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ABSTRACT In this paper, we consider a non-orthogonal multiple access (NOMA) based underlay cognitive
radio (CR) system consisting of a source, two destinations, and a relay in the secondary network. The source
communicates with two destinations using the NOMA technique via the assistance of the relay operating in
full-duplex (FD) mode. The operations of all secondary nodes are affected by the interference from a primary
transmitter. Meanwhile, secondary transmitters must adjust their transmission powers so that the interference
probability to a primary receiver is always less than a given value. Under this average interference power
constraint, we propose the maximum average interference power (MAIP) constraint for the relay to achieve
its highest possible average transmit power. Based on the MAIP constraint, we derive the exact closed-
form expression of the outage probabilities and ergodic capacities at two destination users. Monte-Carlo
simulations verify the accuracy of the obtained mathematical expressions. Numerical results show that the
considered NOMA-FD-CR relay system’s performance is significantly affected by the interference from
the primary transmitter and the maximum tolerable interference of the primary receiver. Additionally, using
the MAIP constraint at the relay substantially improves the quality of the received signal at the far user with
a slight reduction in the signal quality at the near user and fulfills the interference constraint without needing

the instantaneous channel state information (CSI).

INDEX TERMS NOMA, full-duplex, cognitive radio, outage probability, ergodic capacity.

I. INTRODUCTION

Cognitive radio (CR) technology stems from the problem of
radio frequency spectrum scarcity in the context of increasing
demand for the number and the access speed of wireless
services [1], [2]. In the CR technology, secondary users (not
licensed to use spectrum) can share radio frequency spectrum
with primary users (licensed to use spectrum) as long as the
secondary user’s operation does not affect the primary user.
There are three main types of CR techniques: underlay CR,
overlay CR, and interweave CR. Among those, the underlay
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CR is the most popular because of its feasibility in the fifth-
generation (5G) radio system. The principle of underlay CR
is that the secondary transmitters (STs) must continuously
adjust their transmission power so that the total interfer-
ences from STs to the primary receiver (PR) are always
less than a predetermined threshold. On the other hand, the
rapid development of mobile communication systems and
the Internet of Things (IoT) offers new requirements and
challenges for the 5G wireless systems [3]. Compared with
4G wireless systems, the quality-of-service (QoS) that the 5G
wireless systems have to achieve are very high. For example,
the spectrum efficiency increases 5 to 15 times; the num-
ber of connections can be dozen times higher with at least
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10 connections/km?; small delay (less than 1ms), and effi-
cient support for different radio services [4].

Regarding multiple access techniques, the frequency divi-
sion multiple access (FDMA), time division multiple access
(TDMA), code division multiple access (CDMA), and
orthogonal frequency division multiple access (OFDMA)
are the common ones used in wireless systems [5], [6]. In
these orthogonal multiple access (OMA) techniques, radio
resources are orthogonally divided over time, frequency, code
for multiple users or based on the combination of these
parameters. However, the OMA technique has some major
disadvantages, e.g., the number of users is limited, ensur-
ing the signal orthogonality is difficult. Therefore, to meet
the demand for an increasing number of connections in the
5G wireless systems, the non-orthogonal multiple access
(NOMA) technique has been proposed. The main idea of the
NOMA technique is to support the non-orthogonal identifi-
cation of radio resources among users. It can be classified
into two main categories: power-domain NOMA [7] and
code-domain NOMA [8]. Many works in the literature have
combined NOMA with other novel technologies to create
new systems that meet higher performance requirements. For
instance, the authors in [9], [10] combined NOMA and full-
duplex (FD) to achieve high spectral efficiency because the
FD relay help to improve the spectral efficiency of wireless
systems because the signal can be received and transmitted
simultaneously [11]. Besides, NOMA has also been applied
in various emerging topics of wireless communications such
as energy harvesting [12], [13], physical layer security [14],
short-packet communications [15].

Il. RELATED WORKS

Lv et al. [16] proposed the cooperative transmission scheme
to exploit the spatial diversity of an underlay CR-NOMA
system, where a base station (BS) provided unicast and
multicast services to a primary user (PU) and a group of
secondary users (SUs). The closed-form analytical results
showed that the cooperative transmission scheme gave better
system performance when more SUs participated in relaying
and ensured the full diversity order at SU and a diversity
order of two at PU. In [17], a NOMA-assisted cooperative
overlay spectrum sharing framework for multi-user CR net-
works was developed. Specifically, a SU was scheduled to
help forward the primary signal and its signal by applying
the NOMA technique and two other proposed schemes. The
results revealed that these two schemes could achieve a full
diversity order for the primary and secondary transmissions.
Lee et al. [18] investigated a cooperative NOMA scheme
in an underlay CR network by deriving the approximate
closed-form expression of the outage probability (OP) of the
SU for single-user and multi-user scenarios. It was shown
that the cell-edge user with poor channel gain could benefit
from both cooperative NOMA and opportunistic relay trans-
mission. Chu and Zepernick [19] proposed a power-domain
NOMA scheme for cooperative CR networks. In particular,
a decode-and-forward (DF) secondary relay was deployed to
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decode the superimposed signals of two SUs. Then, a power-
domain NOMA was employed to forward the signals from
this relay to two SUs based on the channel power gains of the
corresponding two links. Mathematical expressions for the
OP and ergodic capacity of each secondary user were derived.
Arzykulov et al. [20] examined an underlay CR-NOMA net-
work with amplify-and-forward (AF) relaying. The closed-
form OP expressions of SU were derived, and the OP results
for CR-NOMA were compared with those for CR-OMA.
Bariah ez al. [21] analyzed the error rate performance of relay-
assisted NOMA with partial relay selection in an underlay
CR network. The authors derived an accurate closed-form
pairwise error probability (PEP) expression for the power-
constrained SUs with successive interference cancellation
(SIC), then used it to evaluate the bit error rate (BER) and
solved an optimization problem to find the optimal power
allocation coefficients that minimize the BER union bound
under average power and individual union bound constraints.
Im and Lee [22] studied a cooperative NOMA system with
imperfect SIC in an underlay CR network. Considering that
the channel coefficients between the primary transmitter (PT)
and secondary receivers (SRs follow the Rayleigh distribu-
tion, the authors derived the exact closed-form and asymp-
totic OP expressions for two cases, i.e., when the interference
constraint goes to infinity and when the transmission power
of secondary source and relay goes to infinity.

All previous works assumed that the relays operated in
half-duplex (HD). However, FD and NOMA techniques
have been applied to relays in CR networks to improve
spectral efficiency further. Notably, Aswathi and Babu [23]
considered an underlay CR-NOMA system, where the
near user acted as a full/half-duplex DF relay for the far
user. The authors derived the closed-form OP expressions
and determined the optimal power allocation coefficient at
the secondary transmitter that minimizes the system OP.
Mohammadali et al. [24] proposed a joint optimization prob-
lem of relay beamforming and the transmit powers at the BS
and cognitive relay to maximize the rate of the near user
in an FD relay assisted NOMA-CR network. The results
demonstrated that FD relaying with the proposed optimum
and suboptimal schemes significantly enhanced the data rates
of both near and far users compared to the HD relaying.
This work was then extended into [25] by including the exact
closed-form expressions for the outage probability of three
fixed zero forcing-based precoding schemes. Unfortunately,
the interference effect from PT to SR was not considered.
In underlay CR systems, we should note that the transmission
power of the ST is limited because it is not allowed to affect
the operation of the primary system. As a result, the coverage
of the ST is also small, which means that the SR locates not
too far from the PR. Therefore, assuming that the interfer-
ence from PT to SR is negligible as in [25] is not realistic.
On the other hand, one of the most significant difficulties
when analyzing FD relay systems’ performance is to consider
the simultaneous interference effect of all STs on the PRs.
Moreover, adjusting the transmission power of the ST so
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that the total interfering power at the PR does not exceed
a predetermined threshold is a problem that has not been
completely resolved. Specifically, it was only considered as a
constraint in optimization problems without giving any spe-
cific mathematical expressions for the transmission power of
ST. On the other hand, combining FD and NOMA techniques
is an efficient way to improve the spectral efficiency of next-
generation wireless systems. Thus, the FD-CR-NOMA sys-
tems have attracted increasing attention in the literature, such
as [26]-[28]. Especially, the works in [26], [27] considered
the secondary and primary users as two NOMA users; thus,
allocating power for these two users is challenging. Singh
and Upadhyay [28] analyzed an overlay cognitive system.
However, it is widely known that the overlay CR systems do
not support real-time communications for secondary users.
Additionally, the link between source and near secondary user
was not considered.

In short, all previous works only mentioned the interfer-
ence constrain from secondary network to primary network
but lacked the impact of interference caused by the primary
network to the second network. On the other hand, combining
FD and NOMA techniques in a system is an efficient way
to improve the spectral efficiency of next-generation wire-
less systems. Motivated by the above observations, in this
paper, we analyze a NOMA-FD-CR system model, taking
into account the interference effect from the PT to the SRs.
The contributions of this paper can be summarized as follows:

o We analyze the performance of a NOMA-CR system

where an FD relay assists the communication between
a source and two destinations in the secondary network.
To overcome the limitations of previous works in the
literature and for practical purposes, we consider the
interference from the PT to the SRs. It is a crucial prob-
lem to be investigated in future cognitive radio systems.

« We propose the maximum average interference power

(MAIP) constraint for the relay to achieve the highest
possible transmission power at the relay while ensuring
that the total interference power at the PRs does not
exceed a predetermined maximum tolerable interference
level. Applying the MAIP constraint at the relay helps to
improve the quality of the received signal at the far user
significantly while only reduce the performance of the
signal at the near user slightly.

« We give an explicit expression of the relay’s transmis-

sion power such that the interference probability of the
STs to the PR is always less than a predefined threshold.
Based on this transmission power constraint, we derive
the exact closed-form expressions of the outage proba-
bilities and ergodic capacities at two destination users.

o« We conduct Monte-Carlo simulations to verify the

correctness of the derived mathematical expressions.
All analysis results closely match the simulation ones.
Itis demonstrated that the performance of the considered
FD-NOMA-CR relay system depends much on the inter-
ference from the PT and the maximum tolerable infer-
ence of the PR. Furthermore, the interference constraint
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can be fulfilled if the ST’s average transmission power
is appropriately adjusted. More importantly, the con-
sidered FD-CR-NOMA system provides lower OP and
higher EC than the HD-CR-NOMA system.

The rest of the paper is organized as follows. Section III
describes the considered system and channel models.
Section I'V focuses on deriving the exact closed-form expres-
sions of the outage probabilities and ergodic capacities of
two secondary destinations. Numerical results and the cor-
responding discussions are presented in Section V. Finally,
some conclusions are given in Section VI.

For the sake of clarity, we provide in Table 1 the notations
along with their descriptions used in this paper.

TABLE 1. The mathematical notations used in this paper.

Notation Description
Pr(.) Probability of an event
Fx(x) Cumulative distribution function (CDF)
fx(x) Probability density function (PDF)
CN (1, 02) ngplex Gaussian distribution with mean g and variance
AXY Average channel gain between X and Y terminals
= = = Transmission power of source, relay, and primary trans-
Ps, Pr, Pr .
mitter
Ip Interference threshold of primary receiver
Ig Residual self-interference of full-duplex relay
PF‘?IP Average interference power constraint
PII{[AIP Maximum interference power constraint
E;(z) Exponential integral function
W (-) Lambert function
ai,as Power allocation coefficients for signals o and

IlIl. SYSTEM MODEL

The secondary network consists of a source (S) transmitting
signals to two destinations A and B by using the NOMA
technique. Since B is far from S, it needs an assistance in
data forwarding from a DF full-duplex relay R. The primary
network includes a PT and a PR as shown in Fig. 1. It is
assumed that all nodes are equipped with a single antenna.
The channel coefficients offer that the flat Rayleigh fading,
i.e., the magnitude fixed in each time slot and vary in next
blocks. The channel gain between X and Y, is denote as
lhxy|?, and assuming as exponential distributed with the
probability density function (PDF) and the cumulative dis-
tribution function (CDF) are, respectively, given by

1 __=
Finyp? @) = 3= . e

Flp @ =1—¢ v, )

A. TRANSMISSION POWER CONSTRAINTS

In CR systems, the interference from STs to the PRs must not
exceed an allowed threshold ip. The interference constraints
can be classified into three types [29]: (i) average interference
constraint: ST has to adjust the average power so that the
interference probability (interference power greater than Ip)
at the input of PR is lower than a predefined threshold ¢ [30];
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FIGURE 1. System model of downlink cognitive NOMA relay system with
FD relay.

(i1) simultaneous interference constraint: the STs have to
adjust the simultaneous transmission powers so that the inter-
ference power at PR does not exceed ip [311; (iii) interfer-
ence constraint based on the SINR at PR: ST has to adjust
the transmission power so that the SINR at PR is always
larger than a predefined threshold or the QoS of primary
network is always ensured [32]. The interference constraint
based on the SINR at PR requires that ST knows the CSI
from PT to PR. However, this requirement is not realistic
because the operations of PUs and SU are independent. In the
simultaneous interference constraint, ST always updates PR
on its CSI quickly and accurately to not interfere with the
PR. This requirement sets high criteria for the channel esti-
mation from ST to PR at the PR. The CSI is then sent
back to ST quickly and accurately, or reversible channel
property can be used in specific circumstances. In sum-
mary, the average interference constraint is easy to imple-
ment in practice and allows a more straightforward system
architecture.

In our considered NOMA-FD-CR relay system, since two
nodes S and R simultaneously transmit signals, they cause
interferences to the PR. Consequently, the power allocation
and adjustment for these STs are difficult. On the other hand,
the average constraint condition from the ST to the PR is
imposed on the system. Particularly, depending on the QoS of
primary network, the PR accepts an interference probability
threshold ¢, with 0 < ¢ < 1. The interference constraint
from ST to PR is presented as

Pr (Pslhsel® + Priwel® = Tp) < ¢, 3

where 135 and f’R are the transmission power of S and R,
respectively.

Assuming that the interference caused by S to the PR
satisfies the condition

Pr(Psihsel* = ale) < ¢, )

where o, 0 < o < 1, is the interference distribution factor.
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Then, the transmission power of S must satisfy the follow-
ing condition

Pr (Pslhsel® = olp) < ¢

olp

- . I
se i <pePss—t o (5
Aspln (%)
Therefore, the best transmission power of S is selected as
~ Oljp
Ps= ——. (©)
Aspln <$)

Given this transmission power of S, we need to find the
transmission power of R so that the interferences simulta-
neously caused by S and R to the PR fulfill the constraint
in (3). Usually, to satisfy the constraint in (3), previous studies
as [25], [33] used the interference distribution factor « to
divide the maximum tolerable interfering power correspond-
ing to the transmitters in the secondary system. Consequently,
the transmission power of R is adjusted to satisfy

Pr(Priel = (1 =) o) < 9. )

In this scenario, namely the average interference power
(AIP) constraint, the average transmission power of R that
satisfies the constraints in (7) can be determined as

(1-a)lp
Arp In (%)

In the considered system, we can see that the transmission
power of R greatly affects the quality of the received signal at
B. Therefore, the transmission power of R must be as high
as possible as long as the interference constraint in (3) is
satisfied. However, if we consider the interference of R or S
separately as the function of « in the case of AIP constraint,
the average transmission power of R given in (8) cannot reach
the maximum value.

Instead, the best transmission power of R is the value that
satisfies

HAIP _
PR =

®)

Pr (Pslhsel? + Prlhwel = Tp) = ¢. ©)
Applying the result in Appendix A, we obtain
5 ~Ip > ~Ip
Pshsp ePsisp — PrAre efRire =g, (10)

Psisp—Prirp Psisp—PrARp
From the result of Appendix A, we can choose the best

transmission power of R in this scenario, namely maximum
average interference power (MAIP) constraint, PQ/IAIP, as

PMAIP _ wslp (11)
: w3ARp W I ex ) _ dIph
RP w3 XP\ o, PARP

p

where w3 = Pshisp e Psisp — ¢> and W () denotes the

Lambert function [34].
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FIGURE 2. Ratio of PMAIP, PAIP, and Pg to Ip versus the interference
distribution coefficient « for ¢ = 0.1.

For the comparison between the transmission power of R
in the case of AIP constraint and that in the case of MAIP
constraint, we plot in Fig. 2 the ratios of P, PR'¥, and PYIATP
to Ip versus « for different interference probability thresh-
old ¢. We can see that linearly increasing the transmission
power of S decreases the transmission power of R. How-
ever, i’ll\{lAIP /ip decreases in the form of a parabolic curve.
In contrast, i’ﬁIP / Ip linearly decreases in the form of a straight
line. Moreover, IMR/IAIP is always greater than IBQIP . Therefore,
using the transmission power as (11) for MAIP constraint will
improve the performance of user B. It is also noted that the
main goal of the considered system is using the relay R to
improve the signal quality at far user B. Thus, we will employ
the MAIP constraint in the considered system. For the sake of
simplicity in mathematical equations, the transmission power
of R corresponding to MAIP constraint, i’%’lAIP , is denoted as
i’R hereafter.

B. SIGNAL MODEL

According to the coding principle of NOMA technique,
S transmits to both A and B a combination of the intended
signal, i.e.,

xs [n] =y/ Psaixa [n] ++/ Psaxxg [n], (12)
where xp and xp denotes the signals intended for A and
B, respectively; a; and a represent the power allocation
coefficients for A and B such that a; +a, = 1 and a; < ap.

Then, the received signal at A is

ya [1n] = hsaxs [n] 4/ Prhpaxpy [n]

4/ PrAraXp [n — T] +na[n],  (13)

where na [n] ~ CN (0, a/in) is the additive white Gaussian

noise (AWGN) at A; 7, T > 1, refers to the time delay caused
by FD relay processing at R [35].

Remark 1: In this system, we implicitly assume that the
relay operates in the HD mode in the first t time slots because
there is no symbol to transmit. Hence, xg and xa are decoded
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at A by using the SIC technique without being interfered by
R. From the next (r + 1) time slot, R operates in the FD
mode. Then, A is affected by the interference from R due
to xg [t + 1] transmitting signals. Fortunately, A can now
recognize the xg [t + 1] signal because it already decoded
xp in the first T time slots; thus, A applies the SI cancellation
technique to suppress the interference effectively.

Based on the decoding principle of the NOMA technique,
A first decodes xp by treating xa as interference. Hence, the
SINR for decoding xp at A in the first step is

Psas|hsal?

Psa; |hSA|2+pR|hRA|2+ﬁT|hPA|2+O'§’n‘

As stated in Remark 1, A can utilize SI cancellation tech-
nique to cancel xg [#n — 7] transmitted by R. However, it is
difficult to cancel xg [n — t] completely, therefore, the chan-
nel from R to A can be modeled as an inter-user interference
channel whose channels coefficient is determined as hga ~
CN (0, kAra) [25], where k indicates the strength of inter-
user interference.

After decoding xg successfully in the first step, A cancels
xp and decodes the desired x4 in the second step. The SINR
for decoding xa at A can be expressed as

_ Psa; |hsa|?
Prlhral* + Prlhpal® + Gﬁgn

The received signal at R can be written as

(14)

Vap—xp =

Va 15)

R [1] = hprxs [1] 4 v/ Prhprxpy [1]

+y/ PrhRpxp [n — T] +nr [n],  (16)

where ng [1] ~ CA' (0, ag’n) is the AWGN at R.

Since xp is assigned with a larger power allocation coef-
ficient, R will first decode xp by treating xa as interference.
On the other hand, R can recognize xg [n — t]; thus, it uses
SI cancellation technique to eliminate xg [# — 7] in the loop
interference when operating in FD mode. However, R cannot
eliminate xg [n — 7] completely. As a result, there exists a
residual self-interference (RSI). Moreover, it is noted that the
loop interference after the propagation domain cancellation
exhibits the Rayleigh distribution because the SI cancellation
in the analog and digital domain involves reconstruction of
the SI signal to remove it from the received signal. Thus,
the RSI is the error induced by the imperfect reconstruction
(mainly due to imperfect loop interference channel estima-
tion) [36]. In addition, since the digital-domain cancellation
is carried out after a quantization operation, it is clear that the
RSI after three-domain SI cancellation no longer follows the
Rayleigh distribution but is more reasonable to be modeled as
a normal (Gaussian) random variable. Therefore, the RSI is
presented as a complex Gaussian random variable with mean
zero, and variance iR [37], [38]. Then, the SINR for decoding
xp at R is given by

R _ Psa|hsr|?
*B Psa1|th|2+PT|hPR|2+IR+al%,n

7)
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At user B, the received signal can be expressed as

yelnl= \/ghRBxB [n—t]+/ Prhpprpy [l +np [n]  (18)

where ng [n] ~ CN (O, a]%’n> is the AWGN at B.
Therefore, the SINR at B is given by

B Prlhgp |

yB = “RURBL (19)
8 PT|hPB|2+O'§’n

From the above signal model, the interference caused
by primary network to secondary network, i.e., v/ Prhpa,

V4 IBThpR, and +/ IBThPB, are studied for the first time in this
paper.

IV. PERFORMANCE ANALYSIS
In this section, we focus on mathematically analyzing two

important system metrics, i.e., the outage probability and
ergodic capacity of two users.

A. OUTAGE PROBABILITY (OP)

1) THE OP OF THE NEAR USER A, Poyt A

The OP of user, Poyt, A, is determined as the probability that
A cannot decode xp in the first step or can decode signal
xp in the first step but fails to decode x4 in the second step.
Mathematically, Poy, a is calculated as

Pous=1-Pr(vhoy, > v > ). Q0)

where y; = 2Ra 1, Yy = 2R _ 1, Rp and Ry are the target
rates of x4 and xg at A and B, respectively.

Sine X" and ) are exponential random variables, i.e., X ~
CN (0,1), Y ~ CN (0, 1)); £ = aX + bY, where a and
b are two positive real numbers. The PDF of Z, fz (), is
determined as [7]

1 z _z
= — e @x — b
120 = e (ea—e). e

For the convenience of mathematical analysis, we assume

2 _ 2 _ 2 _ 2 _ 2
OAn = ORon _ZGB,n =0 .zMoreover, we set X = |hgal”,
7 2 5 2

W = Prlhral” + Prlhpal”, Pr = Pr/o”, Ps = Ps/o”,

Pr = i)R/O’Z, Ir = IR/O’Z. Then, Py, x, can be rewritten as

After some mathematical manipulations, Po, x, 1S deter-
mined in the following Theorem 1.

Theorem 1: The exact closed-form expression of the OP of
the near user in the considered NOMA-FD-CR relay system
is given by

PoutA

| _ ¢ Piish (%)
PrkARA — PTApa
< PrPskARAASA PrPsipaisa

PROkARA + Psisa  PrOipa + PsXSA> (23)
ifay —ajyr >0,

1 ifa, —ajy, <0,
_ “_
where 6 _max((aziam), al)'
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Proof: See Appendix B.

2) THE OP OF THE FAR USER B, Py

Since the received signal at B is forwarded by the FD relay
R, the OP at B, Py B, is determined as the probability that
R cannot decode xg or R decode successfully xg but node B
cannot decode successfully xg. Mathematically, Poy, B can be
computed as

Poup = 1—Pr (Vg > 2.V > 7/2)

=1—-Pr (y)}; > yz) Pr ()/)E’3 > )/2) .24

Theorem 2: The exact closed-form expression of the far
user B in the considered NOMA-FD-CR relay system is given
by

_( v (IR+1) 12} )
1 — e \Ps(ea—aiy2)isg ' PR*RB
o Ps (ay — a1y2) Asr
Ps (a2 — a1y2) Asr + Pry2ApR
PRrARB .
X ifa, —ayy, > 0,
v2P1ApB + PRARB
1 ifa; —ayjyx <O0.

(25)

Pout,B -

Proof: See Appendix C.

From (23) and (25), we can see that the power allocation
coefficients a; and ap; must satisfy a; < zR‘;i ; to ensure the
fair performance of A and B. On the other hand, the RSI Ig
only impacts Poyt, B but not Poyr, A, while the interference from
PT affects both Poyt, Ao and Poye - In addition, the target rates
Ra and Rp also influence Py A and Poyt B, smaller Ry and
Rp results in smaller Poy, o and Poye,B.

B. ERGODIC CAPACITY (EC)
1) THE EC OF x,
The EC of xa over S—A channel is calculated as

C., = fo loga (14 X)fy, (). (26)

Using integration by parts, we can express (26) in terms of
the CDF of yy,, i.e.,

1 [®1-F, &)
= — — P iy
In2 Jy 14+x
The EC of xp at A is determined in the following
Theorem 3.
Theorem 3: The exact analytical expression of the EC of

xA at A in the considered NOMA-FD-CR relay system with
the interference from PT is given by

Cxa 27

C,

. 1 Psajisa
- (c1 — 1)In2 \ PRkARA — PTApA

. _ .
x<ePs"1*ISA Ei <L>— e Psai’sa Ej (#))
Psaydsa Psaiisa
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1 Psaiisa
(di — 1)In2 \ PRkARA — PTApA

(5 () =% (prss))
x | efsa*saAE] | ——— )| —ePs@*saEj | ——— ),
Psaiisa Psaiisa
(28)

where ¢; = Psaiisa/ (PRkARA), di = Psaiisa/ (PtApa)
and Ei(-) denotes the exponential integral function
[39, Eq. (8.211)].

Proof: See Appendix D.

2) THE EC OF xg
Setting X = min (ny, y)g), then, the CDF of X, Fy (x), is
defined as

Fy (x)=Pr (min (yxl;, y)?a) < x) (29)
From (29), the EC of xg at B can be computed as
1 *1—-Fyx (x)

Cyy = — ——dx. 30
B m2 14+x * (30)

Theorem 4: The exact analytical expression of the EC of
xg at B in the considered NOMA-FD-CR system with the
interference from PT is given by

ks my—
——e
In2

X (A® (u, p2. 1) + BO (u, 52, 1) + CO (u, 42, 1)) ,

€1y}

_ P2 = — % =

where A = (s2—p2)(q2—p2)° B = (P2—52)(q2—52)” ¢ =

—q2 _ IgR+1 : :
=’ ™ T Peaie ® (u, m, t) is determined

by (32), as shown at the bottom of the page, and u = ay/a;.

Proof: See Appendix E, F.

From (28) and (31), we can see that the ECs of x5 and xg
are independent of the target rates Rp and Rg. Instead, they
depend on the power allocation coefficients a; and a; for A
and B. On the other hand, Pt and Pr influence both C,, and
Cyy, 1.€., larger Pt and PR lead to smaller Cy, and Cy;. In
contrast, the RSI Iz only impacts Cy.

u
PRARB

Cy =

V. NUMERICAL RESULTS

In this section, we provide analysis results together with
Monte-Carlo simulation results to verify the derived mathe-
matical expressions. We perform 10 x 2'# independent trials

for each simulation. All nodes are located on a 1 x 1 area and
are stationary in each communication period. Specifically,
their locations are S(0;0), R(1;0), A (0.8;—1), B(2;0), PT(0;5)
and PR(1;2). Let dxy be the physical distance between two
nodes X and Y. For free-space path loss transmission, we
have the average channel gains Axy = dxy ?, where B,
2 < B < 6, is the path loss exponent. Unless otherwise
specified, the parameters setting are as follows: Pt = 25 dB,
B=3,91=051$=05¢=0.1,a =0.6, Ny = 1, and
k = 0.03. For the considered power-domain FD-NOMA-CR
system, the power allocation coefficients are set as a; = 0.2
and a» = 0.8 for xp and xp, respectively.

Figs. 3 and 4 present the OPs and ECs of users A and B
with MAIP and AIP constraints at R, i.e, the transmission
power of R follows (11) and (8), respectively. We can see
that the OPs of A and B corresponding to both MAIP and
AIP constraints greatly reduce as Ip increases. Furthermore,
the gap between them is larger with Ip. On the other hand,
for the MAIP constraint, the OP of B is remarkably lower,
while the OP of A is slightly higher compared with the AIP
constraint, especially in the high SNR regime (/p > 15 dB).
It is because the transmission power of R in the case of MAIP
constraint is higher than that in the case of AIP constraint.
Therefore, the SINR at B increases, making the OP at B lower.
Moreover, as the transmission power of R gets higher, the
interference power at A caused by R increases, leading to
an increase in the OP of A. However, this feature does not
significantly affect the performance of the considered sys-
tem because, in cognitive underlay systems, the transmission
power of the secondary users is usually small because it is
limited by the maximum tolerable interference threshold Ip.
In other words, the fact that the OP of A increases slightly
in the high SNR regime does not reduce the importance
of (11) used to calculate the best transmission power of
R. It is also important to remind that by using the average
transmission power, the STs do not need to update the CSI
of the interfering channel but still ensure the interference
constraint at PRs. In Fig. 4, we see that in case that R applies
the MAIP constraint, the EC of the signal C,, in low SNR
regime (Ip < 15 dB) significantly improves while Cy, is
almost unchanged compared to the case that R applies the AIP
constraint. In the high SNR regime (/p > 15 dB), C,, corre-
sponding to MAIP constraint becomes lower. However, this
reduction does not affect the secondary users much because

Mo_muy tdt
@(u,m’t)z‘/ e ! T PRE
0 t+m
— ¢ Ei (—@ a +m/u)) —Bi(—my) — —2 (e%Ei (—@ a +m/u)> - Ei(—mz))
m PRARB m
1 ' i M. mau .
o 9 m) + 3 (L o (22 )
N i =11 i et (VL ! m
) Vi1 +5 -2 -
D 12 o (PRARB>( 1) ~'m (V)< ; >(m2u)2u b FW s m). (32)
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FIGURE 3. Outage probabilities of A and B versus Ip with MAIP and AIP
constraints at R.
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FIGURE 4. Ergodic capacities of A and B versus /p with MAIP and AIP
constraints at R.

underlay cognitive systems usually operate in the low SNR
regime.

Fig. 5 shows the OPs of two users A and B when inter-
ference threshold Ip changes from 0 dB to 20 dB for FD
and HD transmission modes. As observed from Fig. 5, when
R operates in FD mode, the OPs of both users A and B
are higher than those when R operates in HD mode. It is
because when R operates in FD mode, the interference from
R to user A reduces the SINR of the received signal at A;
thus, the outage performance of A is poorer. Meanwhile, the
outage performance at B degrades due to the loop interference
at R. However, the outage performances of A and B just
reduce slightly in exchange for double spectrum efficiency.
Specifically, as shown in Fig. 6, when R operates in FD mode,
C,, decreases slightly, but Cy; increases almost double com-
pared to the case that R operates in HD mode. This feature
indicates the advantage of the considered system with FD
relay. We should remind that the purpose of using the relay
R is to improve the signal quality of far user B. Therefore,
although near user A suffers from a little EC reduction, better
signal quality is achieved at B when R operates in FD mode.
Furthermore, the considered system’s spectral efficiency is

VOLUME 9, 2021
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FIGURE 5. Outage probabilities of A and B versus the /Ip for FD and HD
transmission modes of R.
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FIGURE 6. Ergodic capacities of x, and xg versus Ip for FD and HD
transmission modes at R.

doubled, and of course, the transmission delay from source S
to far user B is reduced by a half.

Unlike most studies on the underlay cognitive environment,
we consider the interference from the PT to the secondary
system’s performance. To see the effect of the interference
from PT on the OPs of two destinations A and B, we depict in
Fig. 7 the OPs of A and B as the functions of the transmission
power of PT, Pr. It is shown in Fig. 7 that the OPs of A and B
rapidly increase when Pt gets higher. The communications
of two destinations A and B are always in an outage when
Pt exceeds a specific value. Besides, as expected, a larger
allowed maximum interference threshold /, results in smaller
OPs of A and B.

Fig. 8 shows the impact of the transmission power Pt of
PT on the ECs of xp and xg for different /p. We can see that
as Pr is larger, the ECs of xp and xg are smaller. It is noted
that Cy, decreases faster than Cy; because A is closer to the
PT; thus, the interference from the PT to A is greater than
that to B. From Figs. 7 and 8, we can see that the transmission
power of PT, Pr, greatly affects the OP and EC of both far and
near users. Therefore, assuming the interference from the PT
to the SRs is negligible as in [25], [29] may not reasonable.
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FIGURE 7. Outage probabilities of A and B versus Py for different /p.
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FIGURE 8. Ergodic capacities of x5 and xg versus Py for different /p.

Based on the results in Figs. 7 and 8, we can observe that
when Pt > 20 dB, both the OP and EC of the receiver
in the secondary system drop very quickly, indicating the
significant influence of the interference from the PT.

Fig. 9 presents the effect of the interference distribution
coefficient o on the OPs of two users A and B for Pt = 20 dB,
I, = 15 dB. Since the transmission power of R increases
linearly with o, the SINR of x also increases with o, mak-
ing Pous x, continuously decrease. In contrast, Poys,x; only
decreases up to a certain value of « then sharply increases
with «. It is because when increasing « to a certain value, the
transmission power of R and the SINR at B quickly decreases,
making Py, x; increase. From the results in 9, we can find
a = 0.61 at which P, y; reaches the minimum value.

Fig. 10 depicts the influence of the interference distribution
coefficient o on the ECs of xp and xg. It is noticed that,
when « gets higher, the transmission power of S increases,
leading to an increase in Cy, and Cy,. However, Cy, increases
up to a certain value of «, then quickly decreases when «
approaches 1. It is because as « increases, the transmis-
sion power of S increases and the transmission power of R
decreases, resulting in the reduced SINRs of the signal xp in
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FIGURE 10. Effect of o on the ergodic capacities of x5 and xg.

S — R and R — B stages. Due to Cy; is determined by the
capacity of the smaller hop, it cannot always increase with «.
Based on the results in Fig. 10, we can find « =~ 0.67 at which
C,; reaches the maximum value.

VI. CONCLUSION

In this paper, we have analyzed a NOMA-CR relay system
where an FD relay assists the communications from a base
station to two users in the secondary network. We proposed
the MAIP constraint for the relay to achieve maximum trans-
mission power when operating in FD mode but still satisfied
the interference constraint. Furthermore, we derived the exact
closed-form expressions of the outage probabilities and the
ergodic capacities of two users, taking into account the inter-
ference from PT to the secondary system. The Monte-Carlo
simulations validate the derived mathematical expressions.
Numerical results show that applying the MAIP constraint
at the relay provides a significant improvement in the out-
age performance and ergodic capacity of the far user but
only decreases the signal performance of near users slightly,
especially in the low SNR regime. Furthermore, based on
the MAIP constraint, we can adjust the average transmission
power of S and R to satisfy the interference constraint at PR
while do not need the instantaneous CSI of S-PR and R-PR
interference channels.
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APPENDIX A: SOLVE THE EQUATION 10

This appendix provides detailed solves to the following equa-

tion with respect to PR.
PsAsp s

- PRrArp —Tp
— = ePsisr —
PsAsp — PRARP

——————efRWRP = ¢
PsAsp — PRARP

(A.1)
__r
For the sake of clarity, we set w; = PsAgpe Ps*sP /ARp,
wy» = PsAsp/Arp, and g = Ip/Arp. Then, (A.1) can be
represented as

w] Pr _8
e PR =¢)

wy — PR wy— PR

w1 — pwy 8
Sh|——= = ——. A2
L ) R SO
Setting ¢ = “”;—g"”z + ¢, w3 = w1 — Ppwy, we obtain
r— & &9
In(t) = —g PN <£t> eri' = Lo (A3)
w3 w3 w3

Based on the definition of the Lambert function, we get the
solution for (A.3) as
3
= %W (iewz«x)
8 3
where W () denotes Lambert function [34].

Substituting w3 and g into (A.4) yields the solution of (A.1)
as (11).

(A4)

APPENDIX B: PROOF OF THEOREM 1
From (22), we have

Pout,xA
© 1 1
1—/ Pr<X> rwtlh , nt )>
_ 0 Ps (a2 — a1y2) Psay
- Xfw (w) dw ifa —ayy, >0
1 ifa, —ayjy» <0
(B.1)

_ — _rn n
When a; . aiyy > 0, weset = max((az_alyz), a1>’
then we obtain

Pous = f The (x < w)fw () dw
0 Ps

oo _ 0w+
=f <1—e Pshx )fW (w) dw.
0

Applying (21), along with some mathematical manipula-
tion, yields

(B.2)

__8 1
P =]l—¢e Ps%A | ——M
ouA (PR/C)»RA - PT)»PA>
s 0 1 0 1
x/ (e_W(Ps*\SATPR“RA) —g_W(PS)‘SATPT)‘PA))dW
0
(B.3)

With the help of [39, Eq. (3.310)], we have the exact
analytical expression of the OP of near user A as (23).
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APPENDIX C: PROOF OF THEOREM 2
Firstly, we compute Pr (yX > 1) as

Pr (yXRB > )/2)
Psa|hsr|?
= Pr 3 3 >
Psai|hsr|” + Prlhpr|” +1r + 1

o0
2 (Pry+1Ir + 1)
Pr ( |hsr|? d
/o r(l skl > Ps (a» — a1y») )fthR'z 0rdy

ifa, —ayy, > 0,

0 ifa —ajyx <O.

(C.1)
When a; — ajy2 > 0, we have
Pr ()/):]23 > )/2)
oo y2 (PTy+IR+1) 1 oy
= / e Psl@-am)isk — ¢ PR dy
0 APR
__ »(R+) oo _ (1 P
= Le Ps(aZ*Hle)KSR/ e y()‘PR+PS(“2*“1V2))‘SR)dy
APR 0
___1n(g+l) _
— e Ps(aa1m)isr Ps @ —aiy) Asr . (C.2)
Ps @y —a1y2) Asr +Pry2rpr
Next, we compute Pr (y2 > y,) as follows
Pr (y)f‘3 > y2>
o
Ptz + 2
= Pr( |hgp)? > 50— 12 Z
/0 <| RB| Pr )fthBZ ( )
__n_ __n
Ape Jo v2P1ApB + PRARB

(C.3)

Putting (C.1), (C.2), and (C.3) into (24), we get the exact
closed-form expression of the OP of far user B as (25).

APPENDIX D: PROOF OF THEOREM 3
To find the expression of EC of x5, we first derive the CDF
of yx,,1.e.,

Psay |hsal?
3 ) <X
PRr|hral” + Prlhpal” + 1

_ / “ b <|hSA|2 < w)fw (w) dw
0 sai

¢} __x(w+D
:/ <1 —e Psal*SA)fW w) dw,
0

where W = Pr|hra|® + Prlhpal®.
Applying (21), we obtain

F Via (x)

oo _ x4+l _ w W
= 1= f e & & (e PRKARA — @ PTPA ) dw
0

F),XA x) = Pr(

(D.1)
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=1-¢fg
o] X o] X
X (/ e_w(5-1+PRkI)LRA)dW—/ e_w<§l+PT}]“PA)dw)
0 0
(D.2)
where g] = PSCI])\.SA, and EZ = m
Utilizing [39, Eq. (3.310)] yields
_x 1 1
F =1l—-¢ & - , (D3
ey () e slsz(xm x+d1> (D3)
where ¢; = PsajAsa/ (PrRkARA), di = Psaiisa/ (PtApa).

Substituting (D.3) into (27), we obtain

CxA=&fooe_gl( ! — ! )dx
(c1 —D1In2 Jy x+1)  (x+cp)

_—51& /oo eiﬁ < ! — ! )dx
(di —1)In2 Jo x+1)  x+d)

(D.4)

Based on [39, Eq. (3.310)], we have the exact closed-form
expression of the EC of x4 at A as (28).

APPENDIX E: COMPUTE © (u, m, t)

w -ty 1
We now compute © (u, m, 1) = [ e PR*RB
Taylor series expansion, i.e.,

: N1 o\
PRIRE — -
ePR'RB = E o 71 (PR)»RB> , (E.1)

with N is the number of truncated terms in series expansion,
® (u, m, t) can be expressed as

N 1 1 i u mou tl
O (1) — 1 - dt
(u, m, t) Zi=0 i! <PR)»RB> ./(.) Cim

u u

myu 1 1 mou t
= /6_72 dt + [6_72 dt
t+m PRrARB t+m
0

0

—. Using

Iy Iy

N 1 1 Eopu g
- T ——dt
+ Zi=2 i! <PR)¥RB> /0 ¢ t+m

I

(E.2)

We first calculate I,. By setting t + m = tx, or t =
m/ (x — 1), we have

mou mou

mou T T
Iy =emn / dx—/ dx). (E.3)
1+m/u @ — 1) 14+m/u X

With the help of [39, Eq. (3.352.2)], yields

))‘1214
I, =em

Ei (_% 1+ m/u)) —Ei(—mp). (E4)

Next, we compute I, as follows

1 “ o2t o _mu ]
= tdt—m et ——dt). (ES)
PrArB \Jo 0 t+m
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It is noted that the second integral in parentheses of (E.5)
is I,, then, we have

1 (/u _myu )
b = rdt —
PrARB \Jo

1 my
=a 2 W_ — ml, ) s E6
P (ue 1,172 (M) — mly (E.6)
where the equality =“ is achieved by applying [39, Eq.

(3.471.2)].
Plugging (E.4) into (E.6), we obtain

ny
= ue” 2W_y12 (mz))
PRrARB ( /
m mu MU .
_ <e " Ei (—— (l—i—m/u))—El emg) .
PrArB m

(E.7)

Finally, we calculate /. as follows

N N
I, = Z,’:z o (PR/\RB> (—m) / t+mdt
0
1 (=m)’ [
+Z’ =2 Z (V) i! (PRArB)’ /

Substituting (E.4) into the first integral in (E.8), we can
rewrite I. as

N 1 1 i ;
I. = Zizz ; <m) (—=m)'L4
LY i (g ) 1
i=2 =0 j! PR)»RB

* (l> (V R 1) / e (E.9)
v J 0

Next, applying [39, Eq. (3.471.2)], we get

N1 1\ .
o= Zi=2 it <PR/\RB) =m
x (e%Ei (-M a1 +m/u)) _ Ei(—m2)>
N v—11 L il
+Z,~ 22 Z =0 ! (kaRB) =D m ™
x( )( l)mu)m”ze TW, ). (E10)
\% j 7

Finally, substituting (E.4), (E.7), and (E.10) into (E.1), we
have the analytical expression of ® (u, m, t) as (32).

et +m) .

(E.8)

APPENDIX F: PROOF OF THEOREM 4

Firstly, we find the CDF of X = min (y%, 8 ). Based on the
result in subsection IV-A2, from (24) and (25), we have the
expression of CDF of X as follows

mu u—x

Frx)=1—e “> Prirs T2 Prigg
ny (U — x) —ky
(u—x)+pr(u—x)+s°

(F.1)
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_ @ _ _Ir+l _ PsajAsr _

where u = a> "M = Psaisg’ "2 T Psapsg—Prier’ P2 T
PrApru ky = PrARB 5y = _ PrARg+PripRU
PsajAsr—Pr1ApR’ Pripp’ Pripp ’

It is noted that, the power allocation coefficients a — 1 and
ay satisfy the constraint a — ajy» > 0,0r y» < u withu =
az/ay, so that xg can be decoded successfully. Therefore, the
EC of xg at B can be calculated as

1 u 7%4»
= m A e

u—Xx u
My— =
PRARB i PRARB

Cxp

ny (u—x) —ka
X
uU—x)+prw—x)+syx+1
Applying the change of variable t = u — x, we obtain

dx. (F2)

myu

u I
ko™ PRirB [U te” ' ' PRIRB
Cyy = 2726 / ¢ di, (E3)
In2 o (t+p2) (t+s2) (t+q2)
where o = —(u + 1).
Based on [39, Eq. (2.102)], we have
t A B C
=L 42 (F
(t+p)(@+s52)+q2) t+p2 1452 1+
TP = =%
Where_q.zA (s2—p2)(92—p2)° (P2—s52)(92—52)° ¢

P2—q2)(s2—q2) "
Next, substituting (F.4) into (F.3), we get

noky py— wo_mu g
CxB = %emz PRARB A/ e ! +PR}“RB ﬁdt
n 0 t+p2
nak __u_ U _mu g
L R
0 82
noky o [ _mu P
+£em2 PRKRBC/ e T TPRIRE — g
In2 0 (t+q2)

(E5)

Finally, applying the result of Appendix B, we get the exact
analytical expression of the EC of xg at B as (31).
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