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Abstract: The reconfigurable intelligent surfaces (RIS) represent a transformative technology in wire-
less communication, offering a novel approach to managing and enhancing radio signal propagation.
By dynamically adjusting their electromagnetic properties, RIS can significantly improve the perfor-
mance and efficiency of 5G and beyond communication systems. In this paper, we study a cognitive
RIS-aided non-orthogonal multiple access (NOMA) network that serves multiple users and improves
spectrum efficiency. Our analysis assumes a secondary network operates under multi-primary user
constraints and interference from the primary source. We derive approximation closed-form formulas
for outage probability (OP), and system throughput. To obtain further insights, an asymptotic expres-
sion for OP is computed by taking into account two power configurations at the source. Additionally,
numerical results show the effects of important factors on performance, confirming the accuracy of
the theoretical derivation. According to the simulation results, performance by the system under
consideration might be improved considerably by combining a RIS and NOMA, particularly when
compared to an orthogonal multiple access scheme.

Keywords: RIS; NOMA; cognitive radio; performance analysis; throughput

1. Introduction

Massive machine-type communications (mMTC), enhanced mobile broadband (eMBB),
and ultra-reliable low-latency communications (URLLCs) are some of the critical perfor-
mance criteria that next-generation communication networks such as fifth-generation (5G)
and sixth-generation (6G) are required to achieve. In order to increase spectral efficiency
while lowering hardware costs and power consumption, researchers are focusing on solu-
tions that go beyond the network, such as using a reconfigurable intelligent surface (RIS),
also known as an intelligent reflecting surface (IRS) [1-5]. It has been demonstrated that an
RIS increases network capacity and provides end-to-end performance that is on par with
standard relaying systems [6,7]. In [8], the authors demonstrated a less complex active RIS
compared with fully connected active RIS architectures and then provided the flexibility to
position the RIS at any location, with more increase in performance than passive RIS. The
vast majority of RIS implementations consist of arrays of two-dimensional metasurfaces.
One may modify the signal’s propagation properties by expertly adjusting each element’s
phase shift [9]. When RIS is used in place of communication auxiliary technologies like am-
plifying and forwarding relays, less energy is used [10]. The RIS enables IoT performance
increases in connection, power, and coverage far less costly since it can be simply implanted
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into the inside of buildings and onto the surface of huge vehicles without requiring changes
to the device’s hardware and software [11]. In the meantime, RIS can cover a wide area
while using little power [12].

Non-orthogonal multiple access (NOMA) is a technique that facilitates several linked
devices and improves spectral efficiency. Multiple user equipments (UEs) can use the
same resource without being constrained by conventional orthogonal multiple access
(OMA) techniques thanks to the utilization of successive interference cancelation (SIC)
at the receiver and superposition coding at the transmitter to cancel out intra-NOMA
user interference [13-17]. Performance benefits are higher with NOMA than with OMA
approaches because it enables UEs with poor channel conditions (far) to serve UEs with
good channel conditions (near) at a single access point [18-20]. In addition, to increase
spectrum efficiency, cognitive radio (CR) offers secondary users (SU) access to a licensed
spectrum of the primary user (PU) [21]. It has drawn notice for helping new applications,
especially when incorporating NOMA with CR, which may satisfy the high throughput,
enormous connection, and low-latency needs of the 5G network [22-24]. The goal of
cognitive NOMA is to offer more thoughtful spectrum sharing [25]. There are three
operating paradigms for CR networks: the interweave mode, the overlay mode, and the
underlay mode. Since the frame structure in overlay and underlay modes simply consists
of data transmission, PU and SU networks can coexist at the same frequency band [26].

1.1. Related Work

This section provides a brief summary of the combination of the RIS in a NOMA [10,27-34]
or CR network [35-41] or RIS-SNOMA-CR [42,43]. By making use of the fixed reflecting
components in [10], the system total rate of IRS-NOMA was increased for multi-antenna
situations. In [27], the authors developed a distributed and iterative approach for optimiz-
ing the phase shift matrix and power allocation in the RIS-NOMA-assisted simultaneous
wireless information and power transfer (SWIPT) network. In [28], the developers used ac-
tive/passive RIS to aid in uplink communication, allowing the adoption of NOMA schemes
amongst users with similar transmission power. In [29], a combination of user clustering
and RIS allocation techniques was developed to secure the NOMA scheme’s execution
while optimizing the system’s sum rate. The performance of the RIS-powered NOMA
network was studied in [30], which looked at energy efficiency (EE) in both delay-restricted
and delay-tolerant modes. The authors in [31] developed the IRS-NOMA system through-
put maximization by considering the reflection coefficients and the decoding order. In order
to get over the hardware constraints, a straightforward IRS-NOMA transmission scheme
was created in [32], where the outage probability for a single user is calculated using on-off
control. In [33], the authors derived the closed-form formulas of the RIS-NOMA outage
probability under Nakagami-m fading channels based on the passive beamforming weights.
In order to improve the coverage of both uplink and downlink NOMA networks, the RIS
was implemented [34], demonstrating the advantages of RIS over FD relaying.

In multiple-input multiple-output (MIMO) CR systems, the authors in [35] used a RIS
to help the SUs transmit data. To increase the maximum SU rate that could be achieved, the
authors of [36] incorporated multiple RISs to downlink multiple-input single-output CR sys-
tems. A simultaneous transmit precoding and reflect beamforming design for RIS-assisted
downlink MIMO CR networks was created in [37]. The authors of [38] investigated resilient
beamforming design based on both bounded and statistical channel state information
(CSI) error models for PU-related channels in RIS-aided CR systems. In order to maximize
the secrecy rate for safety purposes, a novel numerical solution has been suggested of
a RIS-assisted spectrum sharing underlay CR wiretap channel [39]. In [40], the authors
jointly designed the passive beamforming at the RIS and the transmit beamforming at the
multi-antenna cognitive base station, resulting in a secrecy EE maximization technique.
The authors of [41] focused their attention on potential improvements to the resource
allocation architecture for RIS-assisted full-duplex CR systems. In [42], the performance of
the RIS-assisted CR-NOMA system was examined, and a deep learning (DL) framework
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for ergodic capacity prediction was created. The authors in [43] studied the RIS-assisted
non-terrestrial under CR and NOMA. Furthermore, the outage performance of secondary
users is derived under perfect/imperfect SIC and interference from PN.

1.2. Motivation and Contribution

Based on RIS, NOMA, and CR advances, this paper proposes a cognitive RIS-aided
NOMA communications network to improve spectrum efficiency and to overcome severe
fading/obstacles. Different from the work in [42], we study a cognitive RIS-aided NOMA
network with multiple UEs to improve efficient spectrum utilization. In addition, interfer-
ence from the primary network (PN) with UEs of a secondary network (SN) is investigated
to reflect real-world conditions. The main contributions of this work are as follows.

e  First, we propose a novel, cognitive RIS-aided NOMA network where a secondary
source serves multiple SNs despite interference from the PN.

*  Secondly, we analyze the performance of the suggested system in terms of outage
probability and system throughput. The approximate closed-form analytical and
asymptotic expressions for OP are obtained, providing helpful insights into the pro-
posed system’s configuration.

¢  Finally, we present a Monte Carlo simulation to validate the accuracy of the theoretical
analysis, then we show the discussions about the impacts of (i) the number of reflective
elements of the RIS, (ii) the number of PUs, and (iii) the interference from the primary
source on the SN. We also present a comparison of the OP and system throughput
between the cognitive NOMA system assisted by the RIS and its OMA equivalent.

The remainder of this work is structured as follows. Section 2 describes the proposed
system model. The channel model and performance analyses of the proposed system are
in Section 3. The numerical results from analysis of our suggested system are provided in
Section 4. Finally, conclusions are in Section 5.

2. The System Model

In this paper, we consider the cognitive RIS-aided NOMA communications network
shown in Figure 1, which operates over the spectrum of a primary network where a sec-
ondary source (S) and M secondary user {SU m}ﬁf:l are assisted by a RIS (R) with N
reflective elements, the K primary user {PD;}X_, is in the area of interest of a primary
source (PS). Furthermore, all PN and SN nodes are equipped with a single antenna. We
designate hggr, ,n € {1,..., N} as the channel from S to n-th reflective elements of R, while
hg,u, denotes the channel from the n-th reflective elements of R to SU,; hsy, denotes
the channel from S to SUy, hsp, denotes the channel from S to PDy, hpy,, denotes the
channel from PS to SU,,. In our paper, the CSI of PS is not available in SN [44]. More-
over, all primary transmitter interference signals are treated as AWGN with CA/(0, {c?),
where ¢ denotes the scaling coefficient. All channels follow Rayleigh fading. Without loss
generality, the channel from S to M SU and the cascade channel from S to R and R to

2 2
< - < ’hguM@)th + hguM’ [33], where

hsg, = [hSRll - /hSRN]/ hRLll = [thz/{l, - ,I’lRNul], and © = diag(vclefgl, ceey DCNEjGN),
with a, =1, Vn and 0, € [0,27) being the amplitude coefficient and the phase shift,
respectively, of the n-th reflective elements of R.

In the CR model, S must dynamically modify its transmit power in accordance with
the maximum allowable interference level, Py, in order to prevent the interference that an
SU transmission causes for the PU. As a result, transmit power at S according to [42], is

M SU are ordered as ‘h%ul Ohsr + hsy,

Py,

2
; 33§K|hsvk |

(1)

PS = min pg,
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where Pg denotes the maximum transmit power at S. Next, S sends superposed signals to
the M SU assisted by the RIS. Thus, the received signal at S, is

M
ysu, = (hgum@hsn + hsu,,,) Y /PsBixi + hpy,, + nsu, )
i=0

M
where B; denotes the power allocation with 1 > ... > Bp, and ) B; = 1, with x; denoting
i=0

the message of i-th SU, and nsy,, denoting AWGN with CA (0,7(72).

Controller

\ » =
\ Si/{z
S Sl
.. X PS Secondary Network
PD={ ,I’Dk}_k:1
Primary Network
(Transmission Link ——» Interference ——— )

Figure 1. A cognitive RIS-aided NOMA network.

Following NOMA procedures [30], the signal-to-interference plus noise ratio (SINR)
at the m-th SU to detect information of p-th SU (m > p) is given by

G2 PsByp

3
g%Pszll'\ip+1,Bi+§0—2+0‘2 ( )

where Gy, = |Gy + hsy,,|, and G, = | YN, hsr, hr,u, e’ |. For the case of perfect CSI as
explained in [45], we can obtain G, = Y21 |hsr, [|hr,u,| = LN_1 Guu. After eliminating
previous user signals with SIC, the SINR at SU{; to decode its own information is

G PsBum

3. Performance Analysis
3.1. The Channel Model

In this section, we calculate new channel statistics for the cognitive RIS-aided NOMA
network utilized to evaluate OP and asymptotic OP.

Lemma 1. The corresponding PDF and CDF of the m-th ordered G2, is given by

M—m et
)= X ow1)"f (0B 0] ®
M—m _1\4 mda
Fa (v = %, e [y 0] ©)

a=0

where Ay = Wlm_a)w
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Proof of Lemma 1. Following Rayleigh fading, the PDF and CDF, respectively, of |h;],
where j € {SRu, Rulhm, SUy, SDy}, are

7X2

2x *Lz. o
fing) (%) = a° Y B () =1—e . (7)

where (); denotes the average power of channel. Furthermore, the k-th moment of |/;] is
obtained with

[eo)

(8 = [ 25, (oo = (Jo) 1 (5 1) ®
0

Then, the PDF expression for G, , can can be calculated as follows:

7 1 X
fors®) = [ i () o 0 ©)
(e ) 2 2
4x 1 - o) x 7 — -~
_ e Ratin e OSRa ey, 1
O, 1, QSR o/ 76 ‘ A 10

Using [Equation 3.471.9] in [46], the exact PDF of G, , is

2
FGn (%) ® x ( & ) (11)
SRy

OR,u, SR, ORr,u,, 2

where Ky(x) denotes the zero-th order modified Bessel function of the second kind [46].
With the help of the PDF of G, , and [Equation 6.561.16] in [46], the k-th moment of G, ; is
derived as

[e0]

k k k 2
HGy,, (K) = /x fGp (X)dx = (QRnquSRn)ZF<2 + 1) (12)
0

With the help of the multinomial expansion [47], the k-th moment of G, can be

expressed as
ko ko kv g k k
1 N-2
pe, (k) =%y - ) < ky >( ko )( kn—1 >

k1=0k,=0 kn_1
X UG, (k—k1)ug,, (ki —kz) - pg,,  (kn-1) (13)

Based on the independence of G;; and hsy4,,, with the help of [Equation (1.111)] in [46],
the k-th moment of unordered G2, can be expressed as

2k

e (k) =) ( 2qk )ucm (9) Mgy, (2k = q) (14)

q=0
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Furthermore, we can approximate the unordered G2, as a Gamma distribution based
on the k-th moment of the unordered G% with the shape k;; and the scale parameter w,,
and it can be expressed as

o _ (G (g ()
! Var[=$n] gz (2) —pgz (1)
Var[G2) P‘gm( ) — g (1)

TEG] T kg )

xm _x
fg’,Zn( ) (w )k'"I‘(k )e " (16)

where 7(.,.) denotes the incomplete Gamma function. Furthermore, the corresponding
PDF and CDF of the m-th ordered G2, are given, respectively, as (5) and (6), and the proof is
completed. O

3.2. Outage Probability Analysis

Before the m-th SU decodes its own signal, the SIC is executed at that SU by identifying
and canceling the information of the p-th SU (m > p). An outage occurs if the m-th SU is
unable to identify the information of the p-th SU, as indicated by

GinPsBp
Enp= >y (18)
" {%PS M Bttt

where 7, = 2Ry 1, Ry denotes the target rate of m-th SU to detect x,. Then, the outage
probability of m-th SU is given by

Pm=1—=Pr[E;1NEu2M0...0 Epm] (19)
Theorem 1. The approximate expression OP of m-th SU is given by

Iy
m+a T(km) T\ 1

SWm

K7T2 K—lM—WL( K—1 )AM(_l)l—Hl
I

=0 a=0 (m+a)

1 * m+a
T o2 (pc+ 1)1 1 0. — o,
X Z \/1— ¢Zsec < 1 I‘(km)ry km, — e sp (20)

c=1
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Proof of Theorem 1. With the help of (1) and (18), the OP in (19) can be rewritten as

9 057
Pm_Pr[grzn<m/ZSD<rlth:| +Pr|:gr2n<mSD/ZSD>;7th
s s Mth ns

Uth L By
1S s 00 Mth
— [ f1eo ) [ fip(x)xdy+ [ Fron() [ fop (x)dxdy el
0 0 Nth 0
s
L
L
where ns = IZ%, Ny = %, 19;;1 = max(l91,. . .,l9m>, l9m = —'Ym(g‘i’l\l/l) , 19M = 'YMgi/jl),
(,BWL*'YWL i:§+1 ﬁz)

and Zgp = nl1axK|hSDk |2. Based on [Equations (19) and (20)] in [48], the PDF and CDF of

Zsp are expressed, respectively, as

N K-\ (DK e
fZSD(x) - = ( 1 ) QSD e (22)
K
Frop() =1 () ) (-1l s 3)

Furthermore, the term I; can be obtained as

19*
=t (5 )7 (5

i
M—m o I+a —10 * m+a
( K )AM( 1) e Qspis [ 1 7(ka o7, )] (24)
» I (ki) 1S5Wm

m—+a k

Next, the term I, in (21) is calculated as

(X.) 19*
L= /fZSD(y)Pg%l( my)dy
: Nth
th
s

K—1M-m I4+a * m-+a
K—1\KAy(-1) / [ 1 ( 9 )] _ iy

= 2 2 ki, e 9sp’d 25
far e ( l )(m+ﬂ)ﬂs7> (k) "\ Wartg” y @)

Tt

s

Moreover, the integral in (25) is difficult to solve in closed form. Therefore, by applying
the Gaussian—-Chebyshev quadrature method [49], I can be approximated as

. kn? Kle( K-1 )AM(_l)Ha
2R —
Qspdl [z 10 ! (m +a)

I * m+a
) 2 (QDC + 1)7T 1 19771(@(3 —7(I)+1 @¢
x ) \/1— pZsec ( 1 i Gl | I (26)

c=1

where ¢, = cos 2‘:2;1 7r) and @, = tan(W) + % By substituting (24) and (26) into

(21), (20) can be obtained. This proof is completed. [
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3.3. Outage Probability Floor Analysis

In a CR system, the OP floor implies that even if the average SNR keeps rising, the
OP cannot drop below a specific bound. In real-world networks, PNs are arranged in one
of two ways: (i) farthest from the SNs (Py, > Ps) and (ii) closest to the SNs (Pg > Py,).
Consequently, more information about the system architecture may be obtained from the
performance floor analysis assessed for a user’s OP.

Theorem 2. The asymptotic expression for the OP floor of the m-th SU when Py, > Pg and
Pg >> Py, respectively, are given as

M—m a % m+ta
00 Am(-1) { 1 ( B ﬂ
Pe~ ) Ky, — 2 27

=0 mta r(kM),Y HSWm 27)

and

— K2 Kil Mim < K—-1 )AM(_l)lJra
" Qspdl 55 ! (m+a)
I * = m—+a -
) 2 ((Pc + 1)7-[ 1 ﬁmwc —(I)+1 @¢
X C; \/1— @2 sec ( 1 F(km)ly ko, —— e 9p (28)

where @, = tan(W).

Proof of Theorem 2. To calculate the asymptotic expression for the OP of m-th users. The
term Pf; in (21) can be calculated as

F, (19;6"> Py > P

2 o 7

G s th S

Pi=17 8y ] 29)
/fZSD(]/)Fg%<;7”:h )d]/ , Py, < Pg

0

With the help (6), (22), and applying similarly the Gaussian—-Chebyshev quadrature
method, (28) can be obtained. The proof is completed. [

3.4. Throughput Analysis

In this subsection, we derive and analyze the throughput of the proposed system
configuration. Throughput is defined by evaluating the outage probability, Py, at a fixed-
source transmission rate, i.e., R (bits/sec/Hz) in the delay-limited transmission mode.
Based on the attainable OP, the system throughput may be represented as follows:

M
’rsystem = Z Rm(l - Pm) (30)

m=1

4. Numerical Result and Discussion

For the analyses in this section, the main parameters are listed in Table 1—(); = df. ,
in which /¢ denotes the pass loss exponent and BPCU denotes the bit per channel use. In
all figures, Sim. and Ana. are the abbreviations of Simulation and Analytical, respectively.
For simulation, we apply the Monte Carlo method with a 10° trial to clarify the accuracy of
our analysis.

Figure 2 plots the outage probability of three users versus 75 in dB from varying N.
We can see that over the whole range of 75, outage probability curves and analytical results
accord exceptionally well based on a Monte Carlo simulation. It can be seen that when 75
is from —20 to 0 dB and the number of reflective elements N is 15, the OP almost reaches 1.
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It leads to the system not being able to operate and presents operational challenges. But
when we increase 775 as well as N, the OP will be decreased, specifically when 7 is larger
than 5 dB and N = 20. Therefore, in reality, choosing the parameters to configure the system
to operate well also plays a very important role. Furthermore, the asymptotic findings
produced in (27) and (28) are extremely constrained, with the theoretical analysis at a high
1s confirming the accuracy of our developed analysis approach. In addition, observe that
outage performance improved when increasing the transmit power but did not change
with a high 7s. The fact that OP depends on more factors than only transmitting #s can
be explained. Specifically, we can see in (1) that the transmission power of 75 in the SN
is limited by #;;, in the PN. Another observation is that outage performance was better
when increasing the number of RIS reflective elements. This is because applying an RIS to
a NOMA network offers an additional level of flexibility to improve performance for users.

Table 1. Table of the main parameter.

Parameter Value
Number of secondary users M=3
Number of primary users K=3
Number of reflective elements N=20
Power allocation B1 =058, =03and B3 =0.2
Scaling coefficient =001
Target rate Ry =0.6, R, = 0.9, R3 = 1.6 [BPCU]
Maximum interference level 1y, = —10 [dB]
Pass loss exponent =2
dsr = dsp = dry, = 10 [m], dgy, = 20 [m],
Distance dru, = 15 [m], dsy, = 30 [m], dszy, = 25 [m],

and d sy, = 20 [m]

10%
107
>
=1
= D R
< 10
A ) et e e b e
R e R
A
&
£ 10°
=
o
X SU, Sim. |
104E| D SUz Sim. E
Ana.
- - - - Asymptotic with Ps > P,
............... Asymptotic with Ps < Py,

-20 -10 0 20 30

ns (dB)
Figure 2. Outage probability versus 775 in dB from varying the number of reflective elements.

Figure 3 plots the outage probability of three users versus #s in dB when varying 7;,.
Observe that the outage performance improved when increasing 7;;,. Furthermore, we can
see that the outage performance for three users from RIS-NOMA was superior to RIS-OMA.
Figures 4 and 5 plot outage probability versus #s in dB when varying the number of
primary users K and when varying interference ¢, respectively. We can see in Figure 4 that
when increasing K, outage performance for secondary users was reduced regardless of the
increase in transmit power. Figure 5 shows that when increasing interference, { outage
performance for users was reduced but not significantly. That is because of interference
with the secondary network from the source in the primary network.
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Outage Probability

10%3

—_
o
ro N

—
o

—_
o
[

104

i, = -10dB

Ana.

O SuU, NOMA Sim.
X  SUy; NOMA Sim.
> Su; NOMA Sim.

—-©-— SU; OMA Sim.
-6 SUy OMA Sim.
—>- SU3 OMA Sim.

N2 " ARV

\%

-20

-10

ns (dB)

Figure 3. Outage probability versus s in dB when varying 7.

Outage Probability

Figure 4. Outage probability versus 775 in dB when varying the number of primary users.

Outage Probability

-20

10

—_
o

—_
o
)

—_
o
@

ns (dB)

K =1 Sim.
o K_3sm e i
L| % K=5Sim. b v
SUy Ana. ) i i
————38U5y Ana. o
——— SU; Ana.
10 10 20 30

E—R$
S i e
] TG GOO0
A a
"‘\
%
£ i\ |
Q\\".
2
O ¢=00LSi DI e
= U. 1100, .
E X ¢ =0.1Sim. \'*'*O* TTTTTO
SU, Ana.
————S8U; Ana.
—-——-=SU3 Ana.
“ e 10 20 30
ns (dB)

Figure 5. Outage probability versus s in dB when varying (.
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Figure 6 plots system throughput versus #s in dB when varying the number of
reflective elements N. As in Figure 2, the outage probability of users is reduced when
increasing 775 and the number of reflective elements N. That leads to an increase in system
throughput, as shown in Figure 6. On the other hand, system throughput improved when
increasing the value of 7, as shown in Figure 7. Furthermore, system throughput for
RIS-NOMA outperformed RIS-OMA. In addition, RIS-NOMA and RIS-OMA converged to
the throughput ceiling in the high #s regime.

N =20, 15, 10

System Throughput (BPCU)
T T =

o
o
T

O Sim.
Ana.
OC/ OO O DO
-20 -10 0 10 20 30

ns (dB)
Figure 6. System throughput versus 75 in dB when varying the number of reflective elements.

3.5

N, = —10dB.

25 N, = —15dB

N = —20dB

System Throughput (BPCU)

oD
05 O NOMA Sim. |
' —>— OMA Sim.
Ana. U
09— ® ' '
-20 -10 0 10 20 30
ns (dB)

Figure 7. The system throughput versus s in dB when varying #,.

5. Conclusions

In this paper, we studied the performance of a cognitive RIS-NOMA network in terms
of outage probability and throughput. In particular, we derived the closed-form expression
for outage probability throughput. Furthermore, the asymptotic expression of outage
probability is shown to give more insight into the proposed system. Numerical results
showed validation of the derived expression and the impacts of the main parameters in
the proposed system by conducting a Monte Carlo simulation. Furthermore, the results
show that outage performance and throughput from RIS-NOMA were superior to those of
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RIS-OMA. Most articles in the literature presume possession of perfect CSI in RISSNOMA
to easily analyze the user selection procedure. The CSI for user selection may be out of
date for a variety of reasons, including feedback latency, movement, etc. Furthermore, with
widespread frequency reuse in wireless networks, RIS-NOMA is susceptible to co-channel
interference (CCI). These issues require more effort in future work.
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