|γ)dγ +A2

∫ ∞

0

P ′
R(e|γ)

× Γ

(
1

2
+ k1, Bγu

γ

)
dγ,= −PR1

+ PR2
, (48)

PR1
can be resolved by using the identities [45, eq.

3.351.3, eq. 7.522.9] as

PR1 = arR1(R2 − 1) + brR2(R1 − 1)− arbrR1R2

π
β−1
3

×
{

1F1

(
1,

3

2
,
Br

β3

)
+ 1F1

(
1, 1,

3

2
,
Ar

β3

)}
. (49)

Similarly, PR2
is resolved by using the identities [45, eq.

9.14.1, eq. 6.455.1] as

PR2
= A2

(
αν

(
Γ(µ+ ν)

µ

(
arR1(R2 − 1)√

2π
F2(µ, α, β1)

×+
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2π
F2(µ, α, β2)

)
−
∑
n

arbrR1R2

π

× Γ(µ2 + ν)

µ2
F2(µ2, α, β3) (B

n
r +An

r )

))
. (50)

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

Appendix D
Proof of Lemma 4

Proof:
First order derivative of conditional SEP expression (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

P
′

X

(
e|γ
)
=

(
AX

2
√
παx

e−
γ
αx − Ax2√

παx
e−

A2
x1

γ

αx

)
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2 +
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γn

×
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−16

MxNx

∑
l

{
l

παx
e−γAx3

((
1

αx

)n
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(
4l2

αx

)n}

− 2Ax2

παx
e−γ
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x1

)

αx

((
1

αx

)n

+

(
A2

x1

αx

)n
)

− kx
παx

× e
−2γ
αx

(
1

αx

)n}
. (51)
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where AX =

(
−An + kx + 4

MxNx

(
2
∑Ax1

2 −1

l=1 +1

))
. The

generalized closed-form ASER expression of XQAM can be
obtained by substituting P

′

s

(
e|γ
)

and Fγe2e
(γ) from (51) and

(43), respectively in (16) and is given as

Ps
X = −

∫ ∞

0
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X(e|γ)Fγe2e

(γ)dγ,

=−
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)
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, (52)

PX1
=
∫∞
0
P ′
X(e|γ)dγ can be resolved by using the identity

[45, eq. 3.351.3] as
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. (53)

PX2
can be obtained by using the identity [45, eq. 6.455.1]

as
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(
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µ
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. (54)

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

Appendix E
Proof of Lemma 5

Proof:
On substituting (43) in (23), the integral is given as

CR =
1

2 ln 2

∫ ∞

0

1−
(
1−A2Γ

(
1
2 + k1, Bγu

γ
))

1 + γ
dγ

=
A2

2 ln 2
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0

Γ
(
1
2 + k1, Bγuγ

)
1 + γ

dγ. (55)

The exact analysis of the above integral is not possible and
hence the Γ(a, b) can be represented in terms of Meijer-G

function by using the identity given in [49, eq. 8.4.16.2].
(55) can be re-written as

CR2 =
A2

2 ln 2

∫ ∞

0

G2,0
1,21

1 + γ

(
βγ

∣∣∣∣ 1
0, α

)
dγ, (56)

where β = 1
2γ̄σ2

γ
and α = 1

2 +k1. The above integral can be
resolved by using the identity [45, eq. 7.8.11.5] to get the
closed-form ergodic rate expression for S → HI → U link
as in (23)

Appendix F
Proof of Lemma 6

Proof:
The closed-form outage probability expression can be

obtained by derived the CDFs corresponding to γs and γu.
γs, is the instantaneous SNR corresponds to the S → R
link which is Rician fading channel. The CDF of γs is given
as [38, eq. 2.3-57]

Fγs
(γth) = 1−Q1

(
µγs

σγs

,
γth
σγs

)
, γth > 0 (57)

σγs =

√
µ2
γs

2K [38, eq. 2.3-60]. In (30), γu is the sum of
products of λi and κi which are independent shadowed
Rician and Nakagami-m fading channels, respectively. A
similar approach is followed to characterize the PDF and
CDF of γu as in Appendix A. Lets consider γu = γ̄uA

2,
where in A =

∑N
i=0 Ã Let Ã = BC where B and C are

independent random variables. The mean and variances of
Ã are given as µA = E(A) =

∑N
i=1 E(Ãi) = NE(Ã) and

σ2
A = Var(A) =

∑N
i=1 Var(Ãi) = NVar(Ã), respectively.

Wherein
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, (58)

Var(Ã) =
Γ(mg + 1)
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)
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(
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. (59)

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
µA = NµÃ and variance σ2

A = Nσ2
Ã

. Hence, the CDF of
γsu is given by [38, eq. (2.3-35)]

Fγu(γu) = 1−Q 1
2

(
µγu

σγu

,

√
γu√

γ̄uσγu

)
, γu > 0 (60)

where µγu = µA and σγu = σA. On substituting (57) and
(60) in (32), to get the closed-form expression as given in
(33).
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:

Appendix G
Proof of Lemma 7

Proof:
On substituting (34) in (23), the integral is given as

CR =
1

2 ln 2

∫ ∞

0

1−
(
1−A3 exp[−Ωγ]Γ( 12 + k2, β

2
2/2)γ

n
)

1 + γ
dγ,

=
A3

2 ln 2
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0

γn exp[−Ωγ]
Γ( 12 + k1, Bγu

γ)

1 + γ
dγ, (61)

By using the identities [49, eq. 8.4.16.2] and [45, eq.
1.211.1], (61), can be re-written as

CR2
=

A3

2 ln 2

∞∑
j=0

(−Ω)j

j!

∫ ∞

0

γn+j(1 + γ)−1G2,0
1,2

(
βγ

∣∣∣∣ 1
0, α

)
dγ,

(62)
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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