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Recent years have witnessed the remarkable progress in wireless communication systems due to the
escalating demand for higher data rates, improved reliability, and increased energy efficiency. In this
regard, Non-Orthogonal Multiple Access (NOMA) has emerged as a promising technology, enhancing
spectral efficiency and accommodating multiple users concurrently within the same time and
frequency resources. Simultaneously, the energy harvesting has surfaced as a sustainable solution,
converting ambient environmental energy into usable electrical power for operating communication
nodes. This paper proposes a cooperative NOMA transmission scheme integrating energy harvesting
and utilizing Least Squares (LS) channel estimation for precise Channel State Information (CSI)
acquisition. The objective is to establish an optimal communication path from source to destination.
Relay selection methods: Optimal Relay Selection (ORS) and Max-Min Relay Selection (MMRS), are
compared, focusing on their impact on the system performance. The analysis considers the influence
of the number of relays and power allocation factor on the system, with a specific emphasis on the
outage probability expressions. Comparative analysis between the cooperative-NOMA and the
traditional cooperative relaying without NOMA reveals the superior performance of the cooperative-
NOMA. Additionally, the ORS scheme outperforms MMRS in terms of the outage performance.

Non-orthogonal multiple access (NOMA) has gained significant attention in the field of wireless communication'.
NOMA departs from traditional orthogonal multiple access schemes by allowing multiple users to share the
same time-frequency resources. This approach relies on power domain multiplexing, allocating different power
levels to different users. The result is a more efficient use of available spectrum?, enabling higher throughput
and improved connectivity in wireless networks. Notably, NOMA exhibits compatibility with the cooperative
communications®. In the context of cooperative NOMA, various aspects of this technology have been explored
such as, NOMA users with the best Channel State Information (CSI) engage in cooperation®. Furthermore, sce-
narios involving multiple relays with finite energy storage capability, specifically within the massive Internet of
Things (IoT) systems have been investigated’. Additionally, a novel transmission method in hybrid visible light
communications (VLC)/radio-frequency (RF) systems has been proposed®. However, despite these advance-
ments, it is crucial to note that the aforementioned systems do not address the issue of relay selection.

In traditional communication networks, the relay selection methods have been extensively studied due to
their inherent attributes of the superior performance and realizing the performance gain of multi-antenna and
multi-hop transmissions’!!. There are various relay selection methods in NOMA, and the choice of method
depends on the specific system requirements and optimization criteria. Notably, the Optimal Relay Selection
(ORS) method was introduced in the context of amplify-and-forward (AF) cooperative communication with
full-duplex (FD) operation'!. In another scenario, the Max-Min Relay Selection (MMRS) method finds applica-
tion in AF cooperative diversity systems'% Factors such as fairness, energy efficiency, and system throughput
will influence the selection of an appropriate relay selection algorithm in NOMA systems.

In previous studies, a comprehensive analysis of multi-user relay cooperative transmission within NOMA
systems has been lacking. The distinctive characteristics of carrier signals and channel compositions in NOMA
systems render existing estimation methods unsuitable for application in cooperative NOMA systems. In the
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uplink power-domain NOMA, clustering techniques have been applied for channel estimation without requiring
the pilot symbols®. Additionally, a novel semi-blind channel estimation method has been proposed'. Also, a
user activity detection and channel estimation of neural network for grant-free NOMA has been introduced".
It is worth noting that these prior works, while valuable, were not conducted within the framework of coopera-
tive NOMA systems.

Motivated by the above challenges, we aim to investigate an energy-harvesting cooperative-NOMA-based
relaying network with relay selection. The primary contribution of this study lies in the integration of NOMA,
cooperative relaying, and relay selection within the proposed scheme. We specifically focus on scenarios where
each relay operates in one of two power states: either at full capacity (maximum power) or not active (zero
power), enabling the selection of the optimal relay node. To enhance the accuracy of CSI, we employ the Least
Squares (LS) channel estimation scheme. Moreover, we employ two relay selection methods, ORS, and MMRS,
within the cooperative-NOMA system. To compare their performance, we utilize outage probability metrics.
The numerical result shows that the cooperative NOMA performs better than the cooperative relaying without
NOMA. Furthermore, the ORS method outperforms the MMRS scheme.

Results

In this section, we compare the performance of two relay selection methods under the proposed cooperative-
NOMA system model and analyze the outage probability under different parameter changes. For all simula-
tions, we assume that the distance between the source and destination is a fixed value, and the relay posi-
tions are randomly distributed around the source following a Poisson distribution. The abscissa represents the
transmission power, and the ordinate represents the outage probability. The parameter settings are as follows:
Ro = 2,a5pr = 0.1, Bsg = 0.1,e = 2,and a; = 0.5. All channels are generated as i.i.d. complex Gaussian random
variables with zero-mean and unit-variance. The noises at the relays and receiver are also i.i.d. complex Gaussian
random variables with zero-mean and unit-variance.

Figure 2 illustrates the outage probability as a function of P; for different relay selection schemes in a simula-
tion. As depicted in the figure, the outage probability of ORS and MMRS is lower than the case without NOMA
at Py = 12dB and P; = 17dB, respectively. The first significant observation is that all the relay selection policies
converge to an error floor, providing zero diversity gain. Additionally, the two relay selection schemes based on
NOMA outperform those without NOMA, confirming the enhanced channel performance due to NOMA. As
anticipated, ORS performs better than MMRS. This difference arises because ORS takes into account the coupling
of two stages of SNR, whereas MMRS only considers a single channel and does not integrate the performance
of the entire channel.

Figure 3 illustrates the influence of the number of relays on the outage probability. Firstly, for the ORS and
MMRS schemes with a larger N, the system’s outage performance is better because increasing the number of
relays in a cooperative-NOMA network provides diversity and spatial multiplexing, which contribute to enhanced
system performance and reliability. In addition, it can be found that with the increment in N, the performance
improvement of ORS is greater than that of MMRS.

We also demonstrate the performance variation of the parameter asg in Fig. 4. As shown in Fig. 4a, the outage
probability initially remains stable with an increasing transmit power, followed by a rapid increase. In Fig.4(b),
which is a localized version of Fig. 4a, we observe a negative relationship between the increase in asg and the
outage probability of the cooperative system. In our parameter design, the improvement of csg does not impact
Bsr, but it affects the proportion of data transmission in the transmission protocol. This could be a possible cause
for the increase in outage probability.

Finally, Fig. 5 illustrates the outage probability as a function of the transmit power P; for various power alloca-
tion coefficients a;. The variation in a; notably impacts the reduction of the outage probability. Furthermore, the
relay selection method consistently reduces the outage probability, irrespective of a; changes. The ORS scheme
consistently outperforms the MMRS scheme in all scenarios.

Discussion

In this paper, we investigated an innovative energy-harvesting cooperative-NOMA network with channel esti-
mation, where communication is facilitated through a selected relay among randomly distributed relays. The
incorporation of NOMA enhances remote destination reliability without consuming extra energy, achieved
through energy-harvesting assistance, which reduces outage probability and mitigates high outage risks at the
remote destination. Our approach addresses channel estimation and relay selection in the relay network under
the AF protocol, ensuring accurate CSI in the cooperative-NOMA system. We compared two relay selection
criteria: ORS and MMRS, finding that both methods significantly reduce system outage probability, with ORS
slightly outperforming MMRS. Simulation results indicated that NOMA integration enhances spectral efficiency
and access volume. Furthermore, the ORS method, incorporating both forward and backward channels, proved
superior to MMRS.

Methods

Figure 1 depicts a NOMA-based cooperative network consists of a single source (S), single destination (D), and
N number of relays (Ry). We assume that the source, destination and relays are only equipped with one antenna
which can be used for both transmission and reception to simplify the analysis and provide clear, fundamental
insights into the behavior of the system under study. In the proposed network, relays harvest energy from the
source and forward the information to the destination using the harvested energy as their transmit powers. The
AF strategy is applied at relays and we consider both the direct transmission link from source to destination and
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Figure 2. Outage probability versus the transmitted power P;.

the cooperative transmission. For each device, we use hggr, hrp, hsp to represent the channel coefficients from
source to relays, relays to destination, and source to destination, respectively.

Cooperative-NOMA transmission
During the first phase, the source broadcasts a composite signal as

x(t1) = varPsx1(t1) + vV arPsxa (t). (1)

where x (t1) and x,(#)) are the signals for relay and destination, respectively, by appropriately designing the
power levels of pilot and data signals, it can be ensured that channel estimation can be performed while effective
energy conversion is being carried out. and with E[x; (t1)] = E[x2(¢1)] = 1, Psis the transmit power, x; [i] is the
transmitted signal to relay, a; and a, the power coefficients for signal send to the relay node and the destination,
respectively.

Moreover, the transmission protocol is also shown in Fig. 1, the channel between the source and the relay
includes three parts: Channel Estimation (CE), Energy Harvesting (EH) and Data Transmission (DT).
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Figure 3. Outage probability versus the transmitted power with the change of N.
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Figure 5. Outage probability versus the transmitted power with the change of a;.

The observations at the relays of the signal used for CE, EH and DT are given as

hsg,,
ySRm[ ] \/HRideZ V P ﬂkO[SR.Xk + nl (23.)
SRm k=1

h
VSR [i] = S Z v PsagBsrxk [j] + ni[j]» (2b)

T+ dgg,, &

hsr,,
VSR, [P} \/14‘}27‘15}{,”; v/ Psaxysrxi |p ] + n [ ] (2¢)

where hsg,, represents the channel coefficients from source to m™ relay, asg is the proportion of CE in a single
time slot, Bsr is the proportion of CE,1 — asg — Bsr is the proportion of DT, dsg,, is the distance from source to
mth relay, e is the channel large-scale fading coefficient, n[i] ~ € A~ (0, 02) is the Gaussian noise. The symbol
(CN) stands for “Complex Normal” .

The direct link signal received by the destination from the source can be expressed as

ysp = - Z V/PearBspxlil + n3. 3)
1+ dSDm pt

where Bsp is the proportion of DT in a single time slot from source to destination.
To simplify the analysis, we assume that the harvested energy scales linearly with the input power with the
rectifier efficiency n € (0, 1]. Thus, from Eq. (2b) the harvested energy in T times can be expressed as

nP;|hsg,, |2/3$R T

P =
R 1+ dig

(4)

The relay amplifies the received signal and then forwards it to the destination by using the harvested energy, the
signal received at the destination from the relay can be expressed as

GhRDm
YRD,, = m\/ PrBRDYSR,, [P] + 12 (5)

where dgp,, is the distance from relay to destination, G = Pr

is the amplifying coefficient of AF

bl o

transmission protocol.
Based on Egs. (4) and (5), the received SNR for the destination to detect the signal forwarded from the relay
is given by

2
B n*P2Bipp|hrp,, | a1 (1 — asg — Bsr) ©)
VRO = Ta+Tp+TC '
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wherel'y = 772P2:BSRl0|hRDm‘ ay(1 — asg — PsphTs = nPsfisg | RD’”||2 (14 dgg, )3andlc > (1 +dég )?

|1
(1+dgp, )

We consider the imperfect successive interference cancellation (SIC) conditions. In this case, it is considered
that the destination does not have perfect knowledge of the relay signal information. Destination proceeds to
decode signal x; (t1) using SIC technique. The received SINR at the destination to detect signal x; (¢1) is given
by vx, = Yrp,, After performing SIC successfully, the received SNR at the destination to detect signal x,(¢1) is
given by

sz\hSRm\ ﬁSR,0|hRDm} a1(1 —agr — ﬂSR)
o (1 + dip,,) (1 +dég )

7

X2 —

Channel estimation
By using the LS channel estimation method to estimate the CSI, we apply the LS channel estimation method'®
to hsp, hrp and hgg to get

n3\/1+dép
Zk 1V sakxk[]

Hz[i]wl—i—dﬁD

hrp = hrp + — = RD
RD RD GVPryse|p]

ni [p]\/l +d§R '
S /Py [p]

_To denote the estimation error following the relation eth RDSR = hsp,rD,sR — MsD,RD,sR> and the error variance
othD RD,SR can be expressed as

hsp = hsp + (8a)

(8b)

hsg = hsg +

(8¢)

(1+dgp)o*

lespl* = , 9a
Psalx% + Psazxg + 2P /aiax1x; (%)

4 e

+d
lesr|® = (1 -+ dgy) , (9b)

Psayaxy [p] + Psazaxs |p [ } + P /araxx, [ } [ }
respectively. Therefore, the estimation error is EPLszD sk € N <O, 2).

{8 | I'p+Tg+TE 10
K Fg+Tu+Tr (10)

where I'p = o*(1 +d%, )(1 +d iR, 2p? , g = 08(1 + dgp, ) (1 +dSR ) FF =20%(1 + dfy, )Ps
(1 +dgp, )’, T = n°Ps T | ﬁSR(l — OsR — ,BSR)(xl +x2)%, Ty = PP ( |h5Rm| Biro?, and I'f = hSRm|

Bir/Ps(I —asg — Bsp)o? (x1 + x2))-

Relay selection

To minimize the complexity of the system, select an optimal relay location from multiple relay nodes. Each
relay can be in one of two states: cooperation or noncooperation. This implies that there are 2V — 1possibilities.
Excluding a specific situation where all relay nodes are in a “uncooperative” state. This is because if all relay nodes
do not cooperate, then in reality no relay node is working, which is often considered invalid or not considered
in practical applications.

By employing the relay selection technique, the relay nodes with an equivalent SNR greater than the interrup-
tion probability threshold for the corresponding relay link are included in the candidate relay set initially. Then,
the SNR is calculated for the relays in the set, and this information is fed back to the source node. The source
node selects an appropriate relay as the data forwarding node based on the relay selection method and informs
the relay selection result to each relay node.

In the following, we employ two relay selection schemes for contrast.

e Optimal relay selection (ORS) The ORS policy is based on the capacity expression achieved, and the criterion
can be expressed as

~ VSR, YRD,
k = ar max — 5, 1
ety { YSRy + VRD,, + 1 } o

® The max-min relay selection (MMRS) The conventional ORS policy does not take into account loop interfer-
ence and selects kth relay. The criterion for this type of relay selection can be obtained as follows
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k=arg (max{min{ysg,, VrD,, } })- (12)

The diversity multiplexing trade-off for this scheme is analyzed in'” based on the outage probability. In the
above two methods, the destination node makes the selection and notifies the selected relay node, instead of
computing and feeding back the power allocated to every relay node, which has less complexity and higher
throughput than the relay selection method for power allocation.

Outage performance analysis

In the case of the independent identically distributed (i.i.d.) SINRs, the best relay in the multi-relay network is
selected, which can provide the largest end-to-end SINR for forwarding signals. Consequently, the outage prob-
ability of the relay selection scheme for N relay networks is

VSR, YRD,
P, =P;<lo 1+A)<R}, 13
* r{ gz( VSR, + VRD,, +1 0 (13)

where * refers to different relay selection methods such as ORS and MMRS, and P, denotes the outage prob-
ability. In the following subsections, the statistical distributions may differ depending on the selection policy.
Therefore, any remark concerning the distributions of these random variables (RVs) is strictly limited to the
particular selection policy.

® Outage analysis of ORS By applying a straightforward order statistic result to Eq. (13), we can derive the
following

VSR, VRD,
POR3=P{$<X }, 14
! VSR, + VRD,, *+1 o (14)

where x,of = 2R _ 1 the cumulative distribution function (CDF) of yrp,, is Fy,, (x) =1 — e~ *RDm* with

JRD,, = ﬁ, Fyg,, () = 1 — e~ *SRm* is the CDF of ysg,, with Asg,, = ﬁ, S (yjlis the probability density
function (PDF) of yrp, and the CDF of the RVs of ; can be obtained as
o0
y+1)x
Fi(x) = Fypp (%) +/x Fyr <(y_x)>fylw (v)dy (15)
=1— Jgp,,a* \/bx(x + 1)K1(\/cx(x + 1)).

- —Js 42 , Lo o .
wherea = e™"RPm ~*SRm b = LHn ¢ = 4)qp Jpp,,and K-function is a generalization of the hyper-factorial

RDm
to complex numbers. The outage probability of ORS in the cooperative-NOMA system is

Pogs = [Fi(x)]". (16)
® Qutage analysis of MMRS In the case of MMRS, P, can be written as
o xy +x*+x
Pytvrs = 1 - / {1 ~ Fyan, <% Fruwy, (v + %) dy, (17)
0

For N relays that are independent of each other, according to the significance of Fy, , we can deduce the
CDF of ysp,, as

Fyep,, (%) = N/O Pr {k = 1| VSR =y}fysxmi (y)dy, (18)

In the MMRS method, the choice is based on the inferior of ysg,, and yrp,,. Therefor Pr{k =i| Y, = y}
can be further divided into two mutually exclusive cases ysg, > ¥rp,, and ysr, < ¥rD,,. Finally, after a series
of complex simplifications, Fyg, (x) can be written as'®

W N—1
a0 (M)

A 2 L/ —
SR + ARD n=0 ARD + AsrR+2RD

N-1
1 (=1D)" 1— —(n+1)(Asr+4rD)x
Nigg =D ( n )( ¢ )

Fyp(x) =N

(19)

JRD ' ASR+ZRD

N—1 (_1)ﬂ<N —1 ) (1 _ e*(n+1)(XSR+iRD)X)

+N;uSRZ .

n=0

/SR + ARD = <L + 1 >(n + 1) (4sr + ArD)

(n 4 1)(Zsr + ArD)
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where Fy, (x) is obtained in the same way as Fy, (x), with CDF of ygp,,, we can obtain the PDF of ygp,,.
Hence, substitute Fyg, (x) and fy,;, into Eq. (17) to evaluate the exact outage probability using numerical
integration. Therefore, the interruption probability of the entire system can be expressed as

Pp=1-(1~P)(1~P{Rsp, <Rum}) (20)

The Eq. (20) represents the overall system interruption probability, where P, denotes the probability of inter-
ruption in the relay link, and P, { Rsp,, < Ry } signifies the probability of interruption in the direct link when
the data rate Rgp,, falls below the threshold Ryy,;. This expression effectively captures the likelihood that the
system will experience an interruption due to either a failure in the relay link or insufficient performance in
the direct link, considering these two events independently. In our analysis, the impact of channel estimation
error was implicitly included through the variance of the estimation error in the signal-to-noise ratio (SNR)
expressions used to calculate the outage probability. Specifically, the SNR at the relay and the destination
already accounts for the degradation due to the estimation error introduced by the Least Squares (LS) method.
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