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Rate-Splitting for Intelligent Reflecting
Surface-Assisted CR-NOMA Systems

Haoyu You, Zhiquan Bai, Hongwu Liu, Theodoros A. Tsiftsis, and Kyung Sup Kwak

Abstract—Intelligent reflecting surface (IRS) has been re-
garded as promising technique to improve system performance
for wireless communications. In this paper, we propose a rate-
splitting (RS) scheme for an IRS-assisted cognitive radio-inspired
non-orthogonal multiple access (CR-NOMA) system, where the
primary user’s (PU’s) quality of service (QoS) requirements
must be guaranteed to be same as in orthogonal multiple
access. Assisted by IRS, the threshold for the PU’s tolerable
interference power is improved, which in turn makes it possible
to increase the achievable rate for the secondary user (SU).
The optimal transmit power allocation, target rate allocation,
and successive interference cancellation (SIC) decoding order are
jointly designed for the proposed RS scheme. Taking into account
the statistics of the direct link and IRS reflecting channels, closed-
form expression for the PU’s and SU’s outage probabilities are
respectively derived. Various simulation results are presented
to clarify the enhanced outage performance achieved by the
proposed RS scheme over the existing CR-NOMA and IRS-
assisted CR-NOMA schemes.

Index Terms—Intelligent reflecting surface, non-orthogonal
multiple access, outage probability, rate-splitting.

I. INTRODUCTION

ITH exponential growth of wireless data traffic de-

manded by Industry 4.0 networks and service-based
wireless applications, available spectrum was becoming in-
creasingly scarce [1]. As a promising multiple access solution,
non-orthogonal multiple access (NOMA) has attracted great
attentions from industry and academia [2]-[6]. From the point
of view of cognitive radio (CR), the paired NOMA users
can be deemed as a primary user (PU) and a secondary
user (SU), respectively [7]. Thus, the CR principles were
applied in the optimizations of transmit power allocation
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and successive interference cancellation (SIC) for CR-inspired
NOMA (CR-NOMA) systems [8]-[11].

As a promising technology to boost the system perfor-
mance for wireless communications, intelligent reflecting sur-
face (IRS) has gained a lot of attention [12]-[15]. In general,
an IRS consists of a large number of low-cost reflecting ele-
ments and can reconfigure wireless environment by reflecting
beamforming. In recent years, research results have indicated
that IRS-assisted NOMA was an effective solution to realize
massive multiple access [16]-[19]. In many scenarios, IRS
was applied to achieve superior spectral efficiency (SE) and
user fairness for NOMA systems [20]-[24]. For example, IRS
was proposed to maximize the sum rate for uplink NOMA
systems subject to individual power constraints [20]. In [21],
an energy-efficient algorithm was proposed to yield a good
trade-off between the sum-rate maximization and total power
consumption minimization. In [22], the authors studied the
hardware architecture of the IRS and the competitive advan-
tages of the new signal model over the existing technologies.
In [23], IRS was applied in a covert communication scenario,
in which a legitimate NOMA transmitter communicates with
a public user aided by an IRS. In [24], a resource allocation
method was proposed to achieve a higher energy efficiency
for IRS-assisted systems.

In NOMA systems, multiple users may experience severe
inter-user interference (IUI) if they occupy the same resource
block simultaneously. In general, SIC is applied at a NOMA
receiver to recover the desired signal and SIC decoding order
is crucial to improve the decoding performance [25]-[28].
In [25], an SIC switching scheme was proposed to determine
the SIC decoding order dynamically according to the ratio of
the instantaneous received power to the target data rate of each
user. In [26], a transmit power allocation scheme was proposed
for the legitimate user to mitigate the error propagation caused
by imperfect SIC. For CR-NOMA systems, a quality of
service (QoS)-based SIC (QoS-SIC) was proposed to improve
the outage performance of the SU, while the PU’s outage
performance was guaranteed to be same as in orthogonal
multiple access (OMA) [9], [10]. Taking into SIC decoding
order and power control together, a new hybrid SIC (NH-SIC)
was further proposed for CR-NOMA systems to improve the
SU’s outage performance [11].

Due to the capability to improve spectrum efficiency, en-
hance reliability, and reduce latency for multi-user trans-
missions, rate-splitting (RS) has received a lot of atten-
tion [29], [30]. For downlink multi-user transmissions, the
user messages were split into the common and private streams
by using RS, which not only bridges NOMA and space
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division multiple access (SDMA), but also provides trade-
off between system performance and implementation com-
plexity [31]. Different from RS-aided downlink transmissions,
data streams transmitted by all users are fully decoded at
the base-station (BS) using SIC in RS-aided uplink trans-
missions [32]-[35]. Subject to individual rate constraints,
RS was applied to maximize the sum-rate for uplink rate-
splitting multiple access (RSMA) systems [32]. In single-
input multiple-output (SIMO) NOMA systems, RS was used
to ensure maximum-minimum fairness among uplink users
[35]. To avoid exhaustive search in the determination of
the optimal SIC decoding order required by uplink RSMA,
the fixed RS and cognitive RS schemes were proposed for
CR-NOMA systems with the increased outage performance
and user fairness [36]. Recently, a CR-inspired RS scheme
incorporating the transmit power allocation and SIC decoding
order was proposed for CR-NOMA systems to improve the
SU’s outage performance [37]. Further, the CR-inspired RS
scheme was applied to enhance the computation performance
in mobile edge computing systems [38].

In this paper, we propose to use RS to improve the outage
performance of an IRS-assisted CR-NOMA (IRS-CR-NOMA)
system. The transmissions from PU to BS are assisted by
an IRS, which improves the equivalent channel gain from
PU to BS and results in an improved tolerable interference
power threshold for PU. Without deteriorating the PU’s outage
performance, RS is conducted the SU to improve the outage
performance of the SU. Benefitting from IRS and RS, the
proposed scheme achieves a superior outage performance than
the benchmark schemes in which the IRS and RS are not
deployed.

The main contributions of this paper are summarized as
follows:

o For the considered CR-NOMA system, we apply the IRS
to assist the PU’s transmission and attain an improved
tolerable interference power threshold. Then, we apply a
RS scheme to improve the outage performance of the SU.
For the RS scheme, the optimal transmit power allocation,
target rate allocation, and SIC decoding order are jointly
designed.

o Taking into account the IRS-assisted channel gain, we
derive the closed-form expression for the outage proba-
bility of the SU, which significantly facilitates the eval-
uation of the outage performance. The impact of target
rate and transmit power allocation on the SU’s outage
performance is revealed. Various simulation results are
presented to clarify the enhanced outage performance
achieved by the proposed scheme than the existing bench-
mark schemes in which the IRS and RS are not deployed.

The remainder of this paper is organized as follows: In
Section II, the system model of the IRS-CR-NOMA system
is presented. In Section III, we present the RS scheme and
provide the outage performance analysis. In Section IV, sim-
ulation results are presented to verify the enhanced outage
performance achieved by the proposed scheme. Section V
summarizes this work.

Notation: The cumulative distribution function (CDF)
and probability density function (PDF) of the random
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variable (RV) « are denoted by F,(-) and f, (),
respectively. I'(m,n) = [“t™ lexp(—t)dt and
v (m,n) = [; t™ L exp (—t) dt denote the upper incomplete
Gamma function and lower incomplete gamma function,
respectively. I'(z) = [“t* 'exp(—t)dt denotes the
Gamma function. [a], and [A], denote the nth element of
the vector a and matrix A, respectively. diag(a) means
generating a diagonal matrix using the elements of the vector
a. () and ()T denote Hermitian transpose and transpose,
respectively. An identity matrix of the size N x N is denoted
by Iy. E(-) and Var (-) means the expectation and variance
of a RV, respectively.

II. SYSTEM MODEL

We consider an uplink CR-NOMA system consisting of a
PU U;, a SU U,, and a BS, as depicted in Fig. 1. To assist
the PU’s transmission, an IRS is deployed between the BS
and PU, so that the PU can transmit its signal to the BS via
the direct link and the IRS-reflected channels. We assume that
the SU is located in a position without IRS being available in
its vicinity. To facilitate the outage performance analysis, we
assume that each node is equipped with a single antenna for
transmission/reception, while the IRS consists of N reflecting
elements.

In the considered system, the direct link channel from U;
(i = 1,2) to the BS is denoted by h; = +/L;h;, where
L; is the distance-related path-loss and h; is the small-scale
fading coefficient. The reflecting channels from U; to IRS
and from IRS to BS are denoted by hy; = /Lyrhur and
ﬁIB = +/Lighip, respectively, where hyy and hig are the
N x 1 vectors containing the small-scale fading coefficients,
Lyr and Lip are the distance-related path-loss associated
with the reflecting channels. In this paper, we assume that
all the small-scale fading coefficients follow independent and
identically distributed Rayleigh fading and model the large-
scale fading by using the distance-related path-loss, which is

given by
di\ ¥
Li = o5 )
(d0>

where d; € {d1,ds,du1,dip} denotes the distance associated
with the corresponding channel, dy denotes the reference
distance, and x is the path-loss exponential component.

For the IRS, we assume the unit reflecting ampli-
tude for each element and use ¢, € (—m, 7| to de-
note the reflecting phase-shift generated by the nth el-
ement (n=1,2,---,N). To attain the strongest channel
gain for the PU’s transmission, the ideal phase-shift is
adopted as ¢,, = arg (h1) — arg ([h), [hul],,), Where [hig],
and [hy], are the nth elements of hig and hyg, respectively.
Then, the phase-shift matrix of the IRS can expressed as
Q = diag ([e?1, €792, ... €79V ]). For the PU’s transmission
to the BS, the equivalent channel gain can be written as:

2
g1 = ‘\/ Lihy + v/ LRhIIéQhUI’

where Lrp = (dIBdU] / d%)_x is the distance-related path-loss
of the reflecting channels.

6]

; 2
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Fig. 1. System model.

Prior to transmission, the BS sends an interference power
threshold 7 to the SU with the aim of guaranteeing the QoS
requirements of the PU. The interference power threshold is
given by [10], [11]

T = max {O, Dig — 02} , 3)
€1

where P; is the transmit power of Uj, o? is the variance of
the additive white Gaussian noise (AWGN) the BS receiver,
and £, = 271 — 1 with ]:21 denoting the target rate of Uj.
Since the maximum value of g; can be achieved by using the
ideal phase-shift, an increased interference power threshold is
attained by using the IRS to assist the PU’s transmissions.

To improve the outage performance of the considered CR-
NOMA system, not only the IRS is deployed between the BS
and PU, but also the RS is conducted at the SU. Since 2K —1
split data streams are enough to approach the full capacity
region for the uplink RSMA containing K users [39], we only
consider RS at the SU, equivalently, the PU does not need to
perform RS.

For each transmission block, the message signal of the SU
can be split into two parts x2; and x99 to be transmitted. The
signal received at the BS can be expressed as:

Yy = (\/ Llhl + vV LRthhU]) 1/ Pl.l‘l + vV CYPQLth.IQl
(1 = a)PyLahaway +n, “4)

where P, is the transmit power of Us, n is the AWGN at
the BS with zero mean and variance o2 and « is the transmit
power allocation factor satisfying 0 < o < 1.

To attain the maximum achievable rate for the SU, the
SIC decoding order x2; — =1 — T3 is used at the BS
receiver [37], [39]. Then, for the detections of x51, 1, and 2o,
the received signal-to-noise ratios (SNRs) can be expressed as:

ap29gs

= ) )
i (1 —a)p2g2 + p1g1 +1
P191
=V, (6)
T U= a) pags + 1
and
Y22 = (1 — a)paga, @)

respectively, where p; = Pig1/0? and py = Prgo/0? with
g2 = Lalho 2 For the transmissions of To1, T1, and x99,

the achievable rates are then given by Rg; = logy(1 4+ v21),
Ry =logy(1+71), and Ras = logy(1 + 722), respectively.

For the considered system, the RS is deigned to obtain the
allowed maximum achievable rate for the SU, which in turn
can improve the SU’s outage performance. Corresponding to
the SIC decoding order x9; — 21 — X292, the RS operations
at the SU are determined by comparing the SU’s channel gain
to the interference power threshold, which are categorized as
the following three cases:

1) Case I: 7 > 0 and p2go < 7. In this case, the maximum
interference power resulted by the SU’s transmission of o
is no more than the interference power threshold. Thus, the
SU does not conduct RS and allocates all of P, to transmit
To (T2g = x2), where xo is the transmit signal generated
by Uy from to its message signal without conducting RS.
Consequently, the transmit power allocation is set as v = 0
and the SIC decoding order xo; — x1 — 9o degrades to
r1 — xo (or equivalently z1 — x92) the BS receiver. In this
case, the received SNR for decoding x; and x5 are given by

PLIL_ and v = pago, respectively, and the achievable

n= p2g2+1
rate for the SU is given by Rg) = log,(1 + p292).
2) Case II. 7 > 0 and pago > 7. In this case, in

order to attain the allowed maximum achievable rate for

the SU, U, applies RS by setting @ = 1 — 2Tg2, which
results in the achievable rates Rop = logy (1 + %) and

Ras = logy(1 + 7). Since Ray achieves the maximum value
allowed by the interference power threshold, the achievable
rate Rén) = Rs1 + Ros of the SU is maximized in this case,
which is given by Rén) =logy (1 + ;228 ) +logy (1 + 7).
Corresponding to the transmissions of xo; and x99, the target
rate RQ of U, is split into ]%21 and RQQ, respectively. To
ensure the successful detection of x99, the split target rate is
given by Ras = Rgy = logy(1 + 7). Then, the split target
rate Rgl = f%g — ]:222 is set for the transmission of xo;.
To avoid error propagation in SIC, it requires the successful
detection of o in the first stage of the SIC decoding order
To] — X1 — Xg9. Thus, the transmission of the SU only
occurs if Roq > Rgl. Otherwise, the SU keeps silence, while
the PU transmit alone in this case.

3) Case III: 7 = 0. In this case, the PU’s transmission
encounters an outage due to a weak channel gain g;. Thus,
U, does not conduct RS and transmits the signal x9; = x4
by setting a« = 1. Consequently, the SIC decoding order at
the BS degrades to xo — x; (or equivalently xo; — 7).

The achievable rate of the SU is given by RSH) = log,(1 +
p292

o)
Assisted by the IRS, the interference power threshold 7 is

improved the achievable rate of U, attained by the proposed
RS scheme can be expressed as follows:

Rél), 7>0 and p2go <7
Ry={ R,

Rém),

7>0 and p2go > T 3
T=0.

Corresponding to Cases I, II, and III, the achievable
rates of U; can be characterized by R; = log, (1 + pf ;jil),

R; > log, (1 + ‘;fi ) and R; < logy(1 + p1g1), respectively.




Compared to the CR-NOMA system, the deployment of
the IRS can increase the equivalent channel gain g; in the
considered IRS-CR-NOMA system, which is beneficial to
improve the PU’s outage probability. On the other hand, the
IRS-CR-NOMA scheme generated an increased 7, correspond-
ing to which the SU has a higher probability to operate in
Cases I and II. Thus, a higher achievable rate can be attained
by the SU with the aid of IRS and RS, which in turn will
improve the outage performance of the SU.

III. OUTAGE PERFORMANCE ANALYSIS

In this section, we analyze the outage performance for the
PU and SU achieved by the RS scheme in the considered
IRS-CR-NOMA system. First, the distributions of the involved
channel gains are derived. Then, the closed-form expressions
for the outage probabilities of the PU and SU are presented,
respectively. Asymptotic approximations are also discussed for
the outage probabilities of the PU and SU in the high SNR
region.

A. Channel Gain Distribution Analysis

For the PU’s transmission, the equivalent channel gain g;
is given by (2). Substituting the ideal phase-shift into (2), g1
can be rewritten as:

N
g1 = |V Lilh|+VLr Z |[PB]n | [Put]n ]
n=1
The CDF of g1 is Fy, (¢) = Pr(¢g: < z), which has an
analytical expression given in the following Theorem.
Theorem 1: The CDF of the equivalent channel gain g; is
given by

2

€))

where k& and 6 denote the shape and scale parameters of
Gamma distribution, respectively, which are given by

_ (VIim +2New)’
4L +4ANEY? — Ly’

(10)

Y

and
ALy + ANEY? — Ly
2 (\/L17r + 2N§z/;) ’
respectively, with £ = 16”_72772 and ¢ = (4 — %2) vV LigLym.
Proof: See Appendix A. ]
The results in Theorem 1 gives a closed-form expression for
the CDF of g; in terms of the large-scale fading coefficients,
which is beneficial to evaluate the outage performance.
The CDF of g; in (10) can be further rewritten as:

0

(12)

F(2) = ﬁm Vz/6)
1 e} 1 m zm;k
- w2 (8) mmrm ®
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In the high SNR region as p — oo, the CDF of g; can be
approximated as:
k
22
F =—.
0 (%) = LT
With the above approximated CDF, the PDF of g; can be
evaluated as:

(14)

z 51
fo (2) = m
For the SU’s transmission, since the direct link channel gain

go is an exponential RV, the CDF of g, can be written as:

Fy,(2)=1—¢ Tz, (16)

(15)

B. Outage Probability Analysis

In this subsection, the outage probabilities of the PU and SU
achieved by the proposed RS scheme in the IRS-CR-NOMA
system are respectively derived.

For the PU, the outage probability is given by P,y 1 =
Pr(R; < ]A%l), which can be further evaluated as:

Pout,l = PI"(T = 0)
Pr(g1 <m)
= 1-T(k,/n:/0)/T(k),

7)

where 71 = £1/p1.
For the SU, the outage probability can be expressed as:
Pouz = Pyt o + Pous + P, (18)
where Po(lll)t_’2 = Pr{r > 0,p292 < 7, RV < Ry}, Po(llllt)2 =
Pr{r > 0, pag2 > 7, R™ < Ry} and P(SE)Q =Pr{r =0,
RMD < Ry} indicate the probabilities that U, is outage
corresponding to Cases I, II, and III, respectively. The Closed-
form expressions for P(Slll)t, P(Sllllt), and PO(LIlItI) are provided in
the following propositions, respectively.
Proposition 1: Corresponding to the RS scheme’s operation

in Case II, the probability P g given by

out

P 1 — I, (19)

out,

where I; and I are given by (20) and (21), respectively, as
shown on the top of the next page.
Proof: See Appendix B. ]
Proposition 2: Corresponding to the RS scheme’s operations
in Case I and Case III, the probabilities rl 5 and PéiItI)Q are

out,

given by
I
Py = Fyy (1 +€2))(1 = Fyy(m2)) + Fyy ()
—Fy, (m) — I, (22)
and
P(SIIIItI)Q = Fg,(m) — Iy, (23)

where I3 and I, are given by
(P2L2U1)%€ﬁ klt+e\ [k 1
QQkF(k) v 2’ ,02L2 " 2’ p2L2 ’

Iy =
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7l Lo\* ([ (k1 ko1
P2 L2
L= ('0261 2) (v ( “2) —7<,>), (20)
20 F(k) P1 2 pQLQ 2 p2L2
e TR La\2 [ [k k (1+e2)
we gy (50) CG2n) o G-n™) e
26 F(k’) P1 2 p2L2 2 p2L2
(24
10°, . . .
and ot e o 2 4 o
__f2 k —— U1, CR-NOMA )
= ot () (R ey g 2 T
20 F(k) P1E2 2 p2L2 é
respectively. & 10
Proof: See Appendix C. ] ;bﬁ
s

By combing (19), (22), and (23) together, the outage prob-
ability experienced by the Uz in the proposed RS scheme is
given by

Pout,Z = Fg1(771(1+52))(1_
+I — Iy — 13— 14

e’%F <k vy m(gH_EQ)

Foo (n2)) + Fo, (02)

)

> + 1y — Iy — I3 — 14.(26)

(k)

Remark 1: We demonstrate by the following examples that
the proposed RS scheme can achieve higher achievable rate
than the IRS-CR-NOMA scheme which does not deploy the
RS.

Example 1: £292

logy (14+7) > log, (1 + plgl+1). In this
example, we assume g1 = go = 15, p1 = 15, po = 25, and
€1 = 4. The interference threshold is give by 7 = %5. For
the IRS-CR-NOMA scheme without RS, the achievable rate

of Us is Ré” log, (1 + ggg) ~ 0.58 BPCU. In contrast,

the proposed scheme achieves Rén) = log, (1 + gég ;g) +
log, (1+ 228) ~ 2.09 BPCU.
Example 2: logs (1+7) < logg( + ppgzgil) In this

example, we assume g1 = ¢go» = 10, p; = 1, ps = 20, and
€1 = 3. The interference threshold is give by 7 = % For
the IRS-CR-NOMA scheme without RS, the achievable rate
of Us is RgH log, (1 + 200) ~ 4.26 BPCU. In contrast,
the proposed scheme achieves Rgu) = log,y (1—|— 593) +
log, (1+ %) ~ 5.72 BPCU.

IV. SIMULATION RESULTS

In this section, we present the numerical results to clarify the
outage performance achieved by the proposed RS scheme and
verify the accuracy of the developed analytical expressions.
For comparison purpose, we also present the simulation results
of the CR-NOMA and IRS-CR-NOMA schemes. Unless oth-
erwise specified, the following parameters are used throughout
the simulation: 02 = 1078 W, N =32, x = 3, dy = 1 m,
d1:17m, d2:15m,dU1:10m,dIB:8m.

.
&

10'4 L L L L
10 15 30 35

20 25 40
Transmit power P; (dBm)

Fig. 2. The PU’s outage probability comparison.

===

Outage probability

Solid lines: I?l = 3, Rz = 4
-3L  Dashed lines: Ry =4, Ry =5

CR-NOMA

IRS-CR-NOMA
—O— IRS-CR-NOMA with RS, analysis
% IRS-CR-NOMA with RS, simulation

10 15 20 25 30 35
Transmit power P (dBm)

5 40

Fig. 3. The SU’s outage probability comparison.

In Fig. 2, the outage probability of U; achieved by the
IRS-CR-NOMA scheme is compared with the CR-NOMA
scheme for various transmit power settings, where we set P;
= P, and N = 8, respectively. In particular, we consider
two target rate settings {R1 = 5BPCU, Ry = 4BPCU}
and {R1 = 4BPCU, Ry 3BPCU} in Fig. 2. We can
see from Fig. 2, the outage probabilities of U; achieved by
the IRS-CR-NOMA and CR-NOMA schemes monotonically
decrease with an increasing of transmit power. It is clearly
illustrating that the IRS-CR-NOMA scheme achieves better
outage performance than CR-NOMA scheme for U; in the
whole transmit power region, which proves that the usage of
IRS is helpful to improve the outage performance of the PU.

In Fig. 3, the outage probability of U, achieved by
the proposed RS scheme is compared with the CR-NOMA
scheme and IRS-CR-NOMA schemes for various transmit
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Fig. 4. Outage probability comparison for Ua with P; = 5P.

Outage probability

—— CR-NOMA
—&— IRS-CR-NOMA
—O— IRS-CR-NOMA with RS

1 15 2 25 3 35 4 45 5
Target rate Ry (BPCU)

Fig. 5. Impact of the target rate on the outage probability of Us.

power settings, where we set P; = P,. In particular, we set
{R, = 3BPCU, R, = 4BPCU} and {R; = 4BPCU, R, =
5BPCU} in Fig. 3. From Fig. 3, we can see that the proposed
RS scheme achieves the best outage performance among
the three schemes. In addition, we can see that the outage
probability of the three schemes approach 1 in the low transmit
power region. As the transmit power increases, the outage
probabilities achieved by the CR-NOMA and IRS-CR-NOMA
scheme encounter a outage probability floor in the middle
and high SNR regions. On the contrary, we can see from
Fig. 3, that the outage probability of the proposed RS scheme
monotonically decreases with an increasing transmit power.
In Fig. 4, we investigate the outage performance of Uj
achieved by the considered three schemes for various transmit
power settings. In particular, we set P, = 5P, in Fig. 4.
In addition, we set {R; = 3BPCU,R, = 4BPCU} and
{Rl = 4BPCU, Ry = 5BPCU} for target rate pair Ry
and R, in Fig. 4. From Fig. 4, we can see that the pro-
posed RS scheme achieves the smaller outage probability
than CR-NOMA scheme and IRS-CR-NOMA scheme for both
{Ry = 3BPCU, R, = 4BPCU} and {R; = 4BPCU, R, =
5 BPCU}. Furthermore, we can see from Fig. 4 that the outage
probabilities of the CR-NOMA and IRS-CR-NOMA encounter
an outage probability floor in the middle and high SNR
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Fig. 7. Average throughput comparison for Us.

regions. In contrast, the outage probability achieved by the
proposed scheme (IRS-CR-NOMA with RS) monotonically
decreases with an increasing of the transmit power.

In Fig. 5, the outage probability of Us achieved by the pro-
posed RS scheme is compared with the CR-NOMA and IRS-
CR-NOMA schemes for various settings of the target rates. In
particular, we set P, = 25 dBm, P, = 20 dBm and fix the
target rate Ry = 3BPCU in Fig. 5. It is clearly illustrating that
the proposed RS scheme achieves the best outage performance
among the three schemes in the whole target rate region. In
the low target rate region, we can see that the CR-NOMA
scheme achieves the highest outage probability among the
three schemes. Although the IRS-CR-NOMA scheme achieves
a lower outage probability than that of the CR-NOMA scheme,
the achieved outage probability is still higher than that of the
proposed RS scheme in the considered target rate region.

In Fig. 6, the average throughput of U; achieved by the
IRS-CR-NOMA scheme is compared with the CR-NOMA
scheme for various transmit power settings, where we set
Py =P, and N = 8. In addition, we set {R; = 5BPCU,
Ry, = 6BPCU} and {R, = 4BPCU, R, = 5BPCU} in
Fig. 6. From Fig. 6, we can see that the average throughputs
achieved by both schemes increases monotonically with an
increasing of the transmit power in the low transmit power
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region. In the middle and high transmit power regions, the
average throughputs achieved by both schemes approach the
target rate, respectively. However, in the low and middle
transmit power regions, the IRS-CR-NOMA scheme always
achieves a higher average throughput than that of the CR-
NOMA scheme, which verifies that the use of the IRS can
improve the PU’s average throughput.

In Fig. 7, the average throughput of U, achieved by the
proposed RS scheme is compared with the CR-NOMA and
IRS-CR-NOMA schemes for various transmit power settings,
where we set P, = P,. In particular, we assume {]:31 =
3.5BPCU, R, = 5.5BPCU} and {R, = 4BPCU,R, =
5BPCU} in Fig. 7, respectively. From Fig. 7, we can see that
the proposed RS scheme achieves the best average throughputs
among the three schemes for two different target rates, re-
spectively. In addition, we can see that the average throughput
of the three schemes approaches O in the low transmit power
region. The average throughput achieved by the three schemes
increases with the increasing of transmit power and stabilizes
in the high transmit power region. However, only the average
throughput achieved by the RS scheme approaches the target
rate in the high transmit power region, whereas the average
throughputs acheived by the CR-NOMA and IRS-CR-NOMA
schemes are lower that the target rate in the whole transmit
power region.

In Fig. 8, the impact of the number of the IRS’s reflecting
elements is investigated, where we set P; = P, = 15 dBm. In
particular, we assume {R; = 5 BPCU, Ry, = 4BPCU} and
{R, = TBPCU, R, = 5BPCU} in Fig. 8, respectively. From
the curves in Fig. 8, we can see that the RS scheme achieves
a lower outage probability for Us than that of the IRS-CR-
NOMA without deploying the RS. With the increasing of N,
the SU’s outage probability achieved by the RS scheme first
decreases and then approaches a outage probability floor in the
middle and high IV regions. The reason for this phenomenon is
that the outage performance is limited by the considered fixed
transmit power (15 dBm for this figure), so that the increasing
of N cannot further improve the outage performance when the
available best outage performance has been approached.
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V. CONCLUSIONS

In this paper, we have proposed to use RS to improve
the outage performance of the IRS-CR-NOMA system, in
which the PU and SU communicate with a BS simultaneously.
Assisted by the IRS, the PU attained an improved tolerable
interference power threshold, which resulted in an improved
outage performance for the PU. Under the CR principles, RS
has been conducted at the RS to aid its transmission. The
optimal power allocation, target allocation, and SIC decoding
order have been jointly designed to attain the maximum
achievable rate for the SU, meanwhile guaranteeing the PU’s
outage performance to be same as in OMA. The closed-form
expressions for the outage probabilities of the PU and SU have
been derived. Numerical results have shown that the proposed
RS scheme achieved a better outage performance than the CR-
NOMA and IRS-CR-NOMA schemes without deploying RS.

APPENDIX A: A PROOF OF THEOREM 1

Corresponding to g; in (9), we define A = /L |hy| and
B, £ \/Lg|[hl,||[hul,|. ¥n. The RV A follows Rayleigh
distribution with the mean /L7 /2 and variance (4—7)L; /4.
Also, |[h], | and |[hui], | follow Rayleigh distribution and the
corresponding CDF and PDF are given by

Fip, (2)=1— (-, (A.D)
and
2 _z2
fipa, (2) = L—Ze( ), (A2)

respectively, where « € {IB, UI}. Then, the CDF of B,, can
be expressed as:

Fp,(z) = Pr(B, < z)
= Pr <|[hIB]n| < HhUI]n| = t>

e z
= A F[hm]n (;)f[hm]n:t (t) dt

2z 2z
K . (A3)
VIsLu | (\ﬁLIBLUI)

where K, (-) is the modified Bessel function of the second
kind with n-th order. By using [40, Eq. (8.486.11)], the PDF
of B,, can be evaluated as:

dFBn (Z)

dz

=1

fB, () =

2z 2z 2z
_ K (e ) + K [
Lip Ly < 2 (m> 0 <\/LIBLUI))
2 2z
— K . (A4)
VIsLu (wLIBLUI)

By using the PDF in (A.4), the mean and variance of B,
can be derived as:

m/ Lig Lyt

E{Bn} = 4 s

(AS5)



22

and
72

Var {Bn} = <1 — 16) LIBLUIa (A6)
respectively. Following the approach of [41], we match B, to
Gamma distribution by using the moment-matching approach
with £ = E{B,} and &2 = Var {B, }, where £ and 1) are
the shape and scale parameters of Gamma distribution. For the
RVC=A+ 25:1 B,,, the mean and second moment can be
expressed as:

\/7TL1
2

E{C} = + New, (A7)

and
E{C?} = Li+ N¢y (v + Nev + V7Li), (A8)

respectively. Then, the variance of C' is derived as:

Var {C} = E{C?} — (E{C})°
= L+ N&y? — %Ll. (A.9)

Again, we match C' to Gamma distribution with the corre-
sponding shape and scale parameters given by (11) and (12),
respectively. Then, the CDF of g; = C? can be obtained as
Fy, (2) = Fc (\/z) as shown in (10), which completes the
proof.

APPENDIX B: A PROOF OF PROPOSITION 1

Corresponding to Case II of the RS scheme, the probability

I
Po(ut) can be rewritten as

pier g1 — 1
P2

pab

out

Pr (91 >N, g2 >

(1 + 61)(1 + 62) — (1 + plgl))
g2 <
P2
= E {5}, (B.1)
m<gi<m(l+e2)+32
where S is defined as
58 pr gy 5 ot
P2
g < (1+E1)(1+€;2)7(1+9191)>. (B-2)
Since g2 is positive in practice, the inequality

(HEI)(HE?) U+pi91) (0 holds true for (B.1), which

results in the constraint g; < (1 + e2) + 22 for the
expectation in (B.1). For the expression of S in (B 2), the
upper bound on g» should be larger than the lower bound on
g2, which results in the following hidden constraint

g1 < 171(1 + 52). (B.3)

Therefore, the expectation for S in (B.1) should be taken
Plﬁflgl—l (1+e1)(14e2)—(1+p191) and P( I)

over P < g2 < o2 out can
be given by

a n(1+e2)
P = [ (B )~ B 1)) o () dy

m

JOURNAL OF COMMUNICATIONS AND NETWORKS, VOL. 25, NO. 1, FEB 2023

n1(1+ez2) i
[ -
m
m (1+e2) o
- E) f
m

n1(1+e2) oz yg—l
= / e s ———dy
U

1 (1+e2) oz ygfl
— e L2 7dy
m

_ (Lapam)? /“3’2 n 1\ —zg
= 20T (k) ), T Tops o

I

_e1teoteien—ping (14ea) k
e P2l palo\ 2
pP1M1E2

pala
X xr —
0

Plffly 1

1
e *dx, (B.4)
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I3

where z; = and zp = (HEI)(HEQ) (tew) By
using [40, Eq. (3. 382 5)], I; and Iy can be derlved as (20)
and (21), respectively.

APPENDIX C: A PROOF OF PROPOSITION 2

Corresponding to Case I of the RS scheme, the probability

Po(u)t can be evaluated as:
Pl = Pr(7>0,p200 <7, RV < )

= Pr (plgl —1> 07p292 < min{pl ! - 1, 2})
€1 €1
= Pr (0< 1o — 1< e, p2ge < pgn 1>
£1 €1
+Pr (p;{h —1> €2, p2g2 < €2>
1
M1 (1+e2)
p1Y 1 )
= Fo,| — = — | fa (W) dy
[ (2w

+/m<1+52> 3 (p )fm( ) dy

= Fy,(m(1+e2))(1 = Fy,(n2)) + Fy, (m2)
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0
I3

By using [40, Eq. (3.382.5)], I35 can be derived as (24).
Corresponding to Case III of the RS scheme, the probability

— Fy, (m)

p2Lo

P(EIIlItI) can be evaluated as:
Pi = Pr(r=0,R1 < Ry)



YOU et al.: RATE-SPLITTING FOR INTELLIGENT REFLECTING...

:Pr(0<91<771,0<gz< P
2

[ (e (2222

)
e rP2Ll2 M pregy p
= Balon) = iy |, ¢ P

(p1g1+1) 52)

(C2)

Iy

where [, is characterized by the lower incomplete gamma
function as shown in (25).
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