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Abstract—Simultaneous Wireless Information and Power
Transfer (SWIPT) offers a viable solution for facilitating efficient
and sustainable communication networks that serve energy-
limited communication devices, as in the forthcoming Internet
of Things (IoT) era. Towards exploiting the benefits of SWIPT
schemes at their full capacity, achieving both spectral and energy
efficiency, Reconfigurable Intelligent Surface (RIS) and Non-
Orthogonal Multiple Access (NOMA) technologies allow for
effectively treating challenges associated with the low efficiency
over long distance and the spectrum scarcity, respectively. In
this article, the joint optimization of the RIS elements’ phase
shifts, the IoT nodes’ downlink allocated powers, and their
harvested energy, is used as the means to maximize the IoT
nodes’ sum downlink rate and their weighted uplink data rate.
The corresponding optimization problem is formulated as a
single-leader multiple-followers Stackelberg game, and solved
accordingly, via a distributed and iterative algorithm. The overall
proposed optimization framework is evaluated via modeling and
simulation, in terms of its spectral efficiency and harvested
energy, allowing also to obtain some key insights about the gain
provided by the assistance of RIS to a NOMA-operated SWIPT
network of IoT nodes.

Index Terms—Simultaneous Wireless Information and Power
Transfer, Reconfigurable Intelligent Surfaces, Game Theory.

I. INTRODUCTION

With the advent of Internet of Things (IoT) and the massive
Machine-Type Communications (mMTC) scenarios, the num-
ber of devices connected in 5G and beyond systems is ever
increasing. Towards supporting their energy efficient operation
and improved data rates, the application of Non-Orthogonal
Multiple Access (NOMA) and Simultaneous Wireless In-
formation and Power Transfer (SWIPT) have emerged as
promising technological advances and solutions. The benefits
of these approaches have been studied in the current literature,
either in a standalone manner or in a combined fashion [1].

At the same time, over the last years the adoption and ap-
plication of Reconfigurable Intelligent Surface (RIS) facilitates
the software-based control over the electromagnetic properties
of the wireless environment, thus, combating the unfavorable
propagation conditions owing to the wireless channels’ fading
[2]. This, in turn, allows for the provisioning of superior
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channel conditions, and consequently, provides reduced trans-
mission power, or equivalently extends the transmission and
communications range of the wireless nodes. In this paper,
we jointly treat and optimize the downlink and uplink per-
formance of a RIS-aided SWIPT-enabled wireless powered
IoT network, operating under NOMA scheme. Our objective
is to maximize the IoT nodes’ sum downlink data rate and
their weighted uplink data rates, by jointly optimizing the
RIS elements’ phase shifts, the [oT nodes’ downlink allocated
powers, and their harvested energy due to SWIPT.

A. Related Work

Aiming at supporting multiple users who jointly share the
same resource blocks, e.g., subcarrier, time slot, spreading
code, NOMA technique has been introduced as part of the 5G
and beyond networks. The inherent operational characteristics
of NOMA, combined with the Successive Interference Cancel-
lation (SIC) decoding implemented at the receiver, enables the
overall network to achieve high throughput, low latency, mas-
sive connectivity, improved fairness, and high reliability [3]. In
the meanwhile, the SWIPT technology has been proposed to
fulfill the communication requirements of energy-constrained
devices, while enabling their information exchange with the
Base Station (BS). In [4], the authors study a NOMA-enabled
SWIPT millimeter-wave network consisting of an aerial BS,
which serves as both energy and useful information conveyor.
The problem of maximizing the devices’ harvested sum-power
is examined, while satisfying their personalized minimum data
rate constraints. Focusing on the downlink communication, the
joint optimization problem of the total transmission data rate
and harvested energy is formulated, in [5], as a multi-objective
optimization problem with multiple personalized constraints of
the devices regarding their minimum rate and harvested energy
prerequisites. The joint study of the downlink and uplink in a
SWIPT-enabled wireless powered communication network is
performed in [6], targeting at optimizing the overall achieved
data rate by considering NOMA and Time Division Multiple
Access (TDMA) techniques.

Towards further reducing the energy consumption and en-
hancing the spectral efficiency in 5G and beyond networks, the
use of RIS has gained significant attention over the last few
years. Typically, a RIS consists of multiple reflecting elements,
constructed by engineered metamaterials, whose reflection
coefficients can be optimized by a smart controller to provide



desirable propagation conditions to the electromagnetic waves,
as a software-defined service [2]. Recent works have been
devoted to deep reinforcement learning approaches that deter-
mine the RIS elements’ phase-shift vectors in order to reduce
the overhead stemming from the channel estimation and the
beam training [7]. The RIS technology has been, also, adopted
by [8] within a NOMA-operated cellular network, in order to
ensure that the cell-edge users can be served by the BS, via
controlling the RIS elements’ reflecting coefficients to boost
their transmitted beams. In [9], a RIS-assisted NOMA-based
wireless network is considered and the authors propose an
energy-efficient algorithm that optimizes the tradeoff between
the total power consumption minimization and the overall rate
maximization. A similar system model is considered in [10],
focusing on the uplink communication, where the authors deal
with the maximization problem of the sum rate of all users
subject to their individual power constraints.

B. Contributions & Outline

In a nutshell, the existing research has exploited the benefits
of NOMA, SWIPT, and RIS primarily in a fragmented manner,
without revealing their full potential of improving the spectral
and energy efficiency in both the downlink and the uplink,
which can be realized only by considering the complemen-
tarity and integration of the aforementioned technological
advances. This paper tackles exactly this issue, while its main
contributions are summarized as follows.

1) A system model representing and capturing a RIS-aided
NOMA-enabled SWIPT network of IoT nodes paradigm
is introduced, examining both the downlink and the uplink
communications (Section II).

2) The problem of jointly maximizing the sum rate in the
downlink and the weighted data rate of each IoT node in
the uplink, while considering the portion of power used
to decode the downlink signal, is designed, formulated
and treated through a distributed game theoretic approach.
The optimization of the RIS elements’ phase shifts, the
IoT nodes’ downlink allocated powers, and their harvested
energy, is used as the means to realize the above objec-
tive, and is obtained via a single-leader multiple-followers
Stackelberg game (Section III-A).

3) The RIS elements’ phase shifts and the IoT nodes’ down-
link allocated powers are formulated as two sequential
optimization problems solved at the hybrid access point,
i.e., the leader (Section III-B). The IoT nodes’ energy
harvesting optimization is solved in a distributed manner
by each 10T node, i.e., the follower (Section III-C).

4) Indicative numerical results are presented that demonstrate
the benefits in terms of spectral efficiency and harvested
energy, obtained by jointly exploiting the capabilities of
the NOMA, SWIPT, and RIS technologies (Section IV).

II. SYSTEM MODEL

A RIS-aided and NOMA-operated SWIPT network is con-
sidered, as illustrated in Fig. 1, consisting of a Hybrid Access
Point (HAP), which transmits signals to |N| IoT nodes, with
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Fig. 1: Overview of the RIS-aided and NOMA-enabled SWIPT
network of IoT nodes.

N ={1,...,n,...,|N|} denoting their set, and serves as both
energy and useful information conveyor. Both the HAP and the
IoT nodes bear single-antenna receivers and transmitters, while
perfect Channel State Information (CSI) knowledge is assumed
in the system. The overall network’s operation is divided in
time slots, considering a single time slot’s ¢ duration to be
1 time unit for simplicity in the notation. Each time slot ¢
comprises of the downlink and uplink transmission phases of
durations 7 and 1 — 7 time units, accordingly.

The downlink transmission power allocated to each IoT
node n by the HAP is denoted as P,f [W] and it holds that
SNl pd < pmaz where Praz, [W] is the HAP’s downlink
power budget. During the downlink phase, each IoT node ex-
ploits the A, Y11 P4 part of the HAP’s downlink transmis-
sion power to decode the received information message, and
the rest (1—\,) Zln]\gl P? amount of power is used to harvest
energy and charge its device. The factor A\, € [0,1],Vn € N
denotes the power splitting ratio between the power used for
decoding and energy harvesting. The IoT node’s n harvested
energy due to SWIPT is E,, = nG,7(1 — \,) Z‘nzill P21,
where 7 € (0, 1) constitutes the IoT node’s energy harvesting
efficiency factor and G, is the channel power gain between
the HAP and the IoT node n.

By implementing the RIS technology, the total channel
power gain G,, between the HAP and the IoT node n, during
the downlink phase, is determined as follows. Consider a RIS
consisting of | M| reflecting elements in the form of a uniform
linear array, with M = {1,...,m,...,|M|} denoting their
set, placed at a height of zr [m] above the ground. The
diagonal phase-shift matrix is w = diag{e’*1,... e/“IMI},
where wy, € [0,27), Vm € M, while the first RIS element is
used as a reference point for the performance of the subsequent
calculations. The direct link between the HAP and the IoT
node n exhibits Rayleigh fading and its channel gain is
modeled as hgap, = pdﬁgpynﬁ € C, where p is the path
loss at the reference distance 1 m, dgap, [m] is the euclidean
distance between the HAP and the node n, k is the path loss
exponent, and h «~ CAN(0,1) is the random scattering com-
ponent captured by a zero-mean and unit-variance complex
Gaussian random variable. Assuming that the RIS is in close



proximity to the HAP and a Line-of-Sight (LoS) path exists
between them, their in-between channel gain is hgapr =
pdﬁaPﬁ[Le—j%"dabHAp,R’.._’e—j%"uM\—Udd)HAp,R]T c

CIMIX1 where A\ [m] is the carrier wavelength, d [m] is

the antenna separation, dgap,r [m] is the euclidean distance
between the HAP and the reference point of RIS and ¢gap.r
is the cosine of the angle of arrival of the signal from the HAP
to the RIS. Due to the RIS and its strong reflection signal,
the channel between the RIS and the IoT node is exposed
to Rician fading and its channel gain is modeled as hg, =

\/pd T8 hLOS ahr°) € CIMIX1 " where a
is the path loss exponent in the examined link, § is the Ri-

cian factor, hj;%> = [1, e IFdbrn =% (M|=1)dérn )T
is the LoS component, hNLOS - CN(O 1) is the Non-
LoS (NLoS) component and ®Rr,n 1s the cosine of the
angle of departure of the signal from the RIS to the
IoT node. For simplicity, we write hg,, as hg, =
[|hR7n,1|€jq>1 yeees |hR7n,m|€jq>m7 - ‘hR,n,\M| |ejq>|M\]T. The
total channel power gain between the HAP and IoT node n in
the downlink is given by G,, = |hgapn + hgﬁnwhHAp,RF.
Capitalizing on the property of channel reciprocity that holds
for Time Division Duplex (TDD) systems and considering that
RIS metamaterials conform to the channel reciprocity theorem,
as stated in [11], we assume that the total uplink channel power
gain is, also, equal to G,.

Each IoT node n performs SIC to decode its downlink
transmitted signal, considering without loss of generality that
it holds: \;G1 < -+ < A\Gy < ... A\|N|G|n). Thus, each
IoT node’s n achievable downlink data rate is:

G Pd
bps/H2|, (1
G SN pi IO)[pS/ zl, ()

where [ is the power of zero-mean Additive White Gaussian
Noise (AWGN).

Focusing on the uplink communication, each IoT node n
utilizes exclusively the harvested energy FE,, to transmit its data
to the HAP and its uplink transmission power is PY = lbinT.
Thus, each IoT node’s n uplink data rate is given as follows:

Gp,P}
Yo GiPE A+ I

III. JOINT PHASE SHIFT, POWER, AND ENERGY
HARVESTING OPTIMIZATION

Re = 7log,y(1 +

Ry =(1—7)logy(1+ Vbps/Hz]. (2)

A. Problem Description and Design

The key objective of our work is to jointly maximize
the sum rate in the downlink and the weighted data rate
of each IoT node in the uplink, while accounting for the
portion of power used to properly decode the downlink signal.
Within our setting and considered model, this objective is
realized via the joint RIS elements’ phase shifts, the IoT
nodes’ downlink allocated powers, and their harvested energy
optimization. The joint optimization problem is formulated
as a distributed single-leader multiple-followers Stackelberg
game. In particular, the HAP acts as the leader determining the

Start

,

Initialize 10T nodes’ power splitting ratios 4,

,

Leader/HAP: Determine effective
RIS elements’ phase shifts w*

v
Leader/HAP: Determine optimal loT
nodes’ downlink allocated powers P%*

I

Each follower/IoT node: Determine
optimal power splitting ratio Ay,

Yes No

17 Converged?

End

Fig. 2: Optimization process and control flow.

effective RIS elements’ phase shifts and the downlink allocated
powers to the IoT nodes via two sequential optimization
problems. The results are fed back to the RIS controller and
the IoT nodes via dedicated control links. Then, the IoT nodes
act as followers determining in a distributed and autonomous
manner their optimal power splitting ratios (i.e., A,), thus,
deriving the optimal amount of harvested energy. The goal of
the HAP is to maximize the sum rate in the downlink and the
goal of the IoT nodes is to maximize their personal weighted
uplink data rate, while considering the portion of power used to
decode their received downlink signal. The Stackelberg game
is played iteratively during a time slot in order to converge to
the Stackelberg equilibrium, as shown in Fig. 2.

B. Phase Shift and Downlink Power Optimization

The HAP determines the effective RIS elements’ phase

shifts w* = [w],...,w},, ..., W] and the optimal down-
link allocated powers P9* [Pd ..., P& .. Pld*‘]
given the IoT nodes’ power splitting ratio vector A
[AL, ... A, ..o, A ], towards maximizing the sum downlink
rate. The optimization problem is formulated as follows:
[N
max ¥ R%(w,P?N) (3a)
w,Pd ot
| V]
> Pl < PRip (3b)
n=1
0<wy, <2r,Yme M 3¢)
[N
GudnPe_ | — G\, Zpﬁ > Po,n=2,...,|N| (3d)
PY < P™aT \p ¢ N (e)
Rd >R:. VneN, (3D

where Eq. (3b) ensures the HAP’s downlink power budget,
Eq. (3¢c) indicates the feasible range of RIS elements’ phase



shifts, Eq. (3d) ensures the successful SIC decoding at the
IoT nodes’ receivers based on their sensitivity Py, Eq. (3e)
ensures that the nodes’ harvested energy is such that their
maximum power budget is not exceeded and Eq. (3f) captures
the minimum downlink data rate constraint of each IoT node.
To treat the two-variable optimization problem in a tractable
manner, two sequential sub-problems are designed and solved.
First, the RIS elements’ effective phase shifts are determined
so as to maximize the downlink signal strength and hence, the
downlink achieved data rate of each IoT node. Assuming a
single-node case, the IoT node’s signal strength is maximized
when the HAP-to-node and RIS-to-node signals are coherently
added, leading to the following phase shifts’ adaptation:

. P
wh = L+ By + T”d(m — Déuapr,¥me M. (4

In the multi-node case considered in this paper, Eq. (4) gives
different phase-shift adaptations for different nodes. Thus, for
practical purposes, the linear combination approach proposed
in [12] is adopted to conclude to a single phase-shift vector
w*. Specifically, a set of appropriate weights is found for
each node, such that the linear combination of the phase
shifts derived from Eq. (4) for each node separately, yields
the maximum overall nodes’ signal strength.

Given the effective RIS elements’ phase shifts, the optimiza-
tion problem in Eq. (3a)-(3f) can be written as follows:

IN]|
d d

max Zl Ri(w,P? X) (52)

N
st. Y PY< PRsh (5b)

n=1

IN|

Gndn Pl = Gudn Y P!> Pioyn=2,...,IN| (5c)
P < P77 p e N (5d)
RY >R, Yn e N. (5e)

The optimization problem is concave and can be solved
using the Karush—Kuhn-Tucker (KKT) conditions to derive
the optimal downlink allocated powers to the IoT nodes P9,

C. Energy Harvesting Optimization

Given the RIS elements’ phase shifts and the downlink
allocated powers as determined above, each IoT node aims
at maximizing its weighted data rate, while accounting for
the portion of power used to decode its downlink signal. The
optimization problem to be solved by each IoT node is:

max AR (w, P2 N) (6a)

st. 0<A, <1,¥vneN (6b)

Py < pPmet Nn e N (6¢)
GnP#*SGiPi“ZPtol,n:Q,...,|N| (6d)
izl’,: > RY..,Vn € N. (6¢)

The term >\§L in Eq. (6a) indicates the IoT node’s evaluation
of its power splitting ratio \,, among the downlink signal
decoding and the harvested energy, where the latter one is used
for the uplink data transmission to the HAP. By appropriately
tuning the parameter &, the IoT node can achieve different
power splitting ratio regions, and thus, it can satisfy different
Quality of Service (QoS) requirements. Also, Eq. (6b) and
Eq. (6¢) indicate the feasible range of values of the power
splitting ratio \,, and the uplink transmission power P, Eq.
(6d) guarantees the successful SIC at the HAP’s receiver and
Eq. (6e) reassures the minimum QoS prerequisites of the IoT
node in terms of achieved uplink data rate.

The above optimization problem can be treated as a non-
cooperative game among the IoT nodes, where each node
aims at maximizing its payoff function, as shown in Eq. (6a).
Each IoT node performs its distributed decision-making and
determines its optimal power splitting ratio A}, by receiving
the information of its sensed interference, as presented in Eq.
(2), via broadcasting by the HAP, until a Nash equilibrium is
reached. The IoT nodes conclude to a Nash equilibrium, which
is a stable operation point of the overall system [13]. The two
optimization problems in Eq. (5a)-(5e) and Eq. (6a)-(6e), are
solved iteratively and sequentially, and the output of the one
acts as input to the other, following the relationship of the
leader and the followers. This iterative procedure concludes
to the Stackelberg equilibrium.

IV. EVALUATION & RESULTS

To evaluate the overall performance of our proposed frame-
work in terms of spectral efficiency and harvested energy, and
in particular to obtain some insight about the gain provided by
the assistance of RIS in a NOMA-enabled SWIPT network, we
consider the following network topology. A HAP is located at
the origin of a typical 3D coordinate system and the reference
point of a RIS consisting of |M| reflecting elements is placed
1m away from the HAP at the x axis and at a height of
zgr = 1.5m above the ground. |N| = 3 IoT nodes are placed
with increasing distances from the HAP along the y = x
line, forming a NOMA cluster. The IoT nodes’ distances
along the y = x line are dy [m], di + 2 [m] and d; + 4
[m], respectively, where d; denotes the distance of the first
node. In the following, different scenarios regarding the IoT
nodes’ distances from the HAP and the RIS are analyzed and
indicated by the first IoT node’s distance d;. The remaining

parameters are set as follows: 7 = 0.7, Pyip = 20W,
pmar = 02W, n = 0.6, p = 0.01, k = 35, d = 3,
a =28 B = 2, Iy = —114dBm, P,,;; = —121dBm,
RY. = R, = lbps/Hz and & = 0.5. The results have

been averaged over 100 different channel model realizations.

In Fig. 3a, the IoT nodes’ sum downlink (DL) and sum
uplink (UL) data rate is presented in the y axis (bps/Hz) with
respect to different IoT nodes’ distances scenarios in the X
axis, after performing the joint optimization described in Fig.
2. The results have been extracted considering a number of
|M| = 50 RIS elements, while the cases of existence and
non-existence of the RIS within the network topology are
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Fig. 3: Spectral efficiency and harvested energy evaluation of the RIS-aided and NOMA-enabled SWIPT network.

indicated as ”RIS” and no RIS”, respectively. It is confirmed
that the use of RIS results in significantly higher sum data
rates in both communication directions, by enhancing the IoT
nodes’ channel gains via the strong reflected LoS link. The
sum data rates, also, remain relatively sustained as the IoT
nodes’ distances increase, compared to the situation where no
RIS exists and the sum data rates degrade faster.

The increased channel gains allow for the IoT nodes’ in-
creased energy harvesting during the downlink wireless power
transfer phase. This behavior is corroborated by Fig. 3b, in
which the sum harvested energy of the IoT nodes is depicted
in the y axis, as a function of the different distances scenarios
in the x axis, considering | M| = 50 RIS elements. The results
show that the use of RIS can provide almost two orders of
magnitude higher sum harvested energy in the most demanding
case, where the IoT nodes’ distances from the HAP are 5m,
7m and 9m respectively.

In order to investigate the effect of RIS size on the SWIPT
network’s performance, Fig. 3c presents the sum IoT nodes’
harvested energy with respect to various distances scenarios,
under a different number of RIS elements analysis, i.e., for
|M| = {30,50,70,90}. In the first two distance scenarios,
where the IoT nodes are near the HAP and the RIS, they
reap the benefits of the increased number of RIS elements
and achieve a notably high sum harvested energy. However,
as the IoT nodes’ distances become higher, the effect of the
increased number of RIS elements diminishes.

V. CONCLUSION AND FUTURE WORK

In this paper, a wireless powered communication IoT
paradigm is introduced, capitalizing on the joint exploitation
of the key benefits of NOMA, SWIPT, and RIS technologies.
Towards achieving spectral and energy efficiency both in the
downlink and uplink communication simultaneously, the joint
optimization of the RIS elements’ phase shifts, the IoT nodes’
downlink allocated powers, and their energy harvesting, is
modeled and formulated as a Stackelberg game among the
hybrid access point and the IoT nodes. Indicative numerical
results highlight the benefits of the joint exploitation of the
RIS technology within the context of NOMA-enabled SWIPT
IoT networks. Part of our current and future work contains the
extension of the presented model by jointly considering the

optimal deployment of the RIS within the examined topology,
while accounting for user mobility as well.
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