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Abstract—Communication networks can achieve self-
sustainability with the help of reconfigurable intelligent surfaces
(RIS) that direct electromagnetic waves toward zero-energy
devices (ZEDs) for energy harvesting. The harvested energy
charges the ZEDs’ batteries, reduces their dependency on
external energy sources and enables energy neutrality. In this
letter, we propose a dynamic algorithm that adjusts the joint
RIS and TX phases based on the battery levels to maximize
a weighted-sum power metric favoring ZEDs with lower
battery levels. The simulation results show that threshold-based
weighting slightly underperforms compared to the weighting
with optimal parameters while requiring less data exchange with
the network entity manager.

Index Terms—Analog beamforming, energy harvesting, phased
array, reconfigurable intelligent surface, zero-energy devices.

I. INTRODUCTION

FUTURE wireless networks are expected to provide the
necessary infrastructure for larger data rates, higher

energy efficiency, and a massive number of connected devices.
In the coming years, there will be a transition from a few
billion to tens of billions of devices that need connectiv-
ity [1]. At such a massive scale, it will be essential for
connected sensors to be inexpensive and consume minimal
energy. Therefore, extending the battery life for Internet of
Things devices and progressing towards zero-energy device
(ZED) communication are becoming increasingly important.
ZEDs eliminate the need for battery replacement or manual
charging since they harvest energy from their surroundings.
This versatile feature is highly beneficial for a wide range of
devices with diverse functionalities, such as sensors (providing
data from readings and measurements), trackers (indicating the
location of an object or living entity), or actuators (stimulating
other machines to function) [2], [3].

ZEDs have the potential to bring about a significant decrease
in costs and power requirements for operating and maintaining
devices, enabling greater scalability. Gathering data from these
devices can lead to increased productivity, reduced pollution,
and enhanced lifestyles without additional energy resources.
Furthermore, these battery-free devices offer environmental
benefits and can be managed through straightforward and
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uncomplicated processes, from manufacturing to disposal,
presenting an additional advantage [4].

In general, there exist two classes of radio frequency (RF)
power transfer: Simultaneous wireless information and power
transfer (SWIPT) [5] that is mainly designed for downlink data
transmission, and wirelessly powered communication network
(WPCN) [6], [7], [8] that can be used for both uplink and
downlink. One of the challenges in RF charging of ZEDs is
the large pathloss that limits the power transfer efficiency. The
path losses over wireless channels are 60+ dB. However, the
beamforming gain for a 100-element antenna array is around
20 dB. Therefore, techniques such as energy beamforming are
insufficient to achieve efficient wireless power transfer [9].

Recently, with the emergence of reconfigurable intelligent
surfaces (RISs), it becomes possible to control the wave
propagation environment and guide the electromagnetic waves
toward the receiver via smart reflections [10]. A RIS with a
large surface can collect more ambient RF energy and beam-
form it towards ZEDs; the power gain grows quadratically with
the surface area. Hence, we can utilize RIS to power ZEDs by
passively beamforming signal energy (from dedicated power
sources or ambient sources) toward these devices. In [11],
a SWIPT system aided by a RIS is proposed. A RIS is
deployed to assist a multiantenna access point to serve multiple
information decoding and energy harvesting (EH) receivers.
To enable zero-energy RIS in the absence of coordination
with the ambient power source, an amplitude-based sequential
optimization algorithm for EH with RIS is proposed in [12].

To the best of our knowledge, the problem of dynamic
prioritization for simultaneous RF charging of multiple ZEDs
via a RIS is missing in the literature. Therefore, in this letter,
we consider the problem of dynamic simultaneous charging of
ZEDs with the assistance of a RIS. The main contributions,
as compared to the previous works, are:

• We propose a dynamic joint analog beamforming and
RIS-assisted EH framework, and we formulate an
optimization problem to maximize the weighted-sum
power of selected ZEDs taking into account their battery
levels.

• For the weighted-sum power maximization, we propose
an efficient scalable algorithm to obtain a stationary solu-
tion with locally non-increasing behavior in all coordinate
directions at the convergence point.

• We propose a class of parameterized weighting functions
and find the optimal parameters that minimize the mean
time-averaged failure rate (FR) of the ZEDs.

The remainder of this letter is organized as follows.
Section II describes the system model and problem formula-
tion. Section III describes the proposed algorithm for the phase
configuration of the RIS. Performance evaluation and the
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Fig. 1. Joint analog beamforming and RIS-assisted energy harvesting
framework for ZEDs.

simulation results are presented in Section IV, while Section V
provides our conclusions.

Notations: We denote the sets of non-negative integers
and real numbers with N0 and R, respectively. Vectors are
indicated by lower-case bold-face letters, e.g., x , and xi (or
[x ]i ) denotes the ith element of x. We represent matrices by
upper-case bold-face letters, e.g., A, and [A]m,n indicates the
element of A with row number m and column number n.
We represent the conjugate of a complex number z with z∗.
However, we denote the optimal solution with the superscript
�, e.g., x�. The operation Arg (z ) returns the principal value
of the argument of z that lies within the interval (−π, π]. The
indicator function and Dirac delta function are denoted by 1(·)
and δ(·), respectively.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider the problem of charging of ZEDs with the
assistance of a RIS. The setup is illustrated in Fig. 1. We
aim to dynamically control the RIS phase configuration
and the analog beamforming of the transmitter (TX) to
facilitate battery charging for ZEDs. In this scenario, there
is a M-antenna TX with power Pt and a RIS with N
elements that assists the charging of K ZEDs. Each ZED
is equipped with a small battery (or capacitor) to store
energy for its future usage. Also, a network entity manager
(NEM) communicates with different entities (e.g., RIS, TX,
and ZEDs) and provides the necessary inputs to the RIS
controller, such as the battery statuses of the ZEDs and the
channel state information (CSI).1

The complex channel gain matrix between the TX and
the ZED is represented as C, where [C ]m,k is the complex
channel gain between the TX antenna element m and the ZED
k. Similarly, the complex channel gain matrix between the TX
and the RIS elements is represented as G, where [G]n,m is
the complex channel gain between the TX antenna element m
and the RIS element n. We further assume that the complex
channel gain matrix between the RIS elements and ZEDs is
denoted as H, where [H ]k ,n is the complex channel gain
between the ZED k and the RIS element n.

For a RIS phase configuration of ϑ = [ϑ1, ϑ2, . . . , ϑN ]T

and analog beamforming phases ϕ = [ϕ1, ϕ2, . . . , ϕM ]T, the

1In a stationary environment with no moving objects, the channels remain
static during the operation. Consequently, CSI can be obtained using the
known positions of the entities or through channel estimation techniques.

received RF power by ZED k is

ρk (ϑ ,ϕ) =
Pt

M

∣
∣
∣
∣
∣

M∑

m=1

(

[C ]k ,m +

N∑

n=1

zk ,n,mejϑn

)

ejϕm

∣
∣
∣
∣
∣

2
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where zk ,n,m =Δ [G]n,m [H ]k ,n . Moreover, for each 1 ≤ k ≤
K , we assume that the ZED k consumes an energy packet of
size γk at the random time instances Tk =Δ {tk ,1, tk ,2, . . .}.
Thus, the battery state of the ZED k evolves as

d

dt
bk (t) = η(ρk (ϑ(t),ϕ(t)))

− γk · 1(t ∈ Tk ) · 1(bk (t) ≥ γk ) · δ(t), (2)

where bk (t) is the battery level at the time t and η(·) is the
harvesting power function.

In this letter, we assume that failures occur when ZEDs
cannot carry out their tasks due to insufficient energy in their
batteries. More formally, the number of failures of the ZED k
during the time interval [t, s) is defined as

Fk (t , s) =
Δ ∑

τ∈Tk∩[t ,s)
1(bk (τ) < γk ). (3)

The FR is the number of packet failures of ZEDs during a
time unit. To minimize the average FR, we should solve the
following dynamic stochastic optimization problem:

minimize
{ϑ(t),ϕ(t):t≥0}

lim
T→∞

1

T

K∑

k=1

E(Fk (t ,T + t)) (4a)

subject to bk (·) evolves as (2) ∀1 ≤ k ≤ k , (4b)

ϑ : N0 → [0, 2π)N , (4c)

ϕ : N0 → [0, 2π)M , (4d)

Tk is a random process ∀1 ≤ k ≤ k . (4e)

For a strict-sense stationary (SSS) arrival processes {Tk}Kk=1,
the objective (4a) is the same at t = t1 and t = t2 if
bk (t1) = bk (t2) for all 1 ≤ k ≤ K . Thus, the optimal phase
configuration policies ϑ and ϕ are time-independent, and they
depend on the battery level vector b =Δ [b1, b2, . . . , bK ]T

that is the dynamic state variable of the problem. Thus, we
drop the time index t and consider a time-independent policy
for the RIS phase configuration. Dealing with discontinuous
functions with dynamic state variables in the continuous time
domain is challenging. However, the expected FR of each
ZED k decreases with increasing the received power ρk (ϑ ,ϕ).
Therefore, we consider an alternative problem formulation. For
a scenario with multiple ZEDs (i.e., K > 1), we face the
following multi-objective optimization problem (MOOP):

maximize
ϑ∈[0,2π)N ,ϕ∈[0,2π)M

[ρ1(ϑ ,ϕ), . . . , ρK (ϑ ,ϕ)]T. (5)

In this MOOP, we aim to simultaneously maximize the
received power by each ZED. In general, there is no globally
optimal solution to (5) that maximizes all objectives simulta-
neously. Nevertheless, there are some prioritization techniques
to deal with MOOPs. In our problem, depending on the battery
statuses of the ZEDs, some of them will have higher priority to
be powered than others. Hence, we will utilize these priorities
to define a single-objective optimization problem.
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The weighted sum is a common scalarization method to
deal with MOOPs [13]. Therefore, we consider the weighted-
sum power of the ZEDs as the objective function for the
optimization problem. The weight vector is a non-negative
function of the battery level vector. We assume v : RK

+ →
R
K
+ is a weight function that maps a battery level vector b

to a weight vector w =Δ [w1,w2, . . . ,wK ]�. The optimization
problem can be defined as

maximize
ϑ∈[0,2π)N ,ϕ∈[0,2π)M

f (ϑ ,ϕ), (6)

where f (ϑ ,ϕ) =Δ
∑K

k=1 wkρk (ϑ ,ϕ) with w =Δ v(b).2

III. PROPOSED SOLUTION

In this section, we propose a novel algorithm to address the
weighted-sum power maximization problem, and we propose
a dynamic scheme for RIS phase configuration based on the
battery statuses of the ZEDs.

A. Weighted-Sum Power Maximization

The optimization problem (6) is non-convex and for K > 1,
there is no closed-form solution for it. We propose an element-
wise adjustment of the phase shifts of the RIS.

Consider the maximization of the weighted-sum power with
respect to a single variable. We have the following lemma.

Lemma 1: Assuming f̃ (x ) =Δ
∑K

k=1 wk |ak + bke
jx |2, the

value of x that maximizes f̃ (·) is x� =Δ Arg (
∑K

k=1 wkakb
∗
k ).

Proof: We have

x� = argmax
x

K∑

k=1

wk

(|ak |2 + |bk |2 + 2Re
(
akb

∗
k e

−jx
))

= argmax
x

Re

(
e−jx

K∑

k=1

wkakb
∗
k

)
= Arg

(
K∑

k=1

wkakb
∗
k

)
. (7)

To maximize the weighted-sum power with respect to all
variables, we propose Algorithm 1, which is a sequential algo-
rithm developed based on Lemma 1. The method initializes the
RIS phase vector and the TX precoder with random phases.
Afterwards, it updates the phase of the first element of the RIS
using (7). Then, it proceeds to the next element and follows the
same procedure until the algorithm applies the phase updates
to all elements of the RIS. Similarly, the algorithm updates
the phases of the precoder based on Lemma 1.3 The process
is repeated to reach a convergence accuracy of ε > 0. This
means that the ratio between the weighted-sum power in the
last iteration and the one in the previous iteration is less than
1 + ε.4

2The proposed optimization problem does not incorporate the nonlinear
harvesting power function as it makes the problem mathematically intractable.

3We skip updating the phase of the first element since a constant phase shift
of all elements in the precoder vector does not affect the objective function.

4Algorithm 1 can be implemented in a more computationally efficient way

by defining s =
Δ ∑M

m=1([C ]k ,m +
∑N

n=1 zk ,n,mejϑn )ejϕm before the
while loop and modifying its value after each elementwise phase update.
Additionally, we can update ejϑn and ejϕm rather than ϑn and ϕm in the
phase update of each RIS element n and TX element m, which makes the
algorithm run even faster. However, for the sake of clarity, we didn’t include
these refinements in Algorithm 1.

Algorithm 1: Weighted-Sum Power Maximization

1 Input: The number of RIS elements N, the number of
TX antenna elements M, convergence accuracy ε > 0,
weights {wk}Kk=1, C , G, and H .

2 Output: The stationary phase vector ϑ� and ϕ�.
3 Initialize: ϑ andϕ ← randominitialvectors, and
fold ← 0+.

4 while f (ϑ ,ϕ)/fold − 1 > ε do
5 fold ← f (ϑ ,ϕ);
6 for n ← 1 to N do
7 a ← [0, . . . , 0]T;
8 for k ← 1 to K do
9 ak ←

∑M
m=1

(
[C ]k ,m +

∑N
i=1
i 	=n

zk ,i ,mejϑi

)
ejϕm ;

10 end

11 ϑn ← Arg
(∑K

k=1 wkak
∑M

m=1 z
∗
k ,n,me−jϕm

)
;

12 end
13 for m ← 2 to M do
14 a ← [0, . . . , 0]T;
15 for k ← 1 to K do
16 ak ←∑M

i=1
i 	=m

(
[C ]k ,i +

∑N
n=1 zk ,n,ie

jϑn

)
ejϕi ;

17 end
18 ϕm ←

Arg
(∑K

k=1 wkak

(
[C ]∗k ,m +

∑N
n=1 z

∗
k ,n,me−jϑn

))
;

19 end
20 end
21 ϑ� ← ϑ ;
22 ϕ� ← ϕ;

Theorem 1: For a small enough ε > 0, the proposed
Algorithm 1 converges to a stationary point with locally non-
increasing behavior in all coordinate directions of (6).

Proof: Since Algorithm 1 sequentially maximizes the func-
tion f for the phase of each element based on Lemma 1, it
produces a monotonically non-decreasing sequence. Given that
f has finite upper bounds, the algorithm converges to a finite
value according to the monotone convergence theorem [14].
From (7), at the point of convergence, ∇f (ϑ�,ϕ�) = 0.
Moreover, for each n and m, ∂2f (ϑ�,ϕ)/∂ϑ2n ≤ 0 and
∂2f (ϑ ,ϕ�)/∂ϕ2

m ≤ 0, indicating that in the neighborhood of
ϑ�, the function f exhibits locally non-increasing behavior in
all coordinate directions.

B. Dynamic Phase Configuration

In a dynamic scenario, the RIS controller periodically
receives the battery statuses and the identity indices of the
ZEDs,5 and generates the corresponding weights. Then, it
dynamically updates the phase configuration of the RIS
according to Algorithm 2.

5If a battery state hasn’t changed in a specific period, no update needs to
be sent.
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Algorithm 2: Dynamic RIS and TX Phase Updates

1 Input: The number of RIS elements N, the number of
TX antenna elements M, convergence accuracy ε > 0,
weight function v(·), C , G, and H .

2 Output: The dynamic phase vectors ϑ� and ϕ�.
3 Initialize: wk ← 1 for all 1 ≤ k ≤ k .
4 while true do
5 if any update on the battery statuses then
6 w ← v(b);
7 (ϑ�,ϕ�)← outputofAlgorithm 1;
8 end
9 end

In general, the weights should be higher for the ZEDs with
lower battery levels. Below, we introduce a class of weight
functions να,β(·) with parameters, α and β, as follows:

wk =
[
να,β(b)

]
k
=
Δ b−α

k
· 1(bk ≤ β) +

∏K
l=1 1(bl > β)

∑K
k′=1

(
b−α
k′ · 1(bk′ ≤ β) +

∏K
l=1 1(bl > β)

) , (8)

where the denominator is simply for scaling and does not
affect the solution for finite values of α. The following weight
functions that we will compare in the performance evaluation
are specific cases of (8).

1) Max-Min weighting: In max-min weighting, the goal is
to maximize the received power of the ZED with the lowest
battery level. This is a specific case of (8) assuming α→∞
and β → ∞. Note that the lowest battery level is a dynamic
status, not fixed to any specific ZED. To generate the max-min
weights, the algorithm needs to have all battery levels.

2) Threshold-Based weighting: This method maximizes
the sum received power of ZEDs with battery levels below a
threshold β, which is a specific case of (8) with α = 0. Some
ZEDs may have significantly stronger channels compared to
others, resulting in sufficient power reception to charge their
batteries regardless of the RIS phase configuration. Threshold-
based weighting can eliminate their impact on the objective
function and simplify that by removing terms related to ZEDs
with a weight of zero. Additionally, the system can be designed
such that the ZEDs communicate only binary data with the
NEM when their batteries fall below the specified threshold.

IV. PERFORMANCE EVALUATION

In this section, we demonstrate the impact of using analog
beamforming and RISs in reducing the FR in a dynamic
remote charging scenario. We consider a TX with M = 8
antenna elements, a RIS with N = 20 elements, and K = 10
ZEDs in its surroundings. We consider independent and identi-
cally distributed (i.i.d.) Rayleigh fading channels, where σG =
0.2, σH = 0.1, and σC = 0.01. Additionally, we assume that
the energy packet departure from the ZEDs follows a Poisson
process with parameter λ = 0.5, and the corresponding energy
consumption per packet is 70 mJ. The transmit power is Pt =
1W, the battery capacity of each ZED is 1 J, and the batteries
are empty at the beginning of the simulation. Moreover, we
consider a convergence accuracy of ε = 10−4.

Fig. 2. Impact of weighting function parameters α and β on the mean
time-averaged FR for η(x) = 0.7 x .

We consider the following benchmark methods:
1) Power method with random RIS phases: We apply

a modified power iteration method, as described in
[15, Ch. 9], for analog beamforming at the TX. This
approach is utilized in the presence of a RIS in the
environment, with its elements having random phases.

2) Sum-power maximization: This method maximizes the
sum of the received powers at ZEDs, as detailed in [11].

For a given weight function, in each simulation run, the
time-averaged FR is random due to the randomness of channel
realizations and the stochastic nature of packet departure
processes. To understand the impact of parameters in the
general weight function definition in (8), we conducted the
simulation 30000 times. This was done to obtain the mean
time-averaged FR for various parameters of α and β, as
illustrated in Fig. 2. We observe that the minimum mean time-
averaged FR is achieved for the weighting function parameters
α� ≈ 0.25 and β →∞.

For the proposed method, we consider the three ways of
selecting the weights described in Section III-B:

1) Max-min weighting, where we maximize the received
power of the ZED with the worst battery level.

2) Threshold-based weighting, where we maximize the
received sum power of the ZEDs with battery levels
below a threshold of 0.7 J.

3) Weighting with optimal parameters, where we maximize
the weighted-sum power of the ZEDs with weights
from (8), considering weighting parameters that mini-
mize the mean time-averaged FR.

For the simulation, we define the time-varying moving
average FR during a time window [t, t + W) for some W > 0:

FRW (t) =Δ
1

W

K∑

k=1

Fk (t , t +W ). (9)

Fig. 3 shows the moving average FRs (over 100 s), i.e.,
FR100(t) as defined in (9) for the different schemes,
respectively. It is observed that the weighting with optimal
parameters outperforms all other schemes. The runner-up is
the threshold-based scheme that requires less data exchange
with the NEM, making it more desirable in that regard.
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Fig. 3. The moving average FRs (over a time window of 100 s) for different
schemes.

Fig. 4. CDF of the time-averaged FRs for different schemes (the randomness
is related to the random channel realizations and stochastic packet departures).

In Fig. 4, we compared the CDF of the time-averaged
FR across different schemes, where the randomness arises
from the channel realizations and stochastic packet departure
processes. As observed, the weighting with optimal parameters
yields a lower FR compared to the other schemes.

The mean time-averaged FR is presented in Table I, pro-
viding a performance comparison for various schemes and
both linear and nonlinear harvesting modules. For the lin-
ear scenario, we consider the harvesting efficiency function
η(x ) = 0.7 x . For the nonlinear scenario, we use the sigmoidal
function proposed in [16], and we have selected the parameters
from previous work [12].

V. CONCLUSION

We have presented a mechanism to enable ZEDs through
RIS-assisted energy harvesting in a scenario with dynamic
traffic. By updating the TX and the RIS phase configurations
based on the ZEDs’ battery statuses, we effectively reduce the
failure rate, that is, the risk that a device cannot conduct its
designated task due to lack of energy. This letter concentrates
on formulating the problem and developing optimization

TABLE I
PERFORMANCE COMPARISON

methods but also compares a few weighting techniques to
obtain general design guidelines. However, future work could
explore additional methods. Among the considered weighting
schemes, the threshold-based approach slightly underperforms
compared to the weighting with optimal parameters while
requiring minimal data exchange with the NEM. This makes
it a desirable choice for practical implementations.
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