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Abstract—We propose a reconfigurable intelligent surface
(RIS)-assisted underlay spectrum sharing system, in which a RIS-
assisted secondary network shares the spectrum licensed for a
primary network. The secondary network consists of a secondary
source (SS), an RIS, and a secondary destination (SD), operating
in a Rician fading environment. We study the performance of the
secondary network while considering a peak power constraint
at the SS and an interference power constraint at the primary
receiver (PR). Initially, we characterize the statistics of the signal-
to-noise ratio (SNR) of the RIS-assisted secondary network by de-
riving novel analytical expressions for the cumulative distribution
function (CDF) and probability density function (PDF) in terms
of the incomplete H-function. Building upon the SNR statistics,
we analyze the outage probability, ergodic capacity, and average
bit error rate, subsequently deriving novel exact expressions
for these performance measures. Furthermore, we obtain novel
asymptotic expressions for the performance measures of interest
when the peak power of the SS is high. Finally, we conduct
exhaustive Monte-Carlo simulations to confirm the correctness
of our theoretical analysis.

Index Terms—Reconfigurable intelligent surfaces; spectrum
sharing; 6G wireless communications; performance analysis

I. INTRODUCTION

Since the advent of its first commercial version in 2018, and
as compared to its previous generations, the fifth generation
(5G) has shaped a distinguished paradigm of mobile com-
munications with the following emerged applications; namely,
enhanced mobile broadband (eMBB), ultrareliable low-latency
communications (URLLC) and massive machine-type com-
munications (mMTC) [1]], [2]]. However, the ever-increasing
current data-hungry applications, such as online gaming, high-
definition video streaming, holographic videos, smart homes,
mobile shopping, etc., has tremendously augmented the wire-
less data traffic volume to the extent that SG would not be
capable to support in the coming few years. Motivated by
this challenge, industry and academia have recently started
conceptualizing the next generation (the sixth generation
(6G)) of wireless communication systems aimed at supporting
communication services for future wireless requirements and
applications [3].
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The 6G is expected to provide huge data coverage and
to allow tremendous number of subscribers and congested
areas of small devices to be connected efficiently and with
unconventional high data rate speeds. Nevertheless, attaining
all of these 6G expected requirements and supporting all
its applications, no wonder, requires multiple enabling tech-
nologies along with radical solutions to all arising commu-
nication engineering challenges, especially, those related to
physical layer aspects and fading environments. The random
nature of fading environments and the disruptive interactions
of the propagated waves with the adjacent objects are the
main causes of signals degradation in wireless communication
systems. In this context, and within the scope of smart radio
environments, there is an increasing interest in proposing
creative communication schemes in which the randomness of
the fading environment is to be utilized to improve received
signals quality. A brand-new example is the technology of
reconfigurable intelligent surfaces (RISs), which have been
designed to allow network operators to control reflection,
refraction, and scattering characteristics of propagated radio
waves in a manner yielding to reducing the negative impacts
of fading environments and improving received signals quality
[4]- [6].

The RISs are surfaces implemented from electromagnetic
(EM) materials that can be electronically tuned to control
the amplitude, phase, frequency, and polarization (wavefront)
of propagated signals without the need to complex decoding
and encoding processes [7]- [9]]l. In addition, RISs are nearly
passive entities, do not require dedicated power sources,
can be deployed easily, do not produce noise, and provide
full-duplex transmission; traits that are readily essential to
support various applications in 6G networks. All of these
distinguishable aspects have made RISs one of the most recent
attractive technologies in both academia and industry. In the
following, we review the literature of RIS-assisted wireless
communications from a performance analysis perspective.

A. Performance of RIS-assisted systems

In [10], the error performance of RIS-assisted communi-
cation systems is studied, where the maximized end-to-end
(e2e) signal-to-noise ratio (SNR) of RIS-assisted networks
is assumed to follow a non-central chi-square random vari-
able (RV) thanks to the central limit theorem (CLT). Based
on the SNR statistics, the average symbol error probability
(SEP) for M-ary phase shift keying (PSK) and square M-ary
quadrature amplitude modulation (M-QAM) are investigated.



Accurate analytical approximations to the distributions of the
received SNR for different RIS-based wireless system setups
are provided in [[11]]. In addition, closed-form and asymptotic
expressions for the average channel capacity and the average
bit error rate (BER) are derived. The outage probability and the
achievable diversity of RIS-assisted communication systems
over generalized fading channels and under the effect of phase
noise are investigated in [12]]. The ergodic capacity and the
average symbol error rate (SER) of RIS-aided systems over
Rayleigh fading channels have been studied in [13[]. Very
recently, a stochastic geometry approach was adopted to assess
the coverage probability and average achievable rate of RIS-
assisted large-scale networks [14]].

RIS-assisted networks over Rician fading channels have
gained much attention recently [15]- [20]. The Rician model
is more general than Rayleigh model and is desirable in
realistic communication settings to account for the exitance of
Line-of-Sight (LOS) components between the transmitter and
the RIS, and between the RIS and the receiver. In [15]], the
authors analyze the ergodic capacity and the outage probability
of RIS-aided single-input single-output (SISO) systems over
Rician fading channels and in the presence of a direct channel
between the transmitter and receiver. In [16], authors study the
error performance, data rate of RIS-aided systems with single
or multiple RISs in indoor and outdoor environments. Highly
accurate closed-form approximations for the e2e SNR statistics
of RIS-assisted networks in Rician fading are derived in [17].
The authors build upon the obtained statistics to derive closed-
form expressions for the ergodic capacity and the average SER.
The outage performance of RIS-aided systems with statistical
channel state information (CSI) under the Rician fading model
is investigated [[18]]. A closed-form expression for the outage
probability in terms of Marcum Q-function is derived. Very
recently, the authors in [[19] derive exact analytical expressions
for the outage probability, the ergodic capacity, and the average
BER of RIS-aided communications over the sum of cas-
caded Rician channels. In [20], a robust and secure multiuser
multiple-input single-output (MISO) downlink systems self-
sustainable RIS was considered. The authors explored the joint
optimization of beamformers at an access point (AP) and the
phase shifts, along with the energy harvesting schedule at the
RIS, aiming to maximize the overall system sum rate.

B. Spectrum sharing systems

The tremendously increasing number of communicating de-
vices in future 6G wireless communications will undoubtedly
lead to spectrum scarcity, which is a significant problem in
modern wireless networks [21]]. Spectrum scarcity can be
addressed through spectrum sharing-empowered techniques,
in which, same frequency band can be shared by multiple
communicating devices, but under some interference manage-
ment mechanisms. In this context, cognitive radio (CR) is
defined as an efficient spectrum sharing technique that allows
secondary network devices to wisely share same frequency
bands licensed for primary network devices [22]], [23]]. In CR
systems, two main spectrum sharing modes can be employed:
(i) the overlay mode and (ii) the underlay mode [24]. In

the overlay mode, secondary devices utilize frequency bands
unoccupied by idle primary devices to accomplish their data
transmissions. Nevertheless, in the underlay mode, secondary
devices perform their data transmissions simultaneously with
primary devices, but with limited transmit power such that the
interference at primary devices does not exceed a predefined
level.

Envisioning RIS technology in underlay CR networks has
attracted much research interest recently as an efficient so-
lution to improve the performance of such networks. For
instance, the RIS has been considered as an indispensable ap-
proach to further enhance the energy and spectrum efficiency
in CR networks [25], [26]]. In addition, the deployment of
the RIS in CR networks can significantly enhance the secrecy
outage probability and the achievable secrecy rate [27], [28].
In what follows, we provide a comprehensive literature review
on RIS-aided CR systems.

The RIS technology is employed to aid multiple-input
multiple-output (MIMO) downlink (DL) communication in CR
systems [25]], where the achievable weighted sum rate of the
secondary users is maximized under a transmit power limit
at the secondary transmitter (ST), interference temperature
constraints on the primary users (PUs), and unit modulus
constraints. In [26]], the authors propose multiple RISs to assist
the DL communication of MISO CR systems. The achievable
rate of secondary user (SU) is maximized subject to a transmit
power limit at the ST and interference temperature constraints
on the PUs. In [29], the authors consider a resource allocation
problem for multiuser full-duplex (FD) CR systems in the
presence of a RIS. The study aimed to maximize the sum rate
by collectively optimizing the DL transmit beamforming and
uplink (UL) receive beamforming vectors, the transmit power
of the UL users, and the phase shift matrix at the RIS. In [30],
the authors suggest and examine two separate configurations
of RIS deployment to improve the performance of CR net-
works. Analytical expressions for the false alarm and detection
probabilities of the two RIS configurations are obtained. In
[31]], a robust beamforming design is proposed for RIS-aided
CR systems. The authors investigated the beamforming design
considering two types of error models for PU-related channels:
(i) bounded CSI and (ii) statistical CSI..

C. Contributions

In the context of performance analysis, most of the afore-
mentioned works consider the performance of RIS-assisted
traditional communication systems with no spectrum sharing,
where the Rayleigh and Rician fading models are considered.
In the context of RIS-aided spectrum sharing systems, all
previous works focus on resource allocation problems to
optimize the performance of the secondary network in terms
of data rate. The deployment of the RIS in spectrum sharing
systems can substantially improve the performance with regard
to the outage probability, ergodic capacity, and average BER.

Only a few studies have recently focused on analyzing the
performance in terms of the outage probability of RIS-aided
spectrum sharing systems. For instance, the outage probability
analysis of a simultaneously transmitting and reflecting recon-
figurable intelligent surface (STAR-RIS)-empowered cognitive



non-terrestrial vehicle network with non-orthogonal multiple
access (NOMA) was considered in [32]]. The outage proba-
bility of a RIS-aided cognitive radio network where the RIS
is used only to eliminate the interference from the secondary
transmitter to the primary receiver was studied in [33]. Very
recently, the characteristics of the signal-to-Interference-plus-
Noise Ratio (SINR) of a RIS-aided device-to-device (D2D)
communication system operating in underlay mode was con-
sidered in [34f]. The authors therein considered a novel SINR
maximization problem that jointly optimizes transmit power
budget at the D2D source and the RIS deployment.

In this work, we present a novel RIS-assisted underlay
spectrum sharing system, in which a secondary network as-
sisted by a RIS shares the spectrum dedicated to a primary
network. The secondary network comprises a secondary source
(SS), a RIS, and a secondary destination (SD), operating in
a Rician fading environment. This work aims to provide a
comprehensive performance of the envisioned RIS-assisted
secondary network. To the best of the authors’ knowledge,
such a comprehensive performance analysis has not been
addressed in the existing literature. The advantages of the
proposed system lie in the following aspects:

o The RIS-assisted secondary network shares the spectrum
of the primary network without deteriorating the perfor-
mance of the primary link. This can be ensured by adopt-
ing transmit power adaptation at the SS. In particular, the
SS can adjust its transmit power appropriately to limit the
interference power at the primary receiver (PR) caused
by the SS to below a specified threshold. Additionally,
the transmit power of the SS is subject to a peak power
constraint P.

o The deployment of the RIS in the secondary network is
of significant practical importance due to the following
reasons:

— In a situation where no direct link is available
between the SS and the SD, the RIS is deployed
in an effort to make the communication between the
SS and the SD not only possible but also reliable.

— Unlike relaying [13] and backscatter [35] commu-
nication techniques, the reflected wave from the
RIS can be effectively controlled and programmed
in real-time due to the adjustable phase shifts of
the RIS. The RIS is mainly deployed for receiving
a signal from the SS and focusing the reflected
signal towards the SD exclusively. As a result, any
interference signal reflected from the RIS towards
the PR is disregarded due to the limited coverage
area of the RIS, which restricts the propagation of
interference towards the PR [33]], [34] and [36].

o The RIS-assisted secondary network is assumed to un-
dergo Rician fading. The Rician model is more general
than Rayleigh model and is desirable in realistic com-
munication settings to account for the existence of LOS
components between the SS and RIS, and between the
RIS and the SD [17]. The widely adopted Rayleigh fading
model is a special case of the Rician model when the
Rician K -factor equals zero.

It is worth emphasizing that expressing the cumulative
distribution function (CDF) and probability density function
(PDF) of the SNR in the RIS-assisted secondary network,
while considering both the Rician model and the transmit
power adaption at the SS, in closed-form is very challenging.
Consequently, the performance analysis is mathematically
intricate, requiring the solution of difficult integrals to quantify
the ergodic capacity and the average BER. Such integrals are
tackled using the theory of the incomplete H-function. To our
best knowledge, this work represents the first application of the
incomplete H-function in analyzing wireless communication
systems. The key contributions of this work can be outlined
as follows:

¢ In terms of an incomplete H-function, we develop novel
analytical expressions for the CDF and PDF of the SNR.
The outage probability can be evaluated immediately
afterward using the provided CDF.

« Building upon the obtained PDF and CDF, we provide the
cumbersome ergodic capacity and average BER analysis.
Novel analytical expressions in terms of the incomplete
H-function and the H-function are obtained.

« Utilizing the asymptotic properties of the incomplete H-
function, we obtain accurate asymptotic expressions for
the outage probability, ergodic capacity, and the average
BER when the peak power of the SS is high.

The subsequent content of this work is organized as follows.
The system model is articulated in Section II. The exact
and the asymptotic performance of the RIS-assisted secondary
network are investigated in Section III and Section IV, respec-
tively. Section V is dedicated to investigating the numerical
results. Finally, the conclusions are drawn in Section VI.

II. SYSTEM MODEL

We take into consideration an underlay spectrum sharing
system, as shown in Fig. 1, where a secondary network shares
the spectrum allotted to a primary network comprising M
PTs simultaneously communicating with a PR. The PTs and
the PR are single-antenna devices. The secondary network is
a RIS-assisted environment consisting of a SS, an RIS of
N reflecting elements, and a SD. The SS and the SD are
single-antenna terminals. We use hgy to denote the channel
coefficient from the SS to the PR. For the secondary network,
we denote the channel coefficients from the SS to the n'”
reflecting element and from the n*” reflecting element to the
SD by h, and g,, respectively. The channel coefficients of
the secondary network can be expressed as h, = aye 7"
and g, = fBn,e %", where o, and /3, represent the channel
envelopes, and 6,, and v, represent the phase shifts. The
envelopes v, and f3,, are independent random variables (RVs),
forn=1,2,....,N.

We assume that the SS will communicate with the SD
through the RIS, without a direct link between the SS and
the SD due to presence of natural or man-made obstacles
[10], [17] and [37]. Additionally, we take into account the
existence of a LOS component between the SS and the
RIS, and between the RIS and the SD. Accordingly, «,,
n = 1,2,...., N can be modeled as independent identically
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Fig. 1. A RIS-aided secondary network shares the spectrum allocated to a primary network consisting of M PTs simultaneously communicating with a PR.

distributed (i.i.d) Rician RVs with shape parameter K; and
scale parameter 2. Similarly, 5,, n = 1,2,...., N can be
also viewed as i.i.d Rician RVs with shape parameter Ky

and scale parameter (2 [ﬂ The shape parameter and scage
o
and Q; = p? + 2073, j € {1,2}, where x5 denotes the power
in LOS component and 20]2 denotes the power in the Non-Line
of Sight (NLOS) component.

parameter can be, respectively, characterized as K; =

To this end, we assume that the primary and secondary
networks are distant from each other. Accordingly, |hg| can be
presumed to undergo Rayleigh fading implying that |hg|? is an
exponential RV with mean \. Furthermore, we assume that the
interference caused by the PTs to the SD (i.e., direct PTs —
SD and PTs — RIS — SD) is translated into white Gaussian
noise at the SD. This assumption is justified by the central
limit theorem (CLT), which indicates that the interference
from multiple PTs converges to a Gaussian distribution due
to the presence of multiple PTs and multiple RIS elements
[38]. Accordingly, the interference-plus-noise at the SD can
be effectively modeled as an additive white Gaussian noise
(AWGN) with a zero mean and variance of Nj.

As shown in [10]], the instantaneous SNR at the SD is
maximized by eliminating the channel phase shifts v,, and 6,,.
Hence, the maximized instantaneous SNR at the SD, denoted

The assumption of i.i.d RIS channels has been widely adopted in the
literature since it facilitates the development of mathematically tractable
formulations and serves as a foundational framework for understanding the
performance. The consideration of correlated RIS Rician channels requires
the development of different mathematical formulations, which remains as a
future research endeavor.

by p, is given by

P (Zﬁf:l Qn Bn)Q
Ny ’

p= (1)
where P; is the transmit power of the SS.

In spectrum sharing systems, the PR mandates that the
instantaneous interference caused by the SS is below prede-
termined threshold @, which indicates the interference power
limit at the PR [’} Meanwhile, the transmit power of the SS is
subject to a peak power constraint P. Accordingly, the transmit
power at the SS is given by

P ) ; 2

where P is the peak power of the SS. Capitalizing on (@), p
in (T) can be rewritten as

[ Q )R2
= P —
P m1n<h02 NO

P, = min ,
(Ihol2

3

(PR |hof? < % )
- 2 ’
‘QhTR|27 |h’0|2 > %

2
where R? = (22;1 an Bn) , and Ny is set to unity without
loss of generality.

2Similar to [[10], [11] and [17], perfect knowledge of the RIS channels CSI
is assumed to be available at the SS. Furthermore, perfect CSI can be acquired
at the transmitter- or the receiver-side [39]], [40]. The impact of imperfect CSI
is beyond the scope of this work and is left as a future research endeavor.

3The interference signal reflected from the RIS towards the PR is dis-
regarded due to the limited coverage area of the RIS, which restricts the
propagation of interference towards the PR [33]], [34] and [36].



To this end, the CDF of R? is given by [17, Theorem 1]

\(:5)
I'(v)
where (-, -) is the lower incomplete gamma function [41} Eq.
(8.350.1)]. If we define R,, = o, B,,, where R,, are i.i.d RVs,
n = 1,2,...., N, then the parameters v and b are dependent
on the mean and variance of R,,, and can be respectively

expressed as [17]
_ N(E[R,)® _ var(R,)
var (R,,) - E[R,]’
where F [R,] and var (R,,) are obtained as in [17, Eq. (4)]
and [17, Eq. (5)], respectively.

Fpo(2) = 23>0, @)

III. EXACT PERFORMANCE ANALYSIS

This section provides the performance of the RIS-assisted
secondary network. We start with deriving analytical expres-
sions for the CDF and PDF of the maximized instantaneous
SNR p in (@). The derived expressions are to be utilized in
the sequel to analyze the outage performance, ergodic capacity
and average BER performance.

A. SNR Statistics

In Theorem 1 below, the CDF and PDF of p are provided
in terms of incomplete H-functions.
Theorem 1: The CDF and PDF of p are, respectively, given

by
v (v, /555 ) o
FP(Z) = WSJP (1—@ PA)
@)
+ 44];71“1=2 ZA | 0.4,50,)
I(v) 22|\ 02Q| wu.on |’
and
23 le™ 2p o
= —(1- _ﬁ)
fP(z) 2 bQP)EP(’U) ( e (6)
+ L_lrlﬁ i (0,3,45),(0,3),(1,1)
L(v) 3,3 b2Q|  (v,1),(0,1),(1,1 ’
where I‘;’“‘q"() is the incomplete H-function [42, Eq. (2.3)]

and I'(+) is the gamma function [43} Eq. (8.310.1)].
Proof: See Appendix A.

B. Outage Probability

A fundamental measure of the communication link reliabil-
ity is the outage probability, which is defined as the probability
that the received SNR falls below a predefined threshold
vth- Correspondingly, the outage probability of the secondary
network, denoted by P, (7tn), is given by

Pout (’yth) = FP(FYth)

)

(v,1),(0,1)

(0,3, 7% ,(171)]

C. Ergodic Capacity

We now provide the ergodic capacity analysis of the
secondary network under consideration. The instantaneous
capacity of the secondary network for a given realization of
the RV p, denoted by C,, is given by [44]

C, =logy(1+ p) [bits/s/Hz]. (8)

In what follows, we use C' to denote the ergodic capacity,
which can be obtained by averaging over all realizations of
the RV p as

C =E [log, (1+ )]
1 o0
) B e

where f,(z) is as given in (6).

In Theorem 2 below, the ergodic capacity is derived in terms
of the H-function and the incomplete H-function.
Theorem 2: The ergodic capacity of the secondary network
is given by

)

C=0cW40®, (10)

where C1) and C'®) are, respectively, given by

(1v,2),(1,1),(1,1)] 7 11

W (- ?)
1) _ ,
C Hy (1,1),(0,1)

~ T(v)In(2) vr

CRRESRCRINCRY

0(2) X
(v,1),(1,%),(0,1)

_ b es| [ A
_ln(Q)F(v)F&?’[ b2Q 1 (12)

where H;"[-] is the univariate H-function [45, Eq. (1.2)].
Proof: See Appendix B.

D. Average BER

Here, we study the average BER of the secondary network.
We focus on various binary modulation formats with condi-
tional BER, denoted by P.(p), is given by [406]

_ T'(¢,0p)
Pe(p) = ()

where p is the instantaneous SNR in (3), and T'(-,-) is the
upper incomplete gamma function [41, Eq. (8.350.2)], and
the parameters § and ¢ are modulation-specific constants. The
average BER, denoted by P, can be derived as [46]
5C > -0z (-1
P, = 3T0) /0 e %25 T Fy(2)dz.

In Theorem 3 below, we obtain the average BER of the sec-
ondary netowrk in terms of the H-function and the incomplete
H-function.

Theorem 3: The average BER of the secondary network is
given by

13)
(14)

P, =PWY 4 p?), (15)

where Pél) and PéQ) are, respectively, given by

Q
1—-e"Px
Py _ ( )H 2 <1<,;>,<1,1>] a6

1
© T 2N(v)I(¢) T * (v,1),(0,1)

1
0b2P
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0b2Q
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(v,1),(0,1)

P® =

17)
Proof: See Appendix C.

IV. ASYMPTOTIC PERFORMANCE ANALYSIS

This section provides the asymptotic performance of the
secondary network at high values of peak power P. While
the exact results obtained in the previous section are general
enough to cover various arbitrary values of system parameters,
the results of this section are of interest when PA > . In
what follows, we derive asymptotic expressions for the outage
probability, ergodic capacity, and average BER when P\ >

Q.

A. Asymptotic Outage Probability

Considering P,y (7tn) in (7), the first term will approach
zero when P\ > @Q (e., (1 — e’%) — 0). Hence, the
asymptotic outage probability, denoted by P~ (), can be

approximated as
L 12
I‘ )
I'(v) 22 [
If we further consider the unlimited peak power scenario

(i.e., P — 00), then P2~ (v4p,) can be obtained as

out
1 L2 Vth A
L) 22|\ 02Q

In view of [47) case (4)], the incomplete H-function in (19)
reduces to an H-function as

1 10
Hy
T'(v) 2,2 [

Yeh A

oY () = e

(v,1),(0,1)

1 Q
(0727}9)\)7(171)‘| . (18)

(0,3,0),(1,1)

asy
Pout (Ven) =~ (v,1),(0,1)

] . (19)

Yen A
b2Q

(0,3),(1,1)
(v,1),(0,1)

Pout (in) ~

] . (0

B. Asymptotic Capacity

When P > @, the asymptotic ergodic capacity, denoted
by C¥, can be approximated by C® in . The term
c® in becomes negligible due to (1 — e_%) — 0.
Accordingly,

A
b2Q

0,%,5),(1,3),(1,1)

C%Y
(v,1),(1,3),(0,1)

ln(2)1F(v) Iss l ] - @D

If we further consider the unlimited peak power scenario
(i.e., P — 00), then
A

asy A 1 2,3 A
T e l 10

1 Hz,gl A

3)(1L1)
5)7(071)

(0,3,0),(1,3
(v,1),(1,

1 (22)

< 3)(1,3),(1,1)
In(2)T(v) v2Q| (wn),(15).00) |

C. Asymptotic Average BER

Following the same procedure for deriving the P.Y, and

C*Y, the asymptotic BER, denoted by PZ°Y, can be obtained
as

PesY 1 1—11,3 A (0’2’}3)\ (1_<7;)’(171)‘|
¢ 2T (v)D(¢) 2|\ 602Q (v,1),(0,1) '
(23)
In addition, as P — oo, we have
asy 1 1,3 A 10,3).0-¢,9),(1,1)
P~ 2T (v)T'(¢) By’ [ 562Q (v,1),(0,1) 1 ’
(24)

V. NUMERICAL RESULTS

In this section, we utilize the derived analytical expressions
for the outage probability, the ergodic capacity, and the average
BER to investigate numerically the performance of the RIS-
assisted secondary network for various system parameters.
The correctness of analytical expressions is validated by using
extensive Monte-Carlo simulations El

100 T T T T
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e ° b
-
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'E ®  Simulation

S

=9}

@

0

<

5

O 10710

10-15 I I I I I I I I I

-10 -8 -6 -4 -2 0 2 4 6 8 10
Peak Power P (dB)

Fig. 2. Outage probability of the secondary network versus the SS peak power
P for various values of RIS elements NV at A = —5 dB, =, = 10 dB, and
Q@ =0dB.

It is worth mentioning that our analytical results hold true
for arbitrarily chosen parameters. However, for the purpose of
comparing the analytical results with the simulation results,
we specifically consider the following settings, unless stated
otherwise. In our simulations, we consider 107 independent
samples (realizations) for performance evaluation. For the
channel parameters of the secondary network, we take into
consideration a Rician fading environment with the following
parameters as in [17] : v = vo = 1, 02 = 03 = 0.5 (i.e., the
corresponding Rician factors are K1 = Ky = 1). In all figures,
the analytical, asymptotic, and Monte-Carlo simulation results

“The incomplete H-function is not a built-in function in well-known
software packages such as MATLAB and MATHEMATICA. Hence, we
provide an efficient MATLAB code for evaluating the incomplete H-
function at: https://www.mathworks.com/matlabcentral/fileexchange/161176-
incomplete-fox-h-function.



are represented by solid lines, dashed lines, and markers only,
respectively.

In Fig. 2, the outage probability of the secondary network
is depicted against the SS peak power P for different values
of RIS elements N. We first note that the exact outage prob-
ability in precisely matches the Monte-Carlo simulations.
Additionally, we observe that the asymptotic curves for the
outage probability tend to converge to the exact curves as
PX > Q. As expected, the outage performance improves with
increasing V. It is also evident that the outage performance
exhibits saturation due to the peak power constraint at the SS.

Fig. 3 depicts the ergodic capacity versus the SS peak
power P for different values of N. We note that the exact
ergodic capacity in (I0) matches perfectly with the Monte-
Carlo simulations. Additionally, it can be observed that the
asymptotic expression for ergodic capacity is highly accurate
when P\ > @. From this figure, it is evident that the ergodic
capacity improves with increasing [V or P, but it saturates as
P grows large.
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Fig. 3. Ergodic Capacity of the secondary network versus the SS peak power
P for various values of RIS elements N at A = 0 dB and Q = —10 dB.

Fig. 4 illustrates the ergodic capacity versus the interference
power limit ) at the PR for different values of V. We observe
that the exact ergodic capacity improves with increasing
N, as expected. It is also evident that as the PR tolerates
higher interference power (i.e., () increases), the capacity
improves. This is attributed to the fact that the SS transmit
power increases with () as shown in , leading to better
performance. Additionally, we note that while the asymptotic
ergodic capacity is highly accurate when P > @), it diverges
from the exact capacity as () increases.

In Fig. 5, we plot the ergodic capacity versus N for various
values of (). We investigate the influence of increasing N on
the ergodic capacity and validate the accuracy of our exact
and asymptotic expressions through Monte-Carlo simulations.
The observations about the asymptotic curve align with our
discussion in previous figures.

Fig. 6, illustrates the average BER of binary phase shift
keying (BPSK) modulation format versus P for different
values of N. We first notice that the exact average BER in

12 T
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Fig. 4. Ergodic Capacity of the secondary network versus the interference
power limit @ for various values of RIS elements N at A = 0 dB and
P =10 dB.

Exact,
= = : Asymptotic

®  Simulation

4 Q=-10dB,-5dB, 0dB

2 I I I I I I I I
5 10 15 20 25 30 35 40 45 50
Number of RIS Elements N

Fig. 5. Ergodic Capacity of the secondary network versus the number of RIS
elements /N for various values of ¢Q at A =0 dB and P = 10 dB.

matches perfectly with the Monte-Carlo simulations. It is
evident from this figure that average BER improves by either
increasing IV or (). Furthermore, we note that the asymptotic
curves for the average BER tend to converge to the exact
curves at large values of P.

VI. CONCLUSION

In this work, we proposed a novel RIS-assisted underlay
spectrum sharing system, in which a secondary network as-
sisted by an RIS shares the spectrum dedicated to a primary
network. The performance of the RIS-assisted secondary net-
work over Rician fading channels is investigated while con-
sidering a practical transmit power adaption at the SS and an
interference power constraint at the PR. Novel exact analytical
expressions, in terms of the H-function and the incomplete
H-function, are derived to quantify the outage performance,
the error performance, and the ergodic capacity. Asymptotic
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Fig. 6. Average BER of the secondary network versus the SS peak power P
for various values of RIS elements N at A = —5 dB.

expressions are also obtained for large values of the peak
power of the SS. The derived results suggest that increasing
the number of RIS elements /N will substantially enhance
the performance of the secondary network. In addition, our
analytical approach is validated through extensive Monte-
Carlo simulations.

APPENDIX A
PROOF OF THEOREM 1

The CDF of p in (3) can be derived as

Fy(z) = Pr{p < 2}
- Pr{PR2 <z |hol* < fﬁ} (25)
QR’ 2 @
+Pr{|h B z, |hol >P}

In view of |hg|? and R? being independent RVs, F,(z) can

be evaluated as
2 ? 2 _ @
= < — < =
Fy(z) = Pr{R _P}Pr{|h0| _P}
e 5 _ 2T
—I—/}Cg Pr {R < Q}fh0|2(x)dx.

Using the fact that |ho|? is an exponential RV with mean ),
then F,(z) can be expressed in terms of the CDF of R? as

(26)

e ze\ 1 _e @7
+/g FR2 (Q) Xe kdx
Making use of @) in 27) yields
(V) —a
Fplz) = I'(v) (1 c )
o0 7( ; big) 1 ey (28)
—_ A
+/g T(w)  A° W

We focus next on evaluating the integral expression I
in (28). The first step is to express the lower incomplete
Gamma function in terms of the Meijer G-function as [48]

Eq. (8.4.16.1)]
1
v,0

o [ZN _ i [
Yi{v, 20 1,2 b2Q

L T W= s) (ﬁ)
I'(1+s) d

(29)

pry -_— 87
2mj
L

where the second line in (Z9) represents the Mellin-Barnes
integral of the Meijer G-function [45| Definition 1.5].

Plugging (29) into the integral expression of (28) will result
in (3I). The inner integral in (3I) can be evaluated with the
help of [43| Eq. (3.381.3)] as

o1 . s s Q
I = e fdr =MD (142,22 ).
2 /gx N (+2’PA)

Substituting (30) into (31)) leads to (32). Considering (32) and
using the definition of the incomplete H-function [42| Eq.

(2.3)], F,(z) in (28) can be finally expressed in a compact
form as in

To this end, f,(z) is obtained as shown in @ by differenti-
ating F,(z) with respect to z with the help of [42, Eq. (2.12)].
This completes the proof of Theorem 1.

(30)

APPENDIX B
PROOF OF THEOREM 2

in (6) as
= fM(2) +f,§2)(2)-
il VTR (1—6_%> and

2(b2p)%’r(v)

\/X‘ (0,3, 7%); ),(1,1)
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We now evaluate C'(1) ag
1 oo

1 — § In(1 (1 (2)dz.

e = [T e

Using the transformation of variables v = /355, the integral
above can be expressed as

The first step is to express f,(z

fo(2) (36)

Here, we consider f,gl)(z) =

(2) .y —
p ()= F(U)

(37

o_ (=)
c =

In(2)T'(v)
The term In (1 + b2Pu2) can written in terms of Meijer G-
function as [48, Eq. (8.4.6.5) ] as

oo
/ In (1+b*Pu?) v’ e “du. (38)
0

In (1+bPu?) = G472 (b2Pu2| 1;) . (39)

To this end, substituting (39) in (38) and applying [45 Eq.
(2.29) 1, C™M can be finally expressed as in (11)).
In what follows, we evaluate C(?) as
@ _ 1

= oon z (2)23 z
nw | M2 e

We first utilize [42, Eq. (2.3)] to expres f,§2)(z) in terms of
the Mellin-Barnes integral as in (33).

(40)
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Plugging into will result in (34). The inner integral
in can be evaluated with the help of [43| Eq. (4.293.3)]
as

oo
I3 = / 227 In(1 + 2)dz = 1)
0

5sin (%)
We now utilize [43} Eq. (8.334.3) and Eq. (8.331.1)] to express
I3 in terms of a product of gamma functions as

DO
r(1+3)
Making use of in leads to (35). Considering
and using the definition of the incomplete H-function [42|

Eq. (2.3)], C® in 1@) can be finally expressed in a compact
form as in (I2). This concludes Theorem 2.

I3 =

(42)
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Consider the first and the second terms of Fj,(z) in (5)
as Fp(l)(z) and FéQ)(z), respectively. Then, P can be
expressed as

5¢ o
P = 7/ e 25 FWM (2)dz
0 Jy F )

(1 — e_f%) §¢  poo
—/ 6_6224_1’7 (’U,
0

2I(0)1(¢)

The lower incomplete Gamma function in the second line of
can be expressed in terms of the Meijer G-function as [48}
Eq. (8.4.16.1)]

z 1,1 z 1
”(“’\/bzp) e (vw! w)'

Making use of in and utilizing the Laplace transform
property of the Meijer G-function [45, Eq. (2.29) ], Pe(l) is

finally as given in (I6).
Similarly, P*) can be obtained from F,@(z) as

(44)

5¢ o0
P® = 7/ e 02207 PP (2)dz
Q) Jy )
_ e~ zchl
20 (0)T(C) Jo (“43)
1,2 ZA ] (0,3,45),(1.1)
X F272 [ 20| (.00 dz.

Considering (43)) and utilizing the Laplace transform property
of the incomplete H-function [42, Eq. (3.6)], Pe(g) is finally
as given in (I7). This completes the proof of Theorem 3.
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