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Abstract—In order to realize massive connectivity, high spec-
tral, and energy efficiency in future internet of things (IoT) net-
works, reconfigurable intelligent surfaces (RISs) are considered
as a promising solution with their low cost and channel-adjusting
ability. However, the ever-growing massive number of devices
in RIS-empowered IoT networks requires achieving energy self-
sustainability for the entire network. Motivated by this, a
simultaneous wireless information and power transfer system
empowered by a wireless-powered RIS has been investigated
under the condition of imperfect channel state information, in
which both the RIS and zero-energy devices (ZEDs) harvest
energy with the power-splitting (PS) scheme for their operation.
Specifically, a non-convex transmit power minimizing problem
is formulated to handle the power-limited issue of practical
IoT networks, where the PS ratios of the ZEDs, the active
beamforming of the access point and RIS reflective coefficients
are jointly optimized and solved by an efficient alternating opti-
mization framework. The improved performance of the proposed
algorithm against the benchmark schemes and its robustness are
verified by simulation results, which highlight the effectiveness
of the proposed algorithm in practical IoT networks.

Index Terms—alternating optimization (AO) algorithm, imper-
fect channel state information (CSI), reconfigurable intelligent
surface (RIS), simultaneous wireless information and power
transfer (SWIPT).

I. INTRODUCTION

UTURE internet of things (IoT) networks are expected

to provide more intelligent and reliable communication
services for achieving massive connectivity, higher network
coverage, larger network capacity, and low-cost deployment.
To fulfill the increasing demands, the recently proposed recon-
figurable intelligent surfaces (RISs), which operate as passive
beamformers, have been considered as an appealing technol-
ogy for achieving high spectral and energy efficiency in future
IoT networks because of their low cost and channel-adjusting
ability [1]. However, the massive use of IoT devices and RISs
is challenging due to their requirement for energy supply,
which implies either the connection of the nodes to the power
grid or the frequent charging/replacement of batteries. For this
purpose, the concept of zero-energy nodes, which from the
user perspective operate without requiring access to the power
grid, charging or battery replacement [2], would facilitate the
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massive use of IoT devices and RISs. It deserves to be noted
that the energy independence of the devices which is achieved
by using energy harvesting (EH) has been identified as a key
challenge for the next-generation IoT [3].

For the realization of self-sustainable IoT networks, the
power-splitting (PS) based simultaneous wireless information
and power transfer (PS-SWIPT) technique, where the inte-
grated PS-based devices are considered to split the power from
the received radio frequency (RF) signal for both EH and
information decoding (ID), has been regarded as a promis-
ing practical solution due to its characteristics of time-delay
tolerance and robustness against coarse time synchronization.
In [4], [5], the transmit power minimization problem with the
PS-SWIPT scheme was studied to improve the performance in
RIS-assisted networks, while, in [5], the power consumption
of the active RIS was considered. Nevertheless, the power
consumption of the passive RIS has not been investigated and
is assumed to be negligible in the majority of research in this
area [4], [6], [7]. Therefore, the integration of passive RISs
and PS-SWIPT should be in-depth investigated considering
the realistic non-negligible power consumption of the passive
RISs.

In this direction, recently, the concept of wireless-powered
RISs [8], also termed self-sustainable RISs, where the RIS
performs information transmission (IT) and EH utilizing PS by
adjusting its reflective coefficients, provides a new perspective
for the realization of the self-sustainability of the networks
[9]-[13]. In [9], self-sustainable RISs were utilized in wireless-
powered communication networks (WPCNs), where the two-
piece linear model was employed for EH. In [10], a self-
sustainable RIS was utilized to enhance a wireless power trans-
fer (WPT) system using an absorb-then-reflect scheme, while
IT was not considered. Moreover, in [11], self-powered RISs
were utilized in wireless-powered communication networks,
where the harvest-then-transmit protocol was employed on the
user side. In [12], the minimizing transmit power problem
with a self-sustainable RIS was investigated aiming to enhance
the performance of the wireless network. In [13], the sum-
rate maximizing problem was investigated in a self-sustainable
RIS-aided system, where information users and energy users
are served separately.

In the existing literature, the use of SWIPT to achieve self-
sustainability at both the RIS and zero-energy device (ZEDs)
has not been considered or optimized. Therefore, in this
work, we investigate a wireless-powered RIS-assisted network,
where ZEDs utilize PS-SWIPT. The main contributions of this

work are summarized as follows:
o We study a practical system aiming at self-sustainability

at both the RIS and the devices, considering imperfect
CSI and a non-linear EH model.
o We formulate a transmit power minimizing problem in
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a multi-user multi-input single-output (MISO) system,
where the active beamforming (ABF), the PS ratios of
the ZEDs and each of the RIS elements, and the phase
shifts of the RIS are jointly optimized.

o Unlike most works where either RIS reflective amplitude
or phase shifts are considered, we jointly optimize these
two parameters. Moreover, the considered practical non-
linear EH model and the channel uncertainty improve the
robustness of the proposed algorithm.

o To tackle the non-convexity of the formulated problem,
we propose an efficient algorithm by using alternating
optimization (AO) and semi-definite programming (SDP).

« Simulations demonstrate the performance of the proposed
strategy highlighting the gains of optimizing the RIS re-
flective coefficients compared with benchmark schemes.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model
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Fig. 1. Wireless-powered RIS—empower\ea /PS—SWIPT system.

As shown in Fig. 1, we consider a single-cell downlink
MISO PS-SWIPT system empowered by a wireless-powered
RIS with IV elements. The access point (AP) with M antennas
serves K multiple single-antenna ZEDs. The wireless-powered
RIS operates with the PS protocol, where the reflective coef-
ficient is adjusted to meet both the ID and EH requirements
of the RIS, thus a portion of the AP’s power is fed into the
RIS for EH and the remaining one is reflected by the RIS to
enhance the received power at the ZEDs. Therefore, the RIS
reflective coefficient is denoted by

$n = B’ Vn, M
where 8, and 6, € [0,27) are the reflective amplitude and
phase shift of the n-th element, respectively. Moreover, the co-
efficient matrix of the RIS is given by ® = diag{¢1,...,¢dn}.
The channels from the AP to the RIS, from the RIS to the k-
th ZED, and from the AP to the k-th ZED are expressed as
G e CNxM| hfk e CY™*N and hgk € C*M | respectively.
Thus, the received signal atK k-th ZED is expressed as

yr =hi Y wisi +ny, Vk, 2

where ny, ~ CN(0,07) is the antenna noise vector at the k-th
ZED, sy, represents the unit-power complex valued information
symbol of k-th ZED, wy, € CM>*1 denotes the corresponding
beamforming vector and hf! = hg{ e+ hfkbe denotes the
equivalent channel from the AP to the k-th ZED, whose CSI
are assumed not to be perfectly obtained. Thus, we model
the equivalent channel as h; = flk + Ahy, Vk, where
flk denotes the acquired channel estimation and Ahy is the
estimation error with Gaussian distribution and zero mean,
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ie., Ah, ~ CN(0,03,). We assume that the statistical
information of Ahy, cannot be obtained, but a certain threshold
can be obtained as ||Ahg|| < e, VEk [14]. Accordingly, based
on the assumption that hy and Ahy are independent of
each other, the channel covariance matrix [7] is expressed as
H), = H), + AH,, where H, = E{h;h}} ¢ CM*M H, =
E{h,h{'} € CM*M and AH) = E{Ah;AhlT} ¢ CM*M
denote the real channel covariance matrix, the estimated
equivalent channel covariance matrix, and the covariance un-
certainty matrix of the equivalent channel, respectively, with
E{-} denoting expectation. Thus, the size of the covariance
uncertainty matrix of the equivalent channel can be limited by
a certain threshold as ||AH|| < €7, Vk [7], [14].

In this work, a PS protocol is adopted in the wireless-
powered RIS, where the RIS reflective coefficients matrix &
is adjusted to meet the EH and IT requirement of the RIS.
Thus, the received poweg{ by the RIS is

P ris = Ztr (wfIGHGwi) . 3)
Moreover, utilizing (1), lt:hle RIS reflected power is given by
K
Pout,r1s = Ztr (WZHGH@H@GWi) , 4)

=1
where || ®|| cannot exceed 1 due to the use of the passive RIS.
Therefore, the split power of the received signal at the RIS for
EH is calculated as P ris = Pin,ris — Pout,ris [13], i€,

Prris = itr (wf’GH (I - @Hé) Gwi) . )

It should be notecllftlhat, since the positions of the AP and RIS
are usually deployed in advance, the channel from the AP to
RIS G is assumed to be perfectly obtained.

The received signal power at each ZED is split into two
portions by an adjustable PS ratio px € (0, 1), in which the
pr portion is used for ID operation and the 1 — pj portion is
for EH operation. The received signal at the k-th ZED for ID
operation is expressed as

K
ye,o = /pr | hi ZWiSi +ng | + 2, VEk, (6)

where zj, ~ CN(0,07) is the aldditional noise generated during
signal processing. Thus, the signal-to-interference plus noise
ratio (SINR) at the k-th ZED is given by

SINRy = ,Vk.

K 7

pie 3 tr (Wl (Hy + AH)wi) + proj + 67 @
iZk

Accordingly, the received signal of the k-th ZED for EH

operation is given by
K

yken = /1 — px [ by Zwisi + nk> ,Vk. 8)

In EH, differently to ID, by 1gnolri71%g the antenna noise power,
ie., 0’2, which is negligible compared with the harvesting
power [5], the split power of the received signal at the k-th
ZED for EH can be expressed as

K
Pre=(1=p) Y tr (Wl (H+ AH ) wi) Ve (9)
i=1

Regarding EH, we e;nploy a general and practical logistic
function-based non-linear model [7], which is modeled as

_ ?/Jmax
Yo(z) = X (1 + exp(—@en(z — ben)))

-Y, (10)

EE Xplore. Restrictions apply.
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where x represents the corresponding received power, ¥ ax 18
the maximum harvested power when the circuit is saturated,

aen and bey, are constants related to specific circuit specifica-
exp(aehbeh) wmax

tions, X = ——<he_"gand ¥ = —max__ Hence, the
) I4exp(acnben)’ T exp(aenben)
inverse function of ¥y (FP,) is given by
“1(p) = by — I [ Pmax
Uy (z) = ben " In <(3: V)X 1) . (11)

Moreover, Ppink denotes the required power requirement
of the k-th ZED, while considering that the circuit power
consumption of each RIS element is u, the total power
requirement of the RIS is given by Ny [12]. Therefore, the
harvested power of the k-th ZED and the RIS should be
greater than or equal to Ppyin x and NN p, respectively, and the
constraints of the power consumption at the k-th ZED and the
RIS are given, respectively, by

Py > V5" (Puin,k), VE, (12)
Prris > U Y (Np). (13)

B. Problem Formulation
Let p = [p1,...,pK] € R>E and W = [wy,...,wg] €

CMxK Tn this paper, we aim to minimize the transmit power
at the AP by jointly optimizing the PS ratio, the ABF at the
AP and the RIS reflective coefficients, thus the problem is

formulated as
K
min |wi |2
2, W,p kzzl

s.t. C1: SINRy, > 7, Vk,
C2: Py > U (Puink), Yk,
C3: || AH| < €, VE,
C4: Poris > ¥y ' (Np),
C5:|¢n| <1l,n=1,...,N,
C6:0 < pp <1,VEk,

(P1)

where 7y, > 0 is the minimum SINR requirement of the k-th
ZED. Although the objective function of (P1) and constraints
C3, C5, C6 are convex, it is challenging to solve (P1) due to
the non-convex constraints C'1, C2, C'4 and coupled variables.
In general, there is no standard method for solving such
non-convex optimization problems optimally. Moreover, to
ensure that the formulated problem is feasible, we present the
following lemma.

Lemma 1: For the considered non-linear EH model, to en-
sure that the RIS can harvest enough power for its operation,
the maximum number of the RIS should satisfy

Nmax S wm‘”‘/ﬂ- (14)

Proof: In order the self-sustainable RIS to assist in the
downlink SWIPT system, we must have Nu < Yy ax for the
non-linear EH model. Otherwise, if Nu > tYmax, the RIS
cannot harvest enough energy to power itself. Thus, (14) is
derived, which concludes the proof. ]

In the next section, we investigate the problem (P1) when
the condition (14) is satisfied.

ITI. ALTERNATING OPTIMIZATION FRAMEWORK

In this section, we propose an AO-based framework to
solve the non-convex optimization problem, where the original
problem is divided into three sub-problems and each variable is
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optimized iteratively with others fixed until the convergence is
achieved. To handle the problem, we first transform constraints
according to Lemma 2 in [7], which is presented below.

Lemma 2: For any given Hermitian matrixes A and B, if
B satisfies ||B|| < €2, then

max tr(AB) = ¢%||All. = 2tr(A
max, 1(AB) = €Al = Ptr(4)

(15)
holds, where ||A||. denotes the dual norm of matrix A.
Proof: The detailed proof is provided in [7]. [ ]
Then, using WfAkak = tr (AkakaH) =
tr (AH, W), where W, = wiwi = 0 and rank(Wy,) = 1.
Based on Lemma 1, we have
tI‘(AHk-Wk) = €iHWk||* = Eitr(wk)

max
2
IAHE[[<ef

(16)
In the worst case, i.e., to satisfy the minimal user’s SINR and
EH requirements in the worst channel condition, the AP needs
to transmit the power to compensate the maximum CSI error
threshold [7]. Thus, AH}, in the denominator of C'1 needs to
reach its maximum as eiI, while in the numerator of C'1 and
in C2, it should reach its minimum as —eiI, by which the
worst channel condition is satisfied.

To this end, based on C'3 and Lemma 2, C'1 and C2 can
be rewritten, respectively, as

tr (Hy — e, 1)Wy,
O7: SINR;, = puts (e — W)

= > Yk, Yk,

Pk Z tr((Hi + 2I)W;) + pro? + 62
i#k K
C8: P = (1—p) > _ tr((Hy — @)W;) > g (Prin 1), V.

i=1
Therefore, the original problem (P1) can be transformed into
the problem (P2) as
K
min Z |w |2

e, W.p o
s.t. C4—C8.
A. Joint optimization at the AP and ZED side
Firstly, with given ®, the sub-problem of joint optimizing
ABF W and PS ratio p can berormulated as
. 2
W 2
s.t. C4, C7, C8.

P2)

(P3)

Problem (P3) is similar to the power minimization problem
in the multi-user MISO downlink SWIPT system [5], which
is regarded as an SDP problem by omitting the rank-one
constraint, i.e., Rank (W) < 1, and is solved by CVX [15].

B. Optimization at the RIS Side

Finally, we consider the optimization at the RIS side. By
utilizing the obtained solutions for p and W, we need to
optimize the RIS reflective coefficients ¢ = [¢1,...,dn].
Obviously, this sub-problem is still non-convex, because the
variables are coupled in the constraints. To make it tractable,
we set hg{kwi = by, Ak = diag(hfk)Gwi and we have
hf, ®Gw; = ¢ay ;. Similarly, we set ¢; = Gw; so that
wlGHOHBGw; = cH ¢ pc;, and v = [, 1]7 with | being
an auxiliary variable so that V = vv where V = 0 and
rank(V) = 1. Based on the above, the constraints C4, C7
and C8 can be rewritten, respectively, as

EE Xplore. Restrictions apply.
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K
C9: Popis = Y _tr (w/'G" (1- 2"®) Gw,)

i=1
K K
=Yt (R)) - 2w (RV) 2 0y (),
i=1 i=1
K
C10 : tr(Re x V) + [bekl* > vk Ztr(Rk’iV) + e2tr(Wy,)
i#k
K % 5
+mer Y tr(Wa) v | D [bril* + o + = |, VE,
ik i#k Pk
K K K
Cl11: Z tr(Ry,i V) + Z |b,il* — € Ztr(Wi)
i=1 = P
> ijﬁ
(L= pk)
o B H H
where Rkﬂ-:{ Z%:;:Z ak:,zobk,i } R;:[ Cigi 8 ]

To this end, the sub-problem in the RIS side is written as
K
min |wp|?
V'
s.t. ¢9, C10, C11,
C12:V = 0,
C13:V,, <1,Vn,
C14 : rank(V) = 1.
It should be highlighted that, by applying semidefinite
relaxation, (P4) can be regarded as a convex SDP problem by
relaxing the rank-one constraint C'14, which can be optimally
solved by using a standard convex optimization method.
However, the solution obtained for the relaxed version may
not guarantee the rank-one constraint. The Gaussian random-
ization method is then employed to construct a suboptimal

rank-one solution to tackle this issue. The details of the process
is similar with [9] and, thus, omitted here.

(P4)

C. Computational Complexity and Convergence Analysis

Algorithm 1 describes the process of solving the proposed
transmit power minimizing problem, where all variables are
optimized in an alternating manner until convergence.

1) Computational Complexity Analysis: In each iteration,
(P3) jointly optimizes the ABF and PS ratio and (P4) optimizes
the RIS coefficients by solving and a relaxed SDP problem.
Thus, the computational complexity of using the interior point
method to solve (P3) and (P4) is O(K3°M?5 + K25 M35)
[5] and O(K (N + 1)35), respectively [16]. Letting ¢ present
the number of iterations required for convergence, the overall
computational complexity of the proposed AO algorithm can
be expressed as O(tK (K25 M?5+ K15M35 4+ (N +1)39)).

2) Convergence Analysis: Let {p® W®} and & rep-
resent the ¢-th solution of (P3) and (P4), respectively. The
objective function of the proposed AO algorithm is expressed
as F(p), W® &), thus we have the following inequalities

(ag)
F(p(t_l), W(t_l), q;.(t—l)) < F(p(t>, vv(l’/)7 q,(t—l))

) w® ®
S F(p 7W( 7(P )7

a7
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where the inequalities (ay) and (by) hold, since the values of
{p, W} and ® have been optimally determined sequentially
when others are fixed. Therefore, since the objective function
is non-increasing after each iteration, the convergence of
Algorithm 1 is guaranteed.
Algorithm 1 AO-based algorithm for solving P1
1: Initialize: Set {p(®), W) &1 and ¢t = 1.
2: repeat
3. Given @@= obtain
{p®, W} based on (P3);
4 Given {p® , W®}, obtain the RIS reflective coeffi-
cients ®* based on (P4);
: Update the iterative number ¢t =t + 1;
6: until Convergence.

the ABF and PS ratio

W

IV. SIMULATION RESULTS

In this section, numerical results and simulations are pro-
vided to evaluate the performance of the proposed AO-based
algorithm. The coordinates of the AP with M = 6 antennas
and the RIS with N = 30 elements are set as (0,0) and (8, 2)
in meters, respectively, while K = 4 ZEDs are randomly
deployed within a circular area centered at (8,0) with radius
1 m. The channels G, h, i, hq, are modeled as Rician fading
with Rician factor 5. The large-scale path loss is given by
—30 — alog,(d) dB, where d and « denote the distance
and the path loss exponent of each link, respectively. We
set the path loss factors of all channels as aqr = 3.6,
ag = oy = 2.2. In order to measure the relative amount
of CSI uncertainties, the CSI error bounds are defined as
e = &||hy|, ie., e = &%||Hy||, where £ € [0,1) [14]. In the
following simulation, £ is set as 0.02. Other parameters for the
simulation are given as follows: ,.x = 84 mW, ae, = 150,
ben = 0.024 07 = —100 dBm, 67 = —50 dBm, u = 1
mW, Ppin = Puink = 20 mW, v, = 20 dB. For the sake
of comparison, four benchmark schemes are adopted in the
simulations, which are presented as, benchmark (1): a system
without a RIS, benchmark (2): a similar system with a RIS
with random phase shifts, benchmark (3): a similar system
with a two-piece linear EH model [9], where EH efficiency
n = 0.8, and benchmark (4): a similar system with an ideal
RIS without power consumption are utilized as benchmarks.

To begin with, the convergence of the proposed algorithm is
investigated in Fig. 2. Since benchmark (1) and benchmark
(2) lack the sub-problem of optimizing the RIS reflective
coefficient (P4), they cannot be compared with the proposed
algorithm. Thus, only benchmark (3) and benchmark (4) are
adopted for the comparison of the convergence. As shown, the
proposed algorithm and benchmarks have converged in around
15 iterations, in which the proposed algorithm achieves a better
performance than benchmark (3) while performing the same
trend of convergence with benchmark (3) and benchmark
(4). This is explained considering that the benchmark (3) and
benchmark (4) are special cases of the system where the two-
piece linear EH model is adopted and the power consumption
of the RIS element is set as u = 0, respectively. Conclusively,
the different EH models and the different parameter settings of
1 have no effect on the convergence of the algorithm, which
highlights the robustness of the proposed algorithm.

EE Xplore. Restrictions apply.
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In Fig. 3, the impact of the number of RIS reflective
elements on AP transmit power is investigated. As shown,
benchmark (2) outperforms benchmark (1), which implies
that the performance is enhanced by applying a RIS. Moreover,
the proposed algorithm needs less transmit power than bench-
mark (3), which implies the logistic function-based non-linear
model outperforms the two-piece linear model. Furthermore,
the theoretical maximum number of RIS elements is calculated
as 70 in the proposed scheme, benchmark (2) and bench-
mark (3), because of the trade-off between the increased
power consumption and the improved performance that the
increase of the number of RIS elements offers [9], [12], [13].
While this trade-off does not occur in the benchmark (1)
and benchmark (4), as expected. Specifically, the perfor-
mance gain is firstly acquired by the additional channel links
created by the increase of the number of the RIS, however,
after the number of RIS elements exceeds the optimal value,
the additional channel gain cannot compensate the gradually
increasing circuit power consumption of the RIS. Thus, the
number of RIS reflective elements should be carefully chosen
for the optimal performance gain in practical implementation.

In Fig. 4, we depict the AP transmit power versus the
CSI error parameter £. It can be observed that, as expected,
the AP transmit power increases under all schemes, as the
CSI error parameter ¢ increases. This is because we aim to
meet the users’ SINR requirements and EH requirements in
the worst channel condition [7]. Therefore, as the channel
error increases, this negative effect should be compensated
by increasing the AP transmit power. Moreover, perfect CSI
is almost impossible to be obtained in practical systems, thus
the proposed algorithm achieves better robustness and is more
suitable for practical implementation.

V. CONCLUSION

In this paper, we have investigated a wireless-powered RIS-
empowered PS-SWIPT system for handling energy-limited
issues in practical IoT networks. Specifically, the transmit
power minimizing problem with joint optimization of the PS
ratios, the ABF and the RIS reflective coefficients has been
studied. To tackle this non-convex problem, we have proposed
an AO-based joint optimization framework, where the original
problem with coupled variables has been decomposed into
several sub-problems. In this direction, near-optimal solutions
have been obtained in several iterations of the proposed
algorithm. Moreover, simulation results have been performed
to prove the superiority of our proposed algorithm in practi-
cal implementations in terms of performance and robustness
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compared with benchmark schemes. In the future scope,
achieving self-sustainability for the network with different
SWIPT schemes in more complicated scenarios considering
multiple access schemes can be investigated.
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